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Abstract 

Fatigue life assessment is the key task of the design of mechanical components 
subjected to service loads for avoiding failure occurring in the form of incipient cracks 
which may cause damages to the entire mechanical system or even worse to people.  

The nowadays industrial applications increasingly require mechanical 
components having complex geometry subjected to complex loading conditions. 
Considering the guidelines of the fatigue design of welded joints as an example, the 
standards report several stress-based fatigue design curves each one related to the most 
common welded structural details under a given loading direction. For this reason, by 
adopting the nominal approach, if the welded detail is different from those reported in 
the standards, the choice of the proper design fatigue curve might not be done for 
certain. 

This dissertation deals with fatigue assessment of metallic material and 
components by adopting local energy-based parameter which can quantify the local 
damage due to stress gradient caused by notches as well as defects. More precisely, 
the extension of the applicability of three energy-based approaches to several factors 
that influence the fatigue strength of material and components in addition to those 
already covered is the aim of the present dissertation.  

The first energy-based method, the so-called Peak Stress Method deals with the 
fatigue assessment of welded joints by means of a numerical FE-oriented application 
of the Notch- Stress Intensity Factors (N-SIFs). The equivalent peak stress (the fatigue 
damage parameter used for assessing the fatigue strength of welded joints) can be 
obtained by invoking the averaged Strain Energy Density (SED) criterion. The second 
one deals with the fatigue characterization of metallic component by assuming the 
specific heat loss per cycles as a fatigue damage parameter which can be evaluated in 
a standard constant amplitude fatigue test by adopting an easy experimental technique 
based on temperature measurements of material surface. The third one deals with the 
fatigue characterization of metallic materials produced by additive manufacturing, one 
of the most attractive and studied technology nowadays. Since these materials are 
affected by the presence of irregular defects, energy-related fracture mechanics 
approaches seem to be the most suitable for fatigue life assessment.  

In the first chapter, the state of the art of energy-based methods for fatigue and 
fracture mechanics characterization are described along with their theoretical 
frameworks. 

In the second chapter, the theoretical framework for extending the applicability 
of Peak Stress Method to the fatigue strength assessment of welded joints subjected to 
multiaxial loading conditions has been presented. Then, several multiaxial fatigue data 
taken from the literature relevant to both aluminum and steel welded joints were 
analysed by using the PSM for validating the theoretical prediction. The equivalent 
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peak stress has shown to correlate with good approximation about all the experimental 
data. 

The third chapter deals with the analysis of the thermal energy dissipated during 
fatigue tests on severely notched AISI 304L stainless steel specimens. For the first 
time, the specific heat loss per cycle (Q parameter) was evaluated experimentally on 
4-mm-thick, hot-rolled AISI 304L stainless steel specimens, characterized by 3, 1 and 
0.5 mm notch tip radii by means of a FLIR SC7600 infrared camera during fully 
reversed axial fatigue tests. The new fatigue test results were successfully included in 
the existing heat energy-based scatter band previously calibrated on plain and bluntly 
notched specimens. Finally, an analysis of the heat energy dissipated around the notch 
tip has been presented and discussed with the aim of proposing a semi-automatic 
procedure to evaluate the thermal energy dissipated distribution. 

The fourth and fifth chapters deal with the analysis of the thermal energy 
dissipation on both AISI 304L and C45 steels specimens subjected to multiaxial loads. 
The specific heat loss per cycle was measured during constant amplitude multiaxial 
fatigue tests adopting two different phase shift angles of the applied loads and two 
biaxiality ratios. All the fatigue test results on both materials are in good agreement 
with the relevant scatter band previously calibrated except for the out of phase 
multiaxial fatigue results relevant to the AISI 304L steel. These results seem to be 
justified by the strain-induced martensitic transformation in metastable austenitic 
stainless steel, significantly present in out of phase cyclic loading condition. 

In the sixth chapter, the influence of the defect on fatigue behaviour of maraging 
steel specimens has been investigated. Axial fatigue tests were carried out on three 
batches of AMed maraging steel specimens produced by two different AM systems. 
Furthermore, axial fatigue tests were carried out on wrought maraging steel specimens 
both in annealed and in aged condition. After failure, the √area of the killer defects 
was examined by SEM observations of the fracture surfaces. A stress intensity factor-
based design curve for all the test series was obtained taking into account the short 
crack effect by means of the El-Haddad-Smith-Topper model. Due to the lack of 
expensive experimental data to determine the relevant material length parameter a0, a 
novel rapid method to approximately evaluate a0 has been proposed. In particular, it 
consists in matching El-Haddad-Smith-Topper model with Murakami’s expression of 
the threshold range of mechanically short cracks. The advantage of the adopted 
engineering approach is that only Vickers hardness of the material is necessary. 
Theoretically, this rapid method can be also adopted to estimate the size of the control 
volume of the averaged SED approach due to the analogy of the latter to the material 
length parameter a0. In the end, the stress intensity factor-based design curve was 
adopted to estimate the fatigue strength of sharp V-shaped notches characterized by a 
reduced notch opening angle.  



3 

Sommario 

La valutazione della vita a fatica è di fondamentale importanza per la 
progettazione di componenti meccanici sottoposti a carichi ciclici al fine di evitare che 
si verifichino rotture le quali possono causare danni all'intero sistema meccanico o 
addirittura alle persone. 

Le applicazioni industriali odierne richiedono componenti meccanici con 
geometria sempre più complessa sottoposti a condizioni di carico sempre più 
complesse. Considerando come esempio le linee guida della progettazione a fatica dei 
giunti saldati, le norme riportano diverse curve di progettazione a fatica basate si 
tensioni nominali le quali sono correlate ai più comuni dettagli strutturali saldati 
sottoposti ad un determinato tipo di carico. Per questo motivo, se i dettagli saldati da 
verificare sono diversi da quelli riportati in normativa, può risultare incerta la scelta 
della curva di fatica di progetto adottando l’approccio nominale. 

La presente tesi si occupa della valutazione della fatica del materiale e dei 
componenti metallici adottando grandezze fisiche locali basate sull'energia che 
possono quantificare il danno locale dovuto ai gradienti di tensione che si verificano 
in prossimità di intagli e difetti. Più precisamente, l'obiettivo della presente tesi 
dottorato è quello di estendere l'applicabilità di tre approcci basati sull'energia 
includendo diversi fattori che influenzano la resistenza a fatica. 

Il primo metodo basato sull'energia, il cosiddetto metodo Peak Stress Method, si 
occupa della valutazione della fatica dei giunti saldati mediante un'applicazione 
numerica agli elementi finiti dei Notch Stress Intensity Factors (N-SIFs). La tensione 
equivalente picco (ovvero il parametro di danneggiamento utilizzato per valutare la 
resistenza a fatica dei giunti saldati) può essere ottenuto richiamando il criterio della 
densità di energia di deformazione (SED) mediata. Il secondo metodo riguarda la 
caratterizzazione della fatica di componenti metallici assumendo come parametro di 
danneggiamento a fatica la perdita di calore specifica in un ciclo Q che può essere 
valutata in prove standard di fatica ad ampiezza costante adottando una semplice 
tecnica sperimentale basata su misurazioni della temperatura della superficie del 
materiale. Il terzo riguarda la caratterizzazione a fatica dei materiali metallici prodotti 
mediante manifattura additiva, una delle tecnologie più interessanti e studiate al giorno 
d'oggi. Poiché questi materiali sono affetti dalla presenza di difetti irregolari, gli 
approcci alla meccanica della frattura legati all'energia sembrano essere i più adatti per 
la valutazione della vita a fatica.  

Nel primo capitolo viene descritto lo stato dell’arte dei suddetti metodi assieme 
alle loro basi teorico-analitiche. 

Nel secondo capitolo, è stata presentata la trattazione teorica per estendere 
l'applicabilità del PSM alla valutazione della resistenza a fatica dei giunti saldati 
sottoposti a condizioni di carico multiassiale. Successivamente, sono stati analizzati, 
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mediante il PSM, diversi dati di fatica multiassiale presenti in letteratura, relativi a 
giunti saldati sia in alluminio che in acciaio per convalidare la previsione teorica. La 
tensione equivalente di picco ha dimostrato di correlare con buona approssimazione 
quasi tutti i dati sperimentali. 

Il terzo capitolo tratta dell'analisi dell'energia termica dissipata durante le prove 
di fatica su campioni di acciaio inossidabile AISI 304L fortemente intagliati. La 
perdita di calore specifica per ciclo (parametro Q) è stata valutata sperimentalmente su 
campioni di acciaio inossidabile AISI 304L laminati a caldo di spessore 4 mm, 
caratterizzati da raggi di fondo intaglio pari a 3, 1 e 0,5 mm mediante una telecamera 
a infrarossi FLIR SC7600 durante prove di fatica assiale alternata. I nuovi risultati dei 
test di fatica risultano in ottimo accordo con la banda di dispersione basata sull’energia 
termica dissipata, precedentemente calibrata sul materiale liscio e dolcemente 
intagliato. Infine, è stata presentata e discussa la distribuzione dell'energia termica 
dissipata intorno all’apice dell’intaglio. 

Il quarto e il quinto capitolo trattano dell'analisi della dissipazione dell'energia 
termica su provini sia in acciaio AISI 304L che in acciaio C45 sottoposti a carichi 
multiassiali. La perdita di calore specifica per ciclo è stata misurata durante i test di 
fatica multiassiale ad ampiezza costante adottando due diversi angoli di sfasamento tra 
carichi applicati e due rapporti di biassialità. Tutti i risultati dei test di fatica su 
entrambi i materiali sono in buon accordo con la relativa banda di dispersione 
precedentemente calibrata, ad eccezione dei risultati di fatica multiassiale relativi 
all'acciaio AISI 304L sollecitato con carichi sfasati di 90°. Questi risultati sembrano 
essere giustificati dalla trasformazione martensitica indotta dalla deformazione in 
acciaio inossidabile austenitico metastabile che si manifesta significativamente 
condizioni di carico ciclico sfasato. 

Nel sesto capitolo è stata studiata l'influenza dei difetti sul comportamento a 
fatica dei campioni di acciaio maraging prodotto mediante manifattura additiva (AM). 
Sono stati effettuati test di fatica assiale su tre lotti di campioni di acciaio maraging 
prodotto con diverse macchine AM. Inoltre, sono stati effettuati test di fatica assiale 
su campioni dello stesso acciaio prodotto con tecnologia tradizionale sia allo stato 
ricotto che invecchiato. Dopo rottura, il parametro √area dei difetti killer è stato 
valutato mediante analisi al SEM delle superfici di frattura. È stata proposta una curva 
di progettazione basata sullo Stress Intensity Factor (ΔKcorr) per ogni serie di test 
tenendo conto dell’effetto delle cricche corte con il modello di El-Haddad-Smith-
Topper. A causa della mancanza di costosi dati sperimentali necessari per determinare 
il parametro a0, è stato proposto un nuovo metodo approssimato per stimare a0. In 
particolare, esso consiste nell'abbinare il modello El-Haddad-Smith-Topper con 
l'espressione di Murakami del ΔK di soglia delle cricche corte. Il vantaggio 
dell'approccio ingegneristico proposto è che la sola durezza Vickers del materiale è 
necessaria ai fini di stimare a0. Teoricamente, questo metodo rapido può anche essere 
utilizzato per stimare la dimensione del volume di controllo dell'approccio del SED 
mediato per via dell'analogia di quest'ultimo con il parametro a0. Infine, la curva di 
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progettazione basata sul ΔKcorr è stata utilizzata anche per stimare la resistenza a fatica 
di provini intagliati a V con angolo di apertura ridotto prodotti mediante manifattura 
additiva.
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Chapter 1: Introduction 

It is known that to ensure the structural durability of an entire mechanical system 
and avoiding even possible catastrophic damages, mechanical parts subjected to cyclic 
loading must be designed following the fatigue strength assessment guidelines 
reported in the relevant standards and recommendations [1–3].  

The fatigue behavior of metallic component is known to be influenced by several 
factors which can be subdivided into two categories: internal and external parameter. 
The first one includes parameters related to components such as material, dimension, 
shape, surface finishing, and surface treatment condition. The second category is 
referred to those parameters related to the environment and to the application of the 
component, i.e. loading condition, mean stress effect, variation mode of loads, 
temperature and environment. 

The classical approach to fatigue design is based on the nominal parameter (such 
as nominal stress or strain amplitude) requiring several empirical coefficients for the 
taking into account part of the above-mentioned factors. Considering the guidelines of 
the fatigue design of welded joints as an example, the standards report several stress-
based fatigue design curves each one related to the most common welded structural 
details under a given loading direction. However, the nowadays industrial applications 
increasingly require complex welded joints geometries and, moreover, subjected to 
complex loading condition. For this reason, the choice of the proper design fatigue 
curve might not be done for certain.  

In the last decades, design machine researchers focused on the development of 
design methods based on local parameters instead of using nominal ones as suggested 
in the standards. Adopting such parameters, many fatigue influence parameters can be 
included in either design.  

Analysing the literature, several energy-based parameters were proposed and 
widely adopted to fatigue strength assessment of both plain and weakened by notches 
metallic materials due to capability of synthesizing most of the above-mentioned 
affecting factors in a single fatigue design curve for a given material. 

Starting from the state of the art of three selected energy-based approaches, the 
aim of the present dissertation is to extend their applicability by including several 
factors that influence the fatigue strength of components in addition to those already 
covered. The first energy-based method, the so-called Peak Stress Method deals with 
the fatigue assessment of welded joints by means of a numerical FE-oriented 
application of the Notch- Stress Intensity Factors (N-SIFs). The equivalent peak stress 
(the fatigue damage parameter used for assessing the fatigue strength of welded joints) 
can be obtained by invoking the averaged Strain Energy Density (SED) criterion. The 
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second one deals with the fatigue characterization of metallic component by assuming 
the specific heat loss per cycles as a fatigue damage parameter which can be evaluated 
in a standard constant amplitude fatigue test by adopting an easy experimental 
technique based on temperature measurements of material surface. The third one deals 
with the fatigue characterization of metallic materials produced by additive 
manufacturing, one of the most attractive and studied technology nowadays. Since 
these materials are affected by the presence of irregular defects, energy-related fracture 
mechanics approaches seem to be the most suitable for fatigue life assessment. 

In this chapter, a review of the above energy-based approaches will be presented 
along with their state of the art. 

 

1.1 PEAK STRESS METHOD 

1.1.1 Notch Stress Intensity Factors approach 

The local approach based on Notch-Stress Intensity Factors (N-SIFs) has been 
successfully applied to the analysis of fatigue strength of both in steel and in 
lightweight alloy welded joints, the weld bead [1-3]. The basic assumption is that the 
geometric profile of the weld toe can be assimilated as a sharp V-shaped notch with 
an opening angle that in most cases can be considered close to 135°, as shown in Fig. 
1. This assumption is reasonable since the minimum value of the weld toe radius in 
corner and head-to-head welded joints with traditional technologies varies 
considerably even along with the same weld bead and the values are typically between 
0.05 mm and 0.6 mm [4]. 

NSIF-based fatigue design of welded joint assumes the notch tip radius ρ = 0 for 
both the weld toe and the weld root considering them as sharp V-notches. This 
assumption corresponds to the worst condition in local stress analysis and it was shown 
that it is consistent with the notch rounding approach (1-mm notch case) [4].  

Normally the notch opening angle relative to the weld toe is around 135°, while 
it is equal to zero at the weld root, as shown in Fig. 1 [5–9]. Taking the advantage of 
this assumptions, it is possible to quantify the magnitude of the asymptotic linear 
elastic singular stress distribution (NSIFs), and then rationalise fatigue lifes at crack 
initiation of sharp V-notches [10–12], as the SIFs do at crack-like U-notches [13–15]. 
Since NSIFs are local stress parameter, they correlate fatigue life relevant to nucleation 
and propagation of short crack inside a small volume in which the NSIFs leading terms 
govern the stress distributions.  

Let us consider the NSIF approach applied to a typical tube-to-flange welded 
joint under multiaxial fatigue loadings, as shown in Fig. 2. In the figure, the stresses 
are tied to mode I, II and III only at the toe side, but they act also at the root side. The 
asymptotic, singular stress distributions ahead of sharp V-notches under mode I and 
mode II loadings have been determined by Williams [16], while Qian and Hasebe [17] 
derived the mode III local stress field along with its degree of singularity.  The mode 
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I and mode II NSIFs can be defined according to Gross and Mendelson [18] by means 
of Eqs. (1) and (2), respectively.  
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             (1) 

  21
2 r 0r 0

K 2 lim r 
 

             (2) 

 
Similarly, by extending previous definitions, the mode III NSIF can be defined 

by means of Eq. (3). 
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             (3) 

 

In previous expressions, 1,2 and 3 are the stress singularity exponents [16,17], 

which depend on the notch opening angle 2while the stress components , r , 

andz are calculated along the notch bisector line, identified by the angular coordinate 

=0. Values of 1,2 and 3 for different notch opening angles are reported in Tables 

1, 2 and 3, respectively. 
 

 

Figure 1.1 Assumptions of the NSIF-based approach in fatigue design of welded 
joints with reference referring to a tube-to-flange fillet-welded joint under multiaxial 
fatigue loading. The sharp V-notch opening angle 2α is typically 0° at the weld root 

and 135° at the weld toe. [Figure taken from [19]]. 

 
It has been proved that the mode I NSIF correlates weld toe failures with constant 

notch opening angle 2[5,20]; however, since the NSIFs exponents of Eqs. (1)-(3) 
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change, it is not possible to compare NSIFs with different opening angles 2. 

Therefore, the magnitude of the stress field ahead the weld toe and root of welded joint 
cannot be compared in order to determine the most critical spot.  

In the last decades, Lazzarin and co-workers proposed the strain energy density 
averaged over a structural volume surrounding the weld root or the weld toe as a failure 
criterion for notched and welded components [21–23], and by adopting this 
formulation the comparability among notches having different opening angles can be 
restored. Lazzarin et al. [21–23] assumed a structural volume having a circular shape 
with radius R0 as shown in Fig. 1 and provided the closed-form expression of the 
averaged SED parameter as a function of the relevant NSIFs. Considering a general 
multiaxial fatigue loading condition (mixed mode I+II+III loading), the strain energy 
density averaged over the control volume can be expressed as follows [23]: 

 

31 2

2 2 2

3 31 1 2 2
1 λ1 λ 1 λ

0 0 0

e ΔKe ΔK e ΔK
ΔW

E R E R E R  

     
       

     
               (4) 

 
where E is the modulus of elasticity, e1, e2, and e3 are known parameters which 

depend on the notch opening angle 2and on the Poisson’s ratio , while K1, K2 

and K3 are the ranges of the NSIFs (maximum value minus minimum value).  

 

Figure 1.2. Polar reference system centred at the weld toe of a typical tube-to-flange 
welded joint geometry subjected to multiaxial bending and torsion loading. [Figure 

taken from [19]] 

 
In Eq. (4), strain energies due to mode I, II and III, respectively, could be simply 

summed up, mutual terms being null. Moreover, Eq. (4) is valid under the sharp V-
notch assumption shown in Figs 1-3. One or both previous conditions of applicability 
might be violated: this case will be treated in the next section. Tables 1-3 report the 

values of 1,2 and 3 and e1, e2 and e3, respectively, for common cases of notch 
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opening angles 2 and with reference to two values of the Poisson’s ratio, namely = 

0.33 (aluminium alloys) and = 0.3 (structural steels) [23]; e1 and e2 are referred to 

plane strain conditions.  
The determination of the control radius R0 can be done by equalling the averaged 

strain energy density in the high cycle fatigue regime (2 million cycles) of butt ground 

welded joints and welded joints which failure occurs at the weld toe (2≈ 135°). 

 

Figure 1.3. Typical 2D FE mesh to apply the PSM according to Eq. (11); the example 
reported in the figure shows a tube-to-flange fillet welded joint. The four-node, 
quadrilateral, harmonic PLANE 25 elements available in Ansys® Element Library 
were adopted to generate the free mesh shown in the figure. The Y-axis coincides with 
the axis of the tube. [Figure taken from [19]] 

As a result, R0 was found to be 0.28 mm for arc-welded joints made of structural 
steel and 0.12 mm for those made of aluminum alloy [20,22]. It should be noted that 
Lazzarin and co-workers [23] adopted a constant value of the control radius R0 to 
evaluate the averaged SED of welded joints under mode I, II or III loadings. 
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Subsequently, Berto and Lazzarin [24,25] adopted a control radius R0 dependent on 
the loading mode and used this approach to analyse the multiaxial fatigue strength 
assessment of notched specimens. 

Eq. (4) was used by Lazzarin and co-workers to fit experimental results relevant 

to joints tested in the as-welded conditions under a load ratio R  0 [9,20,22,23]. This 

approach is consistent with the design recommendations [1–3], where the detail 
categories of as-welded joints are independent from the applied mean stress, at least 

for simple as well as complex structural elements loaded with R  -0.25, and in 

presence of medium or high tensile residual stresses in relation to the yield strength of 
the base material [3]. In light of the experimental evidence that residual stresses in as-
welded structures make their fatigue behaviour independent from the load ratio of the 
applied external loads, Eq. (4), which is valid for R=0, strictly speaking, was adopted 
in the extensive re-analysis of experimental data [9,20,22,23], where the endurable 
values of the SED parameter could be determined, i.e. a fatigue design scatter band for 
as-welded joints was found.  However, in case of stress-relieved joints, sensitivity to 
the mean stress of the applied external loads is fully effective and therefore it should 
be taken into account, according to design recommendations [1–3]: according to [12], 
the load ratio is taken into account by using the following expression to evaluated the 
SED:  
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where the coefficients cwi (i = 1, 2, 3 indicates the loading mode) depend on the 

nominal load ratio R according to the following expression [9]: 
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In particular, the parameter cw equals 0.5 for R = 1.  

Application of the NSIF approach to practical engineering problems presents a 
major drawback, due to the need for very refined FE meshes in order to evaluate the 
NSIFs using the definitions (1)-(3) [5]. In the case of three-dimensional components, 
the numerical analyses could be even more time-consuming. While Lazzarin and co-
workers underlined that the averaged SED can be calculated numerically by adopting 
coarse meshes within the control volume characterized by a radius R0 [26], the Peak 
Stress Method may also be used to estimate the NSIFs in Eqs (4) and (5) with coarse 
meshes [27]. One of the advantages of the PSM is that geometrical modeling of the 
control volume is not required and even coarser meshes can be employed in the FE 
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analyses as compared to those suggested in [26]. Moreover, only the singular, linear 
elastic peak stresses must be evaluated at the V-notch tip to apply the PSM, instead of 
a number of stress-distance numerical results, as required in order to apply definitions 
(1)-(3). 

 

1.1.2 Equivalent Peak Stress definition 

The Peak Stress Method (PSM) takes its origin from the numerical procedure 
proposed by Nisitani and Teranishi [28,29] which can rapidly estimate the mode I SIF 
of a crack emanating from an ellipsoidal cavity. In recent papers, the method has been 
theoretically justified and also extended to estimate the mode I NSIF of sharp and open 
V-notches [27,30], the mode II SIF of cracks [31] and the mode III NSIF of cracks and 
open V-notches [32]. 

Therefore, the PSM was proposed to overcome the numerical application to 
determine the NSIFs by applying definitions of Eq. (1), (2) and (3). In particular Eq. 
(1), (2) and (3) require very refined FE meshes to evaluate the local linear elastic 
singular stresses (finite element size on the order of 10-5 m) increasing the 
computational efforts, especially in 3D models. Furthermore, a set of stress distance 
FE data must be processed to evaluate the NSIFs according to Eq. (1) (2) and (3) [3–
5]. Essentially, the PSM allows to rapidly estimate the NSIFs K1, K2 and K3 from the 

singular, linear elastic, opening (σ,peak), in-plane shear (τr,peak) and anti-plane 

shear (τz,peak) FE peak stresses,  which are referred to the V-notch bisector line, 

according to Fig. 1. The relationship between NSIFs and relevant FE element size and 
peak stresses previously validated [27,31,32] are the following: 
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In Eq. (7-8), d is the so-called ‘global element size’ parameter, which is the 
average size of the finite elements request by the free mesh generation algorithm of 
the considered FE-numerical code. 

In previous contributions the Eq. (7), (8) and (9) were calibrated [27,31,32] by 

using ANSYS® FE code and the values *
FEK 1.38, **

FEK 3.38 and ***
FEK 1.93 were 

obtained under the following condition: 
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 regarding Eqs. (7) and (8) in 2D FE models, 4-node quadrilateral finite 
elements with linear shape functions, as implemented in ANSYS® FE 
code (PLANE 42 or alternatively PLANE 182 with K-option 1 set to 3) 
should be adopted. For Eq. (9) in 2D FE models, harmonic, 4-node linear 
quadrilateral elements, as implemented in ANSYS® FE code (PLANE 
25) should be adopted. In 3D FE models, eight-node brick elements 
(SOLID 45 or equivalently SOLID 185 with K-option 2 set to 3 of Ansys 
Element Library) is allowed for all loading modes, i.e. for Eqs. (1)-(3) 
should be adopted; 

 the FE mesh pattern at the notch or crack tip must be similar that reported 
in Fig. 3 (see also [27,31,32]); In particular, four elements must share the 

node located at the notch tip whether the notch opening angle 2 is equal 

to or lower than 90° (at the weld root 2≅ 0°), while two elements must 

share the node at notch tip when the notch opening angle is greater than 

90° (typically at the toe side 2≅ 135°), as shown in Fig. 1. It is worth 

underlining that the mesh patterns according to the PSM shown in Fig. 
1, are automatically generated by the free mesh generation algorithm 
available in ANSYS® software so that only the ‘global element size’ 
parameter d must be input by the FE analyst; 

 Eqs. (7) and (9) can be adopted to V-notches with an opening angle 2 

between 0° and 135°; while Eq. (8) is referred to the crack case (2α = 0°); 

 for mode I loading (Eq. (7)), the mesh density ratio a/d must be higher 

than 3 to obtain K∗ 1.38 3% [27]; for mode II loading (Eq. (8)) the 

mesh density ratio a/d having to be greater than 14 to obtain K∗∗

3.38 3% [31]; finally, in the case of mode III loading (Eq. (9)), the 

mesh density ratio must be greater than 3 at the weld toe (where 2 

135°) and 12 at the root side (where 2= 0°), to get K∗∗∗ 1.93 3% 

[32]. In previous definitions of the ranges of applicability, the reference 
dimension a has the following meanings: when the root side is of interest, 
a is the minimum between the crack length (crack is due to the lack of 
penetration, i.e. l in Fig. 3), the ligament length (z in Fig. 3) and the 
thickness (t in Fig. 3), while a is always the thickness (t in Fig. 3) when 
assessing the toe side.  

 
It is worth noting that Eqs. (7)-(9) should be recalibrated if FE meshes of higher-

order elements or characterised by significantly different mesh patterns as compared 
to the reference one (reported in Fig. 3) were adopted. 

By using the PSM relationships (Eqs. (7)-(9)), the averaged SED (Eq. (4)) can 

be rewritten as a function FE peak stresses σ,peak, τr,peak and τz,peak. Then, 

equalling   E2/1W 2
peak,eq

2   valid under plane strain conditions, Eq (4) can be 

expressed as follow: 
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Finally, the equivalent peak stress can be obtained: 
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The parameters fw1, fw2 and fw3 weight the peak stresses both around the notch tip 
and along the radial direction, i.e. θ and r coordinates, respectively, in Fig. 2. By 
comparison between Eqs. (10) and (11), the coefficients fw1, fw2 and fw3 are defined as 
follows: 
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The values of fw1, fw2, and fw3 are reported in Tables 2-4 respectively, according 
to Eq. (6) where three values of the average FE size, namely d = 0.2 mm, 0.50 mm and 

1 mm, different notch opening angles 2 and two values of the control radius for SED 

evaluation, i.e. R0 = 0.28 mm for structural steels and 0.12 mm for aluminium alloys 
[20,22], have been taken into account. It should be noted that while parameters fw1, fw2, 
and fw3, as well as the peak stresses depends on the adopted FE size d, the equivalent 
peak stress defined by Eq. (5) does not.  

A large number of fatigue experimental results of steel welded joints found in 
the literature [19,27,31–37] were taken and expressed in terms of equivalent peak 
stress, Eq. (1), evaluated at the point of crack initiation (either the toe or the root) as 
observed experimentally. 

The data results relevant to steel welded joints subjected to pure mode I or mode 
I+II loading conditions were compared in Fig. 4 with the predicting fatigue design 
scatter band previously calibrated in [38] on fatigue data relevant to T or cruciform 
steel welded joints subjected to axial or bending loadings in the as-welded conditions 
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and with a nominal load ratio R close to zero. Fig. (4) show the agreement with 
approximately 980 experimental results obtained from both weld toe and weld root 
failures in joints tested in the as-welded as well as stress relieved conditions and the 
predicting scatter band for mode I+II. 

 
 

Table 1.1: Values of constants and of parameter fw1 according to Eq. (12a). 

2(deg) 1 
(a) e1 

(b) R0 = 0.28 
mm 

 e1
(c) R0 = 0.12 mm 

 fw1,d=0.5mm
(b) fw1,d=1mm

(b) fw1,d=0.2mm
(c) fw1,d=1mm

(c) 
0 0.500 0.133 0.997 1.410 0.125 0.944 2.109 
90 0.544 0.145 1.015 1.392 0.138 0.969 2.019 
120 0.616 0.129 0.918 1.198 0.124 0.886 1.644 
135 0.674 0.118 0.849 1.064 0.113 0.821 1.387 

(a): values from [13,14,37] 
(b): values calculated with = 0.3, *

FEK =1.38 
(c): values calculated with = 0.33, *

FEK =1.38 

 

Table 1.2: Values of constants and of parameter fw2 according to Eq. (12b). 

2(deg) 2 
(a) e2 

(b) R0 = 0.28 
mm 

 e2
(c) R0 = 0.12 mm 

 fw2,d=0.5mm
(b) fw2,d=1mm

(b) fw2,d=0.2mm
(c) fw2,d=1mm

(c) 
0 0.500 0.340 3.904 5.522 0.337 3.795 8.480 

(a): value from [13,14,37] 
(b): values calculated with = 0.3, **

FEK = 3.38 
(c): values calculated with = 0.33, **

FEK = 3.38 

 

Table 1.3: Values of constants and of parameter fw3 according to Eq. (12c). 

2(deg)  
(a) e3 

(b) R0 = 0.28 
mm 

 e3
(c) R0 = 0.12 mm 

fw3,d=0.5mm
(b) fw3,d=1mm

(b) fw3,d=0.2mm
(c) fw3,d=1mm

(c) 
0 0.500 0.414 2.459 3.478 0.423 2.428 5.431 
90 0.666 0.310 1.933 2.436 0.317 1.931 3.303 
120 0.750 0.276 1.737 2.065 0.282 1.745 2.610 
135 0.800 0.259 1.634 1.877 0.265 1.649 2.273 

(a): values from [14] 
(b): values calculated with = 0.3, ***

FEK = 1.93 
(c): values calculated with = 0.33, ***

F EK = 1.93 
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Figure 1.4: Comparison between the fatigue design scatter band and experimental fatigue results 
relevant to structural steel welded joints obtained under mode I+II [19,27,31–36] (figure taken from 

[39]) 

 

 

Figure 1.5: Comparison between the fatigue design scatter band and experimental fatigue results 
relevant to structural steel welded joints obtained under mode III. [19,33,40] (figure taken from [39]). 

In the case of pure mode III, experimental results obtained from steel welded 
joints expressed in terms of equivalent peak stress were compared in Fig. (5) with the 
fatigue design scatter band, which has been previously calibrated in [16] on 
experimental results relevant only to weld toe failures in full penetration tube-to-flange 
steel joints tested under pure torsion loading in the stress-relieved condition and with 
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a nominal load ratio R equal to -1. Fig. 5 show a fairly good agreement between the 
fatigue design scatter band and about 150 experimental results generated from both 
weld toe and weld root failures in steel joints tested in the as-welded as well as stress 
relieved conditions. 

In Chapter 2, the theoretical framework for developing the Peak Stress Method 
for the fatigue strength assessment of welded joints subjected to multiaxial loading 
conditions will be proposed. After that, several multiaxial fatigue data taken from the 
literature relevant to both aluminium and steel welded joints will be analysed by using 
the PSM for validating the theoretical prediction. 

 

1.2 THERMAL ENERGY DISSIPATION DUE TO FATIGUE 

It is known that fatigue is a dissipative phenomenon, indeed by considering a 
material subjected to cyclic loading, part of the mechanical input is expended as heat 
to the surrounding and the remaining part is involved to the increasing of the internal 
energy of the materials. 

In constant amplitude fatigue tests characterized by a given stress amplitude, 
mean stress and stress state, the temperature of the specimen’s surface reaches a stable 
value that depends on the load test frequency, the specimen’s geometry and the 
temperature of the surroundings. Starting from this experimental evidence, 
thermographic methods were proposed to estimate the fatigue limit in metallic 
materials as well as composites and components [41–46], to detect the initiation and 
propagation of damage in metal materials as well as in composites [47–50] and to 
analyse the fatigue behaviour under constant amplitude [51–53] as well as block 
loading [54,55].  

For a clear overview of the state of the art of thermomechanical methods present 
in the literature, the theoretical background outlined in [56] is proposed in the 
following.  

The fatigue is considered as a dissipative and quasi-static process within the 
framework of the classical continuum mechanics reported in [57,58]. 

Combining the first and the second low of the thermodynamics, the energy 
balance equation can be written in terms of power per unit of volume as follows: 
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where the dot symbol indicates the time derivative of the parameter. In Eq. (13), 

T is the temperature   and   are the thermal conductivity and material density, 

respectively,   is the Helmholtz free energy potential,   is the vector of state variable 
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describing the internal state of the material and er  is the heat generation rate per unit 

of volume caused by external sources (for instance, Joule effect caused by electric 
current flow). In Eq. (13) two state variables   were made explicit; one is temperature 

T and the other one is the strain  . The remaining   variables are related to 

phenomena acting to the microstructure of the material such as for instance hardening, 
damage, and change of state.  

Let us describe the right-hand side of Eq. (13): e
e

: :



      is the plastic strain 

energy rate obtained by subtracting the elastic component ( e
e

:



   ) to the total one 

( :  ); the term :



  represents the stored energy rate due to material evolution 

during the fatigue process: for instance, it includes the residual stresses at the 
microscopic level due to re-arrangement of the dislocation density as well as strain 

hardening and damage variables [59]. The terms e

2

T e
T : 

 
  and 

2

T
T : 
 

   are the 

heat rate per unit volume caused by thermoelasticity and the heat rate per unit volume 
due to the changes in the material state, respectively, and they are referred to as 

thermomechanical couplings. In particular, 
2

T
T : 
 

  can be neglected in metals 

undergoing fatigue loading when the temperature variations are reduced avoiding 
changes in the material state [60,61]. 

According to the second laws of thermodynamics in the form of Clausius-Duhem 
inequality reported in [57], two dissipative terms can be identified: 
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in which d1 is the intrinsic mechanical dissipation and d2 the thermal dissipation. 
Finally, it is possible to re-write Eq (13) by introducing Eq. (14): 
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                (16) 

 
in which the thermomechanical coupling and the external heat generation rate 

were neglected since they are normally not involved during a standard fatigue problem. 
Starting from Eq. (16) many research group worked on the determination of the 

heat sources induced by cyclic loads. In the following, some methods to determine the 
energy dissipation were briefly summarised and classified according to the purpose of 
the studies.  
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1.2.1 Methods for fatigue life and fatigue limit estimation by thermography 

An accurate calorimetric analysis of reversible and irreversible heat sources 
involved in standard fatigue problem was carried out in [62]. In particular, 
thermoelastic and dissipated heat sources were separately estimated in axial fatigue 
test on dual phase steel specimens from the temperature field acquired by means of an 
infrared camera and by adopting a simple differential equation for diffusion problem. 

The case study analysed in [62] dealt with the determination of the two terms of 
the right-hand side of Eq (16) during load-controlled fatigue test performed by 
adopting different load levels on thin, flat specimens (2.5-mm thick). 

By supposing a uniform heat source distribution within the specimen cross-
section, which is consistent in axial tests, the Eq. (16) can be simplified as follows: 

 

1 th
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                  (17) 

 
where T is the surface temperature at the center of the specimen and τeq takes 

into account the heat losses.  
By adopting this model, the experimental thermoelastic response was compared 

to the theoretical estimation based on the following derived equation: 
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where T0 is the equilibrium temperature fL the load frequency and Δσ the stress 

range applied in this case, but it is the sum of principal surface stresses in the general 
one. The results showed the linear dependency between Δθthe and Δσ and the constancy 
of Δθthe during constant amplitude fatigue tests. 

Regarding the dissipation source d1, Eq (17) was used to determine the total 

energy sources s = d1 + sth, then it was time-integrated for providing the 1d  by 

computing the slope of the linear interpolation along about 500 cycles. This method 
does not provide any information about the instantaneous dissipation within a cycle. 

Computing this calculation during the load step fatigue test, it was observed that 1d  is 

higher at the beginning of each loading step indicating a non-uniform heat source field 
and then it reaches a stabilized value.  

By adopting Eq (16) written cycle by cycle, in [63], the dissipative behaviour in 
the elastic domain of 316L and DP600 steels was studied by using a thermographic 
method in order to monitor the microstructure variations. It was observed that the 

dissipation averaged in a cycle 1d  increases with the cumulated plastic strain 
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performed and the relevant relation between them is non-linear. Furthermore, the 

specific damping capacity 12
a

2E
d 


 increases with σa non-linearly and the trend is a 

material characteristic. 
In view of the above, many methods, based on temperature measurements, were 

proposed to deal with fatigue problems, and some of them will be reviewed here. 
In [44], the authors proposed an experimental methodology based on the 

thermography which can be used to rapidly determinate the fatigue limit of metals as 
well as composites materials. by using theoretically one specimen. Basically, the 
method consists in measuring either the initial temperature gradient ΔT/ΔN (phase 1 
of Fig. 6) or the stabilised temperature difference ΔTstab (phase 2 of Fig. 6) during a 
step-wise fatigue test with the aim of cross plotting these values with the respective 
stress amplitude applied (Fig. 7). The intersection of the linear regression model with 
the abscissa of the plots reported in Fig. 7 provides the fatigue limit of the relevant 
material. 

 

 

Figure 1.6. Qualitative thermal increments in specimens under fatigue loading at different applied 
stresses. The three phases are shown.  

a)     b) 

 

Figure 1.7. Determination of the fatigue limit from the initial temperature gradient ΔT/ΔN a) and 
stabilised temperature ΔT (phase 2 of fig. 6) b). Pictures were taken from [44].  
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The reason of which this method was mentioned here is that the temperature ΔT 
is induced by the dissipative source d1 (Eq. 14). However, according to Eq (16) and 
for a given stress amplitude level the dissipation d1 increases with the strain-rate 
amplitude, i.e with the load frequency.  

In [51], an extension of the above-mentioned method was proposed to estimate 
also the fatigue curve by introducing the energy-related parameter Φ which is the 
integral of the function ΔT=f(N) estimable by means of the “step loading process”. 
Since Φ is proportional to the energy dissipated as heat which is proportional, in turn, 
to the  constant limiting value energy of plastic deformation a constant limiting value 
(material parameter), after having estimate Φ it is possible to estimate the fatigue life 
of any other load applied from the relevant temperature ΔTstab measured after few 
loading cycles based on the following:  

 

fT N const                        (19)   
 

being Nf the number of cycles to failure.  
However, the previous temperature-based methods are sensitive to the thermal 

boundary conditions of the testing environment, so they have to be carefully controlled 
during the test.   

Regarding the thermoelastic source, a vast amount of works are addressed to the 
so-called Thermoelastic Stress Analysis (TSA) technique [64–66]. A promising 
empirical procedure to evaluate the fatigue limit and fatigue damage, which it is worth 
mentioning, is described in [67]. In particular, some previous works have demonstrated 
that exists a correlation between fatigue behavior and the phase between the load signal 
and the thermoelastic temperature variation [68–70]. The phase shift starts when the 
hypothesis of local adiabatic condition is not satisfied and non-linear behavior due to 
plasticity occurs. 

As stated in [67], The TSA can be applied to the entire fatigue regime, expecially 
at the fatigue limit, where some thermographic methods based on the evaluation of d1 
component could present some limitation due to the low, or even absent, temperature 
rise. Indeed, if the internal heat source is not present Eq (16) become:  
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                            (20) 

 
and if the temperature gradient or the diffusivity is zero or the load frequency is 

high, local adiabatic conditions can be achieved, therefore Eq. (20) can be simplified 
as follow:  
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Finally in the case of uniaxial sinusoidal load, Eq. (21) can be written as follow: 
 

 0
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T sin t

C


     


                             (22) 

 
where φ is the above-mentioned phase between the load signal and the 

thermoelastic temperature variation. Changes in this parameter are due to viscoelastic 
or plastic behaviour of material and loss of adiabatic conditions. 

Therefore in [67], by adopting the load step procedure, the range Δφmax , which 
has been defined as maximum difference between the actual phase value and the 
reference one (the latter taken during the first loading step where there is no damage) 
were plotted against the load level applied. As it can be seen from the figure taken 
from [67] a well-defined change of the slope occurs at the fatigue limit.    

 

 

Figure 1.8: Δφmax data for fatigue limit estimation. Figure taken from [67]. 

The present TSA method has the advantage of being independent of the 
evolution of temperature caused by the internal heat source so it can be applied any 
time during a fatigue test. The fatigue limit can be estimated with lower uncertainties 
and it seems to be less sensitive to thermal boundary conditions with respect to the 
other temperature-based methods. Furthermore, by applying this method pixel-by-
pixel of an infrared acquisition, the method seems to provide the local fatigue damage.  

 

1.2.2  Methods for fatigue crack growth and identification of the plastic zone  

The estimation of the residual fatigue life of cracked components is challenging 
due to the small localised plastic area in front of the crack tip, especially for small 
cracks. Indeed, the smaller the plastic area the lower the temperature increment due to 
the internal heat source for the same load frequency and cyclic load applied. Therefore, 
TSA takes advantage of being a methodology which is independent from the mean 
temperature evolution due to internal dissipation.  

In [71], lock-in thermography was adopted to identify the local plasticity, 
starting from the experimental evidence that the transient cyclic temperature 
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measurement deviates when plastic deformation occurs. It was found that the resulting 
waveform obtained by subtracting the temperature waveform measured when 
plasticity occurs and the relevant thermoelastic one appears in double frequency as 
shown in Fig. 9 (taken from [71]). 

 

 

Figure 1.9: Waveform of temperature measurement close to a circular hole under cyclic axial load. 
Figure taken from [71] 

The double frequency synchronised infrared intensity computed pixel-by-pixel 
was compared with the sum of principal stresses calculated by means of static elastic-
plastic finite element analysis. The size of the plastic zone obtained from the double 
frequency method was relatively higher than the one obtained numerically. However, 
this discrepancy can be attributed to the numerical analysis obtained under static 
loading conditions. This method was also employed to analyse the fatigue crack 
growth behaviour in [72,73].  

On the basis of double frequency related method, a new rapid approach has been 
proposed recently in [74] to assess the thermal energy dissipated at the crack tip within 
the plastic zone. In [74], the authors proposed the specific thermal energy dissipated 
per cycle Ed defined as follows: 

 

d dE c T                      (23) 

 
where ρ is the material density and c the specific heat at constant pressure of the 

material. The parameter ΔTd is defined as the total temperature variation in one cycle 
under the following hypothesis: i) most of the dissipative energy is dissipated as heat, 
ii) adiabatic condition, iii) and the evolution of the heat dissipated energy is linear from 
a to b and c to d points of as shown in the picture taken from [74] reported in Fig. 10. 

Furthermore, ΔTd can be analytically correlated to the temperature amplitude of 
a triangular function T2ω as illustrated in Fig. 10.  

It was shown in [74] that T2ω can be evaluated by infrared thermography in order 
to evaluate the total heat dissipated per cycle [J/cycle] as follows: 
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d d pQ E V                     (24) 

 
in which Vp is the plastic volume at the crack tip. 
  

 

Figure 1.10: Energy dissipation evolution during a loading cycle of a simplified bilinear material 
model. Figure taken from [74]. 

  
 

1.2.3 Specific thermal energy dissipated per cycle evaluated by using the cooling 
gradient technique  

 
In [75] a theoretical model and an experimental procedure were proposed to 

evaluate the Q parameter, taking advantage of temperature measurements, which can 
be performed by using thermocouples as well as an infrared camera. The specific heat 
energy per cycle, Q, was assumed as a fatigue damage indicator [75], because it is 
expected to be a material property, similarly to the plastic strain hysteresis energy [76]. 

At the beginning of a constant amplitude fatigue test, the material increases its 

temperature T(t) until to reach a stabilised value, stT , when the thermal equilibrium 

is achieved between the thermal power “generated” by the material and that dissipated 
to the surroundings, as shown in Fig. (11b). The alternating component superimposed 
to mT (t)  is due to the thermoelastic effect. By applying the energy balance equation to 

a control volume V of a material undergoing a fatigue test Fig. (11a), the first law of 
thermodynamics applied over one loading cycle can be written as [75]: 

 

 
V V

W dV Q U dV                      (25) 

 
W being the input mechanical energy per cycle (the area within the hysteresis 

loop), Q the dissipated thermal energy and ΔU the variation of internal energy.  
 

a)     b) 
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Figure 1.11: Energy balance of a material subjected to cyclic loading (a) Qualitative representation of 
temperature evolution during a fatigue test and evaluation of the cooling gradient immediately after a 

test stop (b). 

 
Eq. 25 can be written by considering the mean power exchanged over one 

loading cycle: 
 

   m
ij ij L p

V V V

T t
d f dV H dV c E dV

t

 
              

                 (26) 

 

where fL is load test frequency, H=QfL is the thermal power dissipated by 

conduction, convection and radiation, ρ the material density, c the specific heat and 

pE  the rate of accumulation of damaging energy in a unit volume of material. Since 

Eq. (26) considers the rate of energy contributions averaged over one cycle, 
thermoelasticity does not produce a net energy dissipation or absorption, because it 
consists of a reversible exchange between mechanical and thermal energy over one 
loading cycle. Therefore, the mean temperature evolution mT (t)  appears on the right 

side of Eq. (14). When temperature stabilises (t > ts in Fig. (11b)), the first derivative 
of mT (t)  becomes null, therefore Eq.26 simplifies to: 

 

 ij ij L p

V V V

d f dV H dV E dV                           (27) 

 
If referred to a point on the specimen’s surface, Eq. 27 becomes 
 

L pW f H E                      (28) 

 
Suppose now to stop suddenly the fatigue test at t=t* (see Fig. (11b)): then just 

after t* (i.e. at t=t*+) the mechanical input power LW f  and the rate of accumulation 
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of fatigue damage pE


 will vanish. By writing the energy balance equation (26) again, 

we obtain: 
 

t (t*)

T(t)
c H

t 


   


                 (29) 

 

 

Figure 1.12: Fatigue tests results in terms of specific heat energy. The scatter band was calibrated only 
on data published in [77]. 

 
It is worth noting that the thermal power H dissipated to the surroundings just 

before and just after t* is the same in Eq. (28) and in Eq. (29), respectively, because 
the temperature field is continuous through t*. Finally, the thermal energy released in 
a unit volume of material per cycle can be calculated by simply accounting for the load 
test frequency, fL: 
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Equation (30) enables one to measure readily and in-situ the specific heat loss Q 

at any point of a specimen or a component undergoing fatigue loadings. 
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The Q parameter was adopted to synthesise 140 experimental results obtained 
from constant amplitude, push-pull, stress- or strain-controlled fatigue tests carried out 
on plain and notched hot rolled AISI 304L stainless steel specimens [77–79]as well as 
from cold drawn un-notched bars of the same steel, under fully-reversed axial or 
torsional fatigue loadings [80]. The fatigue test results synthesised in term of Q are 
reported in Fig. 12: all of them fall in a single energy-based scatter band, which was 
originally fitted only on the fatigue test results relevant to plain material, hole 
specimens, U and bluntly V-notched specimens [80]. 

Adopting the cooling gradient methodology, the Q depends on the material and 
the stress ratio R as it can be observed in Fig. (13) 

 

 

Figure 1.13: Fatigue data analysed in terms of specific heat loss. Scatter bands are defined for 10% 
and 90% survival probabilities [62] 

Later on, the mean stress influence in fatigue has been taken into account [81], 
by proposing a new two-parameters energy-based approach which combines the 
specific heat loss and the thermoelastic temperature corresponding to the maximum 
stress of the load cycle. The main idea takes the origin from the most common stress-
based approach to take into account the mean stress/strain effect. More precisely, the 
common feature of such approaches is to combine two different mechanical 
parameters. For instance, Smith, Watson and Topper [82] proposed the SWT 
parameter to include the mean stress effect in the strain-life approach to notch fatigue 
combining the elastic-plastic strain amplitude and σmax the maximum stress. Even in 
Fracture Mechanics (FM) problems [83–86] an equivalent SIF range for long crack 
growth data generated from fatigue tests with different load ratios including the range 
and the maximum value of the stress intensity factor was assumed to deal with mean 
stress/strain effect. 

These approaches show that the driving force of both crack nucleation and 
propagation is governed by two parameters in which one is the range (or amplitude) 
of the driving force and the relevant maximum value. 

Therefore in [81] Q by Eq. 30 was proposed as thermodynamic exchange 
variable and whereas and the thermoelastic temperature Tthe as the state variable 
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assumed equal to the temperature that would be reached by the material when loaded 
at the maximum stress level of the fatigue cycle, σmax, in an adiabatic process. 

Tthe can be evaluated experimentally by measuring the corresponding 
temperature variation by loading the material in its elastic field. The applied stress rate 
should be properly set to make the loading process adiabatic. The thermoelastic 
temperature Tthe can be easily calculated from Eq. (31), which relates Tthe to the 
maximum applied stress [87]: 
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             (31) 

 
where T0 is the material temperature at the beginning of the adiabatic loading 

process and α the material thermal expansion coefficient.  
Finally, the following fatigue life equation was proposed to rationalise the mean 

stress influence on axial fatigue: 
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(32) 
 
h and m are material constants to evaluate by best fitting the experimental data.   
 

 

Figure 1.14: Fatigue data of Fig. 13 analysed in terms of the temperature-corrected energy parameter 
Q. Scatter bands are defined for 10% and 90% survival probabilities. [62] 

 
In [81] all the axial fatigue test results of plain specimens made of cold drawn 

AISI 304 L and hot-rolled quenched and tempered C45 steel bars under different load 
ratios in the range -2<R<0.5 were synthesised by a single scatter band expressed by 
adopting the corrected Q parameter, as it can be seen in Fig. (14). 
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In order to extend the applicability of Q evaluated by adopting the cooling 
gradient technique in chapters 3, the analysis of the thermal energy dissipated was 
carried out on constant amplitude (R=-1) fatigue on severely notched AISI 304L steel 
specimens having tip radii equal to 3, 1, and 0.5  

Furthermore, since Q was able to synthesis both axial and torsional fatigue tests, 
it is reasonable to assume that the same energy-based scatter may include multiaxial 
fatigue test results as well. Therefore, in Chapters 4 and 5 fatigue results relevant to 
constant amplitude multiaxial cyclic loading condition on both AISI 304L and C45 
steel specimens will be presented and discussed 

 

1.3 METALLIC MATERIALS PRODUCED BY ADDITIVE 
MANUFACTURING 

Additive manufacturing (AM) technology is known for more than 20 years and 
it was applied in the first place to rapid production of prototypes, in which the porosity 
was not an issue [88]. In the last decades, AM of parts has been increased thanks to 
the improvement of the technology, which led to an increment of part density and 
quality, with the possibility of producing very complex components by respecting new 
geometrical constraints completely different from traditional manufacturing [89–92].  

AM of metals can be presently performed by using the following methods: Laser 
Beam Melting (LBM), Electron Beam Melting (EBM) and Laser Metal Deposition 
(LMD) (also known as Direct Energy Deposition (DED)) [93–95]. Regardless of the 
adopted technology, the starting point of metal AM processes is a 3D CAD model, 
which is sliced in the computer virtual environment into thin layers (the layer thickness 
being in the range 20 µm – 1 mm). Afterwards, the physical component is built layer-
by-layer by deposition and local melting of the material using a heat source (the laser 
beam or the electron beam depending on the AM process) [89–92]. From the structural 
point of view, topological optimisation is the key task in design for additive 
manufacturing to maximise the structural performance of the component for a given 
set of design loads. 

Complex thermal cycles with extremely high cooling rates (i.e. on the order of 
103–108 K/s in LBM processes [96]) are involved in all AM processes. Furthermore, 
since the heat conduction is mainly directed towards the build direction, elongated 
grain shapes have been observed leading to a certain anisotropy of the microstructure 
and of the resulting mechanical properties. 

The first goal in AM process optimisation is to increase the density of the 
material in order to reduce pore formation [97], which is detrimental for static and, to 
a larger extent, for fatigue strength. Regarding the static mechanical properties (yield 
and tensile strengths) in AM metallic materials, they result to be approximately the 
same or even higher than those relevant ones obtained by means of traditional 
processes (e.g. casting). This outcome can be found for instance by comparing the 
static properties of wrought [98] and LMD-manufactured 304L and 316L stainless 
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steels [99,100], of cast [101] and LBM AlSi10Mg aluminium alloy [102], of wrought 
[103] and LBM Ti-6Al-4V titanium alloy [104,105].  

However, structural durability is of major concern in designing structural 
components, as the increasing number of fatigue studies reported in the literature 
testifies (see for instance the recent review on AM of metallic material published in 
[106]). As a general remark, microstructure, surface roughness, residual stresses and 
size/distribution of material defects strongly influence the fatigue strength [104,107–
112]. The most common defects caused by Selective Laser Melting (SLM) are the so-
called Lack Of Fusion (LOF) which are unmelted regions characterized by irregular 
3D shapes known. Other defects are pores with elliptical or spherical shape and crack-
like defects. The mechanism of formation of such defects is well explained in [113]. 
Generally, additive manufacturing parts require post-processing to achieve the target 
properties. Hot isostatic pressure (HIP), heat treatments, machining/micro-machining, 
surface treatments like sandblasting or micro-shot peening are most used post-
processes to reduce remaining porosity, mitigate of inner residual stresses and prepare 
functional surfaces.  

Leuders et al. investigated the fatigue crack propagation resistance of as-built, 
heat-treated and HIPed SLM-processed Ti-6Al-4V titanium alloy and concluding that 
microstructure, pore size, and internal residual stresses have a fundamental role in 
determining the resulting fatigue properties [104]. Mower and Long compared the 
static strength and fatigue behaviour of additively manufactured AlSi10Mg, Ti-6Al-
4V, and two stainless steel (316L and 17-4PH) with the same alloys produced by 
traditional methods (wrought and machined) [108]. Li et al. highlighted the key role 
of surface roughness in fatigue performances of Ti-6Al-4V AM specimens [109], 
while Nicoletto analysed the HCF behaviour of Ti-6Al-4V titanium alloy in-plane 
bending fatigue [110]. Cyclic plastic behaviour of SLMed maraging steel 300 has been 
studied in [112]. In ref [111] an overview focused on the challenges and opportunities 
in fabricating AM materials with increased fatigue resistance is reported. It is 
highlighted the need for a more complete understanding of the relationship among 
process, structure, and property performance for several AM processes and materials. 

From a design point of view, fatigue strength estimations cannot be performed 
without taking into account the defects mechanics. Fracture mechanics-based studies 
of the anisotropic behaviour of SLM-processed metals have been performed recently 
[114,115]; whereas defect sensitivity of AMed materials has been compared to 
traditionally manufactured metals in ref. [116]. As it is well-known, the fatigue 
strength is controlled by the defects having the maximum size and, given the complex 

geometries of LOF discontinuities, the √area parameter is appropriate to quantify the 

effect of defect size [117]. Statistics of extreme values can be applied in order to 
estimate the maximum size of the defect, which in the most recent applications is 
performed starting from CT scanning inspections [118–120]. 

According to the author’s knowledge, there was a lack of data in the literature as 
regards axial fatigue strength of AMed maraging steel. Maraging steels grade 300 (or 
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18Ni 300) is a high-strength material adopted in aeronautical and tool fields for its 
superior properties such as high ductility, high yield stress, good hardenability, good 
weldability and simple heat treatment without deformations. Maraging steel 300 is 
material that can be produced by additive manufacturing systems. Kempen et al. 
analysed the influence of the laser speed, the layer thickness and the post-ageing 
treatment on the hardness and static properties of SLM additively manufactured 
maraging steel grade 300 and compared them with those obtained from wrought 
material [121]. Croccolo et al., inspired by the contributions on titanium alloy of 
Edwards and Ramulu, [122,123], studied the influence of the building orientation on 
the high cycle rotating bending fatigue life of maraging steel specimens [124].  

In a recent paper [125], the author of this dissertation and coo-workers 
investigated the fatigue strength of additively manufactured maraging steel specimens 
by considering the effect of building orientation and ageing heat treatment. Results 
were compared with the literature relevant to traditional processes and are reported in 
Fig. (15), which shows that AM specimens exhibit a lower fatigue strength and a larger 
scatter as compared to traditionally manufactured specimens.  

 

 

Figure 1.15: Fatigue test results in terms of SWT parameter for DMLS specimens tested in the as-built 
(not-treated NT) and aged (heat-treated T) conditions with different building orientations (0° and 90°) 

(from [125]). Comparison with fatigue test results obtained by Van Swam et al. [126] by testing 
vacuum melted maraging steel 300 under push-pull loading 

 
It should be noted that the SWT parameter [82] has been used to present the 

results. Indeed, after having detached the specimens from the built platform they 
exhibited distortions, which caused a mean stress influence on fatigue testing due to 
clamping in the axial test machine. Geometrical distortion was more pronounced in 
90°- than for 0°-oriented specimens in the as-built condition. Distortions in AM 
components are due to residual stresses generated during the manufacturing process, 
which can achieve approximately the yield strength of the material; for instance in Ref. 
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[127], by adopting the hole-drilling strain gauge method, tensile residual stresses of 
720±142 MPa are reported in as-built AM maraging steel 300 specimens. In Refs. 
[128,129] it was shown that residual stresses parallel to the scanning direction are 
much larger than those parallel to the building direction; therefore thin components 
laying in the scanning plane are subject to higher deflections.  

Furthermore, the large scatter of the results observed Fig. (15) have been 
attributed to different defects size observed at the origin of the fracture surfaces of the 
specimens.  

For this reason, in chapter (6) the defects mechanics were applied to new batches 
of maraging steel specimens produced by two different AM system. 

Defects triggering fatigue crack initiation have been investigated after fracture 
by using Scanning Electron Microscope (SEM) analyses. 

Since LoF defects can be considered like small cracks the linear elastic SIF based 

on the √area parameter [117] has been corrected by using the El Haddad Smith and 

Topper length parameter a0 in order to propose a ΔKcorr -fatigue life curve.  
The definition of the a0 is the following:  
 

2

th
0

0

K1
a

 
    

                 (21) 

  
where thK  and 0  are the threshold range of the stress intensity factor for 

long cracks and the plain material fatigue limit in a defect-free condition, respectively. 
In the absence of experimental data to determine thK  and 0 , a novel approximated 

method to determine the a0 parameter will be proposed in Chapter 6.  
Furthermore, the estimation of a0 adopting such approximated method could also 

allow to evaluate of the radius Rc of the control volume adopted in the averaged SED 
approach by adopting the analogy with the Kitagawa and Atzori’s diagrams found in 
[130]. 

All the theoretical background of this approach is reported in Chapter 6. 
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Chapter 2: Peak Stress Method for 
multiaxial loading 

This chapter describes in the first place the theoretical framework for extending 
the applicability of Peak Stress Method in order to extend its applicability to the fatigue 
strength assessment of welded joints subjected to multiaxial loading conditions. After 
that, several multiaxial fatigue data taken from the literature relevant to both 
aluminium and steel welded joint will be analysed by using the PSM for validating the 
theoretical prediction. 

 
 This chapter is referred to the following author’s papers: 
[1] Meneghetti G, Campagnolo A, Rigon D. Multiaxial fatigue strength assessment of welded joints using the Peak 
Stress Method – Part I: Approach and application to aluminium joints. Int J Fatigue 2017;101:328–42. 
doi:10.1016/j.ijfatigue.2017.03.038 
[2] Meneghetti G, Campagnolo A, Rigon D. Multiaxial fatigue strength assessment of welded joints using the Peak 
Stress Method – Part II: Application to structural steel joints. Int J Fatigue 2017;101: 343-62. 
doi:10.1016/j.ijfatigue.2017.03.039 

 

2.1 THEORETICAL FRAMEWORK 

The numerical procedure proposed by Nisitani and Teranishi [3,4] has lead the 
formulation of the PSM which can rapidly estimate the mode I SIF of a crack 
emanating from an ellipsoidal cavity. The method has been theoretically justified and 
also extended to estimate the mode I NSIF of sharp and open V-notches [5,6], the 
mode II SIF of cracks [7] and the mode III NSIF of cracks and open V-notches [8]. 
Recently, the local SED concept and its relation to the PSM have been thoroughly 
reviewed by Radaj [9]. 

Essentially, the PSM allows to rapidly estimate the NSIFs K1, K2 and K3 from 

the singular, linear elastic, opening (σ,peak), in-plane shear (τr,peak) and anti-

plane shear (τz,peak) FE peak stresses,  which are referred to the V-notch bisector 

line, according to Fig. 1. In more detail, the following expressions were previously 
validated [5,7,8]: 
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                    (3) 

In the previous equations, d is the so-called ‘global element size’ parameter, 
which is the average size of the finite elements request by the free mesh generation 
algorithm of the considered FE-numerical code. It should be noted that the ‘exact’ K1, 
K2 and K3 NSIFs values in Eqs. (1)-(3) must be meant as the values derived from their 
definitions applied to the stress-distance numerical results obtained from very refined 
FE mesh patterns (where the size of the smallest element close to the V-notch tip is on 
the order of 10-5 mm [10,11]).  

 

 

Figure 2.1: Typical 2D FE mesh to apply the PSM according to Eq. (11); the example reported in the 
figure shows a tube-to-flange fillet welded joint. The four-node, quadrilateral, harmonic PLANE 25 
elements available in Ansys® Element Library were adopted to generate the free mesh shown in the 

figure. The Y-axis coincides with the axis of the tube. [Figure taken from [1]] 
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The condition of applicability by using ANSYS® FE code were summarized in 
Table 1. It is worth noting that Eqs. (1)-(3) should be recalibrated if FE meshes of 
higher-order elements or characterised by significantly different mesh patterns as 
compared to that one reported in Fig. 1 were adopted. 

Equations (1)-(3) are useful to a design engineer, because the N-SIFs K1, K2 and 

K3 can be rapidly estimated by taking advantage of the FE peak stresses σ,peak, 

τr,peak and τz,peak, respectively.  

 

Table 2.1: Conditions for applicability of Eqs. (1)-(3) by using ANSYS® FE code [5,7,9]. 

 Loading mode 

 Mode I Mode II Mode III 

Eq. (1) (2) (3) 

KFE 1.38 ± 3% 3.38± 3% 1.93± 3% 

2D FE^  PLANE 42 or PLANE 182 (K-option 1 

set to 3) 

PLANE 25 

3D FE^  SOLID 45 or SOLID 185 (K-option 2 set to 3) 

2 0°  2  135° 2 0°  2  135° 

Minimum a/d 3 14 3 (toe, 2 135°) 

12 (root, 2= 0°) 

a – root side° a = min{l, z}  a = min{l, z} a = min{l, z, t} 

a – toe side° a = t - a = t 

^ finite elements of Ansys® Element Library 
° l, z, t are defined in Fig. 1 

 

2.1.1 Definition of PSM-Based design stress for multiaxial loadings by using the 
SED criterion 

By using the PSM relationships (Eqs. (1)-(3)), the averaged SED can be 

rewritten as a function of the singular, linear elastic FE peak stresses σ,peak, 

τr,peak and τz,peak. Then, taking advantage of the equality   E2/1W 2
peak,eq

2   

valid under plane strain conditions, it can be written: 
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Therefore, the following expression of the equivalent peak stress is obtained: 
 

2 2 2 2 2 2
eq,peak w1 w1 , 0,peak w2 w2 r , 0,peak w3 w3 z, 0,peakc f c f c f                          (5) 

 
The parameters fw1, fw2 and fw3 weight the peak stresses both around the notch tip 

and along the radial direction, i.e. θ and r coordinates, respectively (see Fig. (1)). By 
comparing Eqs. (4) and (5), the coefficients fw1, fw2 and fw3 are defined as follows: 

 
1 λ1

* 1
w1 FE 2

0

2e d
f K

1 R



 
     

                 (6a) 

1 λ2

** 2
w2 FE 2

0

2e d
f K

1 R



 
     

                 (6b) 

1 λ3

*** 3
w3 FE 2

0

2e d
f K

1 R



 
     

                            (6c) 

 
The values of fw1, fw2 and fw3 are reported in Tables 2-4 respectively, according 

to Eq. (6) for three values of the average FE size (d = 0.2 mm, 0.50 mm and 1 mm), 

different notch opening angles 2 and two values of the control radius for SED 

evaluation (i.e. R0 = 0.28 mm for structural steels and 0.12 mm for aluminium alloys) 
[12,13]. It’ s worth noticing that fw1, fw2, and fw3, as well as the peak stresses depend on 
the adopted FE size d, while the equivalent peak stress defined by Eq. (5) does not. 
When stress components related to mode II loading are null (for instance: pure mode 

I at the weld root) or non-singular (for example: at the toe side as far as 2> 102° 

[14,15]), the equivalent peak stress, Eq. (5), can be simplified as follow: 
 

2 2 2 2
eq,peak w1 w1 , 0,peak w3 w3 z, 0,peakc f c f                          (7) 

 
As aforementioned, in case of as-welded joints tested at any nominal load ratio 

R, Eqs. (5) and (7) simplify to Eqs. (8) and (9), respectively: 
 

2 2 2 2 2 2
eq,peak w1 , 0,peak w2 r , 0,peak w3 z, 0,peakf f f                        (8) 

 

2 2 2 2
eq,peak w1 , 0,peak w3 z, 0,peakf f                                              (9) 

 
in which, the correction factors cwi (i = 1, 2, 3) are equal to 1. 
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Table 2.2: Values of constants and of parameter fw1 according to Eq. (6a). 

2(deg) 1 
(a) e1 

(b) R0 = 0.28 
mm

 e1
(c) R0 = 0.12 mm 

 fw1,d=0.5mm
(b) fw1,d=1mm

(b) fw1,d=0.2mm
(c) fw1,d=1mm

(c)

0 0.500 0.133 0.997 1.410 0.125 0.944 2.109 
90 0.544 0.145 1.015 1.392 0.138 0.969 2.019 
120 0.616 0.129 0.918 1.198 0.124 0.886 1.644 
135 0.674 0.118 0.849 1.064 0.113 0.821 1.387 

(a): values from [13,14,37] 
(b): values calculated with = 0.3, *

FEK =1.38 
(c): values calculated with = 0.33, *

FEK =1.38 

 

Table 2.3: Values of constants and of parameter fw2 according to Eq. (6b). 

2(deg) 2 
(a) e2 

(b) R0 = 0.28 
mm

 e2
(c) R0 = 0.12 mm 

 fw2,d=0.5mm
(b) fw2,d=1mm

(b) fw2,d=0.2mm
(c) fw2,d=1mm

(c)

0 0.500 0.340 3.904 5.522 0.337 3.795 8.480 
(a): value from [13,14,37] 
(b): values calculated with = 0.3, **

FEK = 3.38 
(c): values calculated with = 0.33, **

FEK = 3.38 

 

Table 2.4: Values of constants and of parameter fw3 according to Eq. (6c). 

2(deg)  
(a) e3 

(b) R0 = 0.28 
mm

 e3
(c) R0 = 0.12 mm 

 fw3,d=0.5mm
(b) fw3,d=1mm

(b) fw3,d=0.2mm
(c) fw3,d=1mm

(c)

0 0.500 0.414 2.459 3.478 0.423 2.428 5.431 
90 0.666 0.310 1.933 2.436 0.317 1.931 3.303 
120 0.750 0.276 1.737 2.065 0.282 1.745 2.610 
135 0.800 0.259 1.634 1.877 0.265 1.649 2.273 

(a): values from [14] 
(b): values calculated with = 0.3, ***

FEK = 1.93 
(c): values calculated with = 0.33, ***

F EK = 1.93 

 

2.1.2 Special cases of equivalent peak stress 

Previous Eqs. (5), (7)-(9) are valid when the weld toe and the weld root profiles 

can be assumed as sharp V-notches (notch tip radius  ≈ 0), i.e. when local stresses are 

singular. If these cases are not satisfied, then the analytical expressions should be 
updated.  

More precisely, when the weld toe radius is large enough to induce full notch 
sensitivity (see as an example Fig. 2 [16]), the equivalent peak stress at the weld toe 
must be evaluated according to the following expression: 
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where σmax and τmax are the maximum values of the tension and torsion stresses, 
respectively, evaluated at the weld toe with sufficiently refined FE meshes (see Fig. 
2), as it is required to evaluate the stress concentration factor. 

 

 

Figure 2.2: 2D FE mesh to apply the PSM according to Eq. (10); the example reported in the figure 
shows a tube-to-flange full penetration welded joint [16] with a large toe radius (ρ = 13 mm). Four-

node, quadrilateral, harmonic PLANE 25 elements available in Ansys® Element Library were 
adopted to generate the free mesh shown in the figure. The Y-axis is the axis of the tube. [Figure taken 

from [1]] 

Another special case, which is not covered by Eqs (5), (7)-(9), is that of box-
beam fillet-welded joints under combined bending and torsion multiaxial fatigue 
loadings shown in Fig. 3 [17]. 
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Figure 2.3 3D FE mesh to apply the PSM according to Eq. (11); the example reported in the figure 
shows a box-beam fillet-welded joint [17]. Eight node brick SOLID 185 elements (with K-option 2 set 

to 3) available in Ansys® Element Library were adopted to generate the 3D mesh of the submodel 
shown in the figure. [Figure taken from [1]] 

In this case, since the mode I bending stresses are parallel to the weld toe as well 
as to the weld root paths, they are not singular neither at the weld toe nor at the weld 
root. By considering the mode I, non-singular, nominal bending stress (σnom) and the 

mode III, singular, torsional shear stress (τz,peak), the equivalent peak stress can be 

evaluated by using the following expression: 
1 λ3
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                           (11) 

 
in which the nominal stress (σnom) can be evaluated analytically from classical 

expressions of solid mechanics, while the singular one (τz,peak) must be calculated 

from FE analyses according to the PSM as illustrated in previous Fig. (1).  
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A further special case is investigated in the following. Eq.s (4) and (5) (chapter 
1) sum up the strain energies due to mode I, mode II and mode III singular stresses, 
because the relevant energy contributions are independent one from the other. 
Therefore, strictly speaking, they are not applicable when multiple load components 
do not allow to treat the strain energy as an additive quantity, due to the existence of 
coupling terms. 

 

Figure 2.4. 3D FE mesh to apply the PSM according to Eq. (18c); the example reported in the figure 
shows a plate having a box-welded (wrap-around) joint [27,28]. Eight node brick SOLID 185 

elements (with K-option 2 set to 3) available in Ansys® Element Library were adopted to generate the 
3D mesh of the submodels shown in the figure. [Figure taken from [1]] 

Obviously, the same limitation of applicability applies to Eqs (5) and (7)-(9), 
they having been derived from Eqs (4) and (5) (chapter 1). However, the summation 
of energy contribution was seen to be still effective in the design cases analysed in the 
present work, after having compared it with the averaged SED calculated by modelling 
the control volume at the relevant weld root and toe which can take into account the 
coupling terms. An example of such situation is depicted in Fig. 4. It is reported a plate 
having a box-welded (wrap-around) joint subjected to biaxial fatigue loading due to 
two orthogonal forces (FX and FY in Fig. 4). The two external forces FX and FY are 
analysed separately and strain energies due to any single load component are simply 
added, which is not correct, strictly speaking. Let us consider the weld root side at 
point A. The single force FX generates mode I and mode II singular stresses; the single 

force FY generates mode I, mode II singular stresses and also zz non-singular stresses 

(referred to the local coordinate system (r, , z), Fig. 4). Considering the root side at 
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point B, the single force FX generates mode I, mode II singular stresses and zz non-

singular stresses, while FY generates mode I and mode II singular stresses. The total 

averaged SED, WΔ  is evaluated by summing the contributions due to the forces FX 

and FY applied individually: 
 

YX FF WΔWΔWΔ 
               (12a) 

 
Now, the general expression applied at point A as well as at point B is the 

following: 
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Furthermore, the contributions due to non-singular stresses (zz) were evaluated 

and resulted to be negligible in Eq. (12b); therefore, the equivalent peak stress was 
derived from Eq. (12a) as follows: 
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2.2 GEOMETRIES AND PSM FE-MODELS  

2.2.1 Steel welded joints 

Fatigue test data from the literature, on steel welded joints subjected to pure 
axial, pure bending, pure torsion and multiaxial fatigue loadings are analysed here. All 
the information about the materials, welding processes and testing conditions of all the 
considered steel welded joints were reported in Table 5. 

Only the contributions in which the authors have reported either the external 
loads or the expression used for calculating the stresses in the welded joint were 
considered. This was a fundamental requirement for obtaining the force values 
necessary in FE model without making any assumption. Therefore, according to the 
original contributions, the following classical expression for evaluating the axial, 
bending and torsion nominal stresses in the tubes were adopted: 
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where F is the axial load, Mf and Mt are the bending and torsional moment, 

respectively, A is the section area, Wf and Wt are the section moduli, de is the tube 
outer diameter and t is the tube thickness.  

 

Table 2.5: Information about materials, welding processes and testing conditions of steel welded joints 

taken from the literature. 

Ref. Joint * 

geometry 
Material Yield 

strength 
[MPa]

Ultimate 
strength 
[MPa]

Welding 
process 

Testing 
condition 

ρ weld 
toe [mm] 

Siljander et al. [19] (1) A519 tube 
A36 flange 

414 tube 
250 flange 

483 tube 
550 flange 

MIG Stress-relieved 0.18 

Razmjoo [20] 
 

(2a-2b) BS 4360-50E 415 577 MMA As-welded - 

Yousefi et al. [21] 
 

(3) P 460 520 670 MIG Stress-relieved - 

Bäckström et al. [22] 
  

(4) Fe 52 355 490-630 MIG As-welded - 

Dahle et al. [17] 
 

(5) DOMEX 350 350 - MAG As-welded - 

Sonsino et al. [23,24]   
  

(6) StE 460 520 670 MAG Stress-relieved 0.2÷0.8 

Bertini et al. [25,26] 
 

(7a-7b) S355 JR 360 520 - As-welded - 

Takahashi et al. 
[27,28] 

(8a-8b) JIS SM400B 283 432 MAG As-welded - 

*All joints have un-machined welds. 
 
The geometry of the steel welded and the details of the FE model according to 

the PSM were gathered in Table 6. In the case of axis-symmetric joint geometry (see 
models 1-3, 6 and 7 of Table 6), a free mesh pattern of 2D quadrilateral four-node 
harmonic elements (PLANE 25 of the ANSYS® element library) was used to evaluate 
the peak stresses both at the weld root and at the weld toe sides. Regarding the more 
complex, non axis-symmetric joint geometries (see models 4, 5 and 8 of Table 2), 3D 
FE models were needed to calculate the equivalent peak stress, according to the three-
dimensional PSM described in [6,18]. In particular, first the whole joint geometry was 
modelled and solved by means of a main model; subsequently, a submodel of the 
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352

40012
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critical area of the joint (the weld toe or weld root) was solved by adopting the 
submodelling technique available in Ansys® numerical software.  

 
 

Table 2.6: Steel welded joint geometries and FE analyses for fatigue strength assessment according to 

the PSM [2]. 

Ref. Joint * geometry Material 

Model 
1 
[19] 

 

Model 
2a  
[20] 

 
 
 



 

68 Chapter 2 

352

40012
Z11

48
.6

12
0

7

68.9 25
0

25

10

0.
7

84
.9

10

Z8

240

68
.9

88
.9

Table 6 (continued) 

Ref. Joint * geometry  Material 

Model 
2b 
[20] 

Model 
3   
[21] 
 

 
The main model can be meshed by employing a free mesh of second-order, ten-

node tetra elements (SOLID 95 or equivalently SOLID 187 of the Ansys® element 
library), as shown for example in the main model 8a of Table 6. After that, the 
submodel was defined by “cutting” the main model at a distance from the weld toe and 
root equal to one main plate or tube thickness (see sub model 8a of Table 6).  
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Table 6 (continued) 

Ref. Joint * geometry  Material 

Model 
4 
[22] 

 

Model 
5  
[17]  
 

 

 
In order to obtain the standard 2D mesh pattern required by the PSM in a 3D 

solid geometry, first, a 2D free mesh pattern of quadrilateral four-node PLANE 182 
elements having average size d was generated (see X-Z plane of the sub model 8a); 
then, the 2D FE mesh was extruded (along Y axis in the case of sub model 8a) by 
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88
.9

51025
21.5 n°4 holes

18
6

12
5

Z10

155

44 6410

Z10

Z10

setting an extrusion step size equal to the average element size d and by using 3D 
eight-node brick elements (SOLID45 of the Ansys® element library or equivalently 
SOLID185 with K-option 2 set to 3).  

 
 

Table 6 (continued) 

Ref. Joint * geometry  Material 

Model 
6 
[23,24] 

 
Model 
7 
[25]   
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21.5 n°6 holes

46025
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14
0 44 64 13
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15

10

20 62

Z10

Z10 Z10

Table 7 reports for each model the average FE mesh size required in order to 
comply with the conditions of applicability of the PSM at the weld root and toe, 
respectively, while the adopted FE mesh size d has been reported in the last column.  

 

Table 6 (continued) 

Ref. Joint * geometry  Material 

Model 
7b 
[26] 

 

Model 
8a  
[27] 
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Regarding the example model 8a of Table 6, a d equal to 6/14 ≈ 0.4 mm was 
adopted, in which a mesh density ratio a/d ≥ 14 was the most demanding condition for 
the applicability of the PSM concerning the weld root under mode II loading, where a 
= 6 mm is the ligament length.  

In the following, specific details regarding the experimental fatigue tests and the 
analysis procedure of each test series were reported. 

 

Table 6 (continued) 

Ref. Joint * geometry  Material 

Model 
8b 
[28] 

 
 

Siljander et al. [19] 

In this contribution tube-to-flange steel fillet-welded joints (model 1 in Table 6) 
fatigue test data under completely reversed (R = -1) and pulsating (R = 0) cyclic 
loadings were reported. The experimental tests were performed applying pure bending, 
pure torsion and combined in-phase (ϕ = 0°) as well as out-of-phase (see the loading 
paths in Fig. 5a and b)) bending-torsion fatigue loadings. Several biaxiality ratios Λ (Λ 
being defined by the ratio σnom/τnom) were also analysed, as reported in Table 8. Each 
test was stopped after having obtained a crack longer than 10 mm [19]. The singular, 
linear elastic peak stresses were calculated at the weld toe and weld root from 2D axis-
symmetric FE models, in which coarse FE mesh patterns according to the PSM have 
been adopted. The mesh density ratio a/d was chosen equal to 14 to comply with the 
conditions of applicability of the PSM at the root side in presence of mode II stresses 
(see Table 7), so that an average element size d equal to 8/14 ≈ 0.57 mm has been 

adopted, a = 8 mm being the ligament length. Due to the reduced weld toe radius (≈ 
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0.18 mm), the worst case assumption ρ = 0 was made in the FE analyses and both the 
toe and the root sides were modelled as sharp notches (V-shaped or crack-like). 

 

 

Figure 2.5: Nominal loading paths adopted in out-phase multiaxial fatigue tests in [19]. [Figure taken 
from [1]] 

 

Table 2.7: Average FE mesh size required in order to comply with the conditions of applicability of 

the PSM at the weld root and toe, and finally adopted FE mesh size d [2]. 

*a/d  3, a = min{l, z}     **a/d  3, a = t 
°a/d  14, a = min{l, z}     

+a/d  12, a = min{l, z, t} 
l, z, t are defined in Fig. 1 of Chapter 1  
 
 

 
The testing conditions of the joints were not described in detail in the original 

work [19]. Indeed, it was not explicitly reported where the tube was fixed but it can be 
deduced that the rear area of the tube was fixed, as shown in Table 6 (model 1).  

Model d required at root 
[mm] 

d required at toe 
[mm] 

d 
adopted 
[mm] mode I* mode II° mode III+ mode I** mode III** 

(1) 2.67 0.57 0.67 3.17 3.17 0.57 

(2a) 3.67 - 0.27 1.07 1.07 0.27 

(2b) - - 0.58 - 2.33 0.58 

(3) 0.33 0.07 0.08 2.67 2.67 0.07 

(4) 1.67 0.36 0.42 1.67 1.67 0.36 

(5) - - 0.50 - 2.67 0.50 

(6) - - - 3.33 3.33 2.00 

(7a) 3.33 0.71 0.83 3.33 3.33 0.70 

(7b) 3.33 0.71 0.83 3.33 3.33 0.70 

(8a) 2.00 0.43 - 4.00 - 0.40 

(8b) 2.00 0.43 - 4.00 - 0.40 
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All tube-to-flange joints were tested under stress-relieved conditions, therefore 
the equivalent peak stress was calculated at the root side by means of Eq. (7), while 

Eq. (7) was adopted at the toe side since mode II stresses are non-singular there (2> 

). According to Siljander et al. [19], fatigue crack initiation always 

occurred at the toe side. Table 8 highlights that the crack initiation location is properly 

assessed by means of the PSM, since the equivalent peak stress eq,peak is always higher 

at the toe than at the root side. Should the designer have been interested only in fatigue 
assessment of the weld toe, Table 7 highlights that an increased average FE size equal 
to 3 mm (in place of 0.57 mm) could have been adopted. 

 

Razmjoo [20], tube-to-flange joints 

In [20] the fatigue behaviour of two geometries of tube-to-flange steel fillet-
welded joints under pulsating (R = 0) fatigue loadings was reported. The joints with 
3.2-mm-thick tube (model 2a in Table 6, t = 3.2 mm) were subjected to pure tension 
and combined tension-torsion fatigue loadings with different biaxiality ratios Λ and 
with different phase shift angle between the cyclic tension and torsion signal (ϕ = 0° 
and ϕ = 90°). The joints with 7-mm-thick tube (model 2b in Table 6, t = 7 mm) were 
only subjected to pure torsion fatigue loading. Table 8 reports the synthesis of the 
loading conditions. Razmjoo [20] reported the number of cycles relevant to the 
complete separation of the joints. 

The numerical analyses consisted in two-dimensional axis-symmetric FE models 
with coarse meshes according to the PSM were carried out to evaluate the peak stresses 
at the toe and root sides. The mesh density ratio a/d ≥ 12 being the most demanding 
condition for the applicability of the PSM at the root side under mode III loading (see 
Table 7), an average element size d equal to 3.2/12 ≈ 0.27 mm and 7/12 ≈ 0.58 mm 
has been adopted for the 3.2-mm-thick and the 7-mm-thick joint geometry (model 2a 
and 2b in Table 6), respectively. The connection between the flange and the test bench 
was implemented constraining all the degree of freedom at the back surface of the 
flange, as indicated in Table 6 (models 2a and 2b). 

All specimens were tested in the as-welded condition, so Eq. (8) was adopted to 
calculate the equivalent peak stress at the weld root, while Eq. (9) was used at the weld 

toe due to the V-notch opening angle 2> .  
For the model 2a the fatigue failure always initiated at the toe side, while in 

model 2b fatigue crack initiation occurred mainly at the root side [20] as reported in 
Table 8. Furthermore, from Table 8, it is worth noticing that the prediction of the crack 
initiation location for model 2a was correctly evaluated by means of the PSM, because 

the equivalent peak stress eq,peak was always higher at the weld toe than at the weld 

root. On the contrary, in the case of model 2b, the PSM anticipates the initiation at the 
toe side, while experimental results show that only 2 among 8 specimens failed at the 
toe side. 
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Table 2.8: Fatigue test details of steel welded joints (joint geometries are reported in Table 6) 

Joint 
geometry 

Load 
condition° 

 Rσ Rτ Phase 
 [°] 

N° failures σeq,peak*
toe 
[MPa] 

σeq,peak*
root 
[MPa] 

Failure 
criterion 

Applied nominal 
stresses 

toe root tube σnom  

[MPa] 
τnom 
[MPa]

            Eq. (13b) Eq. (13c) 

1 B ∞ -1 - - 4 - - 1.030^ 0.820^ 10-mm-
long 
crack 

220 ÷ 440 - 
 B ∞ 0 - - 5 - - 1.457^ 1.160^ 140 ÷ 440 - 

 T 0 - -1 - 4 - - 1.759 1.755 - 140 ÷ 220 

 T 0 - 0 - 2 - - 2.488 2.481 - 170 ÷ 220  

 B+T 7.34 0 0 0 

9 

- - 10.99 8.879 216 29 

2.39 4.279 3.721 174 ÷ 260 73 ÷ 109 

1 2.883 2.739 80 ÷ 136 80 ÷ 136 

 B+T 1.2 0 -1 Fig. 1a 4 - - 2.480 2.240 174 145 

 B+T 2.39 0 0 Fig. 1b 3 - - 4.279 3.721 174 73 

            Eq. (13a) Eq. (13c) 

2a A ∞ 0 - - 7 - - 2.256^ 1.248^ Complete 
stiffness 
loss 

100 ÷ 245 - 

 A+T 2 0 0 0 

7 

- - 5.063 2.584 100 50
1 3.219 1.415 80 80
0.95 3.141 1.360 107 113
0.91 3.080 1.317 107 118
0.69 2.786 1.099 80 ÷ 82 115 ÷ 118
0.33 2.420 0.790 54 160

 A+T 2 0 0 90 

7 

- - 5.063 2.584 100 50
1.39 3.886 1.858 160 115
1.08 3.348 1.504 211 195
1 3.219 1.415 80 80
0.93 3.110 1.338 107 115
0.69 2.786 1.099 80 115
0.33 2.420 0.790 54 160

2b T 0 - 0 - 2 6 - 2.664 1.579  - 105 ÷ 158

            Eq. (13b) Eq. (13c) 

3 B ∞ -1 - - 16 - - 1.856^ 1.223^ break-
through 

104 ÷ 41 - 

 B ∞ 0 - - 6 - - 2.624^ 1.729^ 93 ÷ 310 - 

 T 0 - -1 - 9 - - 1.985 1.258 - 121 ÷ 201

 T 0 - 0 - 9 - - 2.808 1.779 - 104 ÷ 152

 B+T 1 -1 -1 0 7 - - 2.718 1.754 73 ÷ 156 73 ÷ 156 

 B+T 1 0 0 0 7 - - 3.843 2.481 72 ÷ 179 72 ÷ 179 

 B+T 1 -1 -1 90 8 - - 2.718 1.754 70 ÷ 110 70 ÷ 110 

 B+T 1 0 0 90 9 - - 3.843 2.481 73 ÷ 156 73 ÷ 156 
 

° axial (A), bending (B), torsion (T)  

°°  = σnom/τnom 
* calculated with τnom = 1 MPa,  as indicated.  

^ calculated with σnom = 1 MPa 
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Table 2.8 (continued) 

Joint 
geometry 

Load 
condition° 

 Rσ Rτ Phase 
 [°] 

N° failures σeq,peak* 

toe 
[MPa] 

σeq,peak* 
root 
[MPa] 

Failure 
criterion 

Applied nominal 
stresses 

toe root tube σnom  

[MPa] 

τnom 
[MPa] 

            Eq. (13b) Eq. (13c) 

4 B ∞ 0.3 - - 1 - - 3.565^ 2.067^ Complete 
stiffness 
loss 

266 - 

 B ∞ 0.1 - - 1 
 

  319 - 

 B ∞ 0.6 - - 1 
 

  149 - 

 B ∞ 0.7 - - 2 - -   98 ÷ 116 - 

 T 0 - -1 - - - 3# 2.758 1.182 - 151 ÷ 327 

 T 0 - 0 - - - 1#   - 218 

 B+T 3 -1 -1 0 

3 

- - 11.04 6.313 414 139 

2.3 8.651 4.899 356 155 

0.9 4.231 2.204 198 221 

 B+T 1.9 -0.8 -1.2 0 1 - - 7.313 4.102 244 130 

 B+T 1.9 -0.8 -1.3 0 1 - -   243 129 

 B+T 1.6 0 -0.1 0 1 - - 6.336 3.512 227 140 

 B+T 2.2 0 0 0 3 - - 8.314 4.699 208 ÷ 348 99 ÷ 160 

 B+T 2.3 0 0 90 4 - - 8.651 4.899 208 ÷253 92 ÷ 111 

            Eq. (13b) Eq. (13c) 

5 B ∞ -1 - - 3 T+ - -  1.048^ long crack 
(200÷500 
mm) 

194 ÷ 316 - 

 T 0 - -1 - - 14 L+ -  6.305 - 111 ÷ 184 

 T 0 - -1 - - 5 L+ -   - 131 ÷ 182 

 B+T 0.58 -1 -1 0 3 T+ 3 L+ -  6.326 71 ÷ 135 138 ÷ 221 

 B+T 0.98 0 0 0 - 1 L+ -  6.326 180 184 

 B+T 0.92 -1 -1 90 1 T+ 1 L+ 2 (L+T) +  6.367 127 ÷ 169 138 ÷ 184 

            Eq. (13b) Eq. (13c) 

6 B ∞ -1 - - 10 - - 1.908^ - crack 
initiation 
and break-
through  

157 ÷ 510 - 

 T 0 - -1 - 9 - - 2.034  - 230 ÷ 347 

 B+T 1.72 -1 -1 0 8 - - 3.861  200 ÷ 270 116 ÷ 156 

 B+T 1.72 -1 -1 90 9 - - 3.861  149 ÷ 271 86 ÷ 157 

            Eq. (14a) Eq. (14b) 

7a B ∞ -1 - - 10 - - 4.430^ 3.441^ break-
through 

140 ÷ 229 - 

 B ∞ 0 - - 9 - - 95 ÷ 214 - 

 T 0 - -1 - - 13 - 3.739 4.008 - 111 ÷ 177 

 T 0 - 0 - - 13 - - 115 ÷ 192 

 B+T 3.25 -1 -1 0 - 7 - 14.87 11.88 137 ÷ 190 42 ÷  58 

 B+T 3.25 0 0 0 - 8 - 91 ÷ 194 28 ÷ 60 

 B+T 0.88 -1 -1 0 - 5 - 5.401 5.023 85 ÷ 114 97 ÷ 12 

 B+T 0.88 0 0 0 - 5 - 67 ÷ 84 76 ÷ 95 

          Eq. (14a) Eq. (14b) 

7b B+T 3.25 -1 -1 90 10 - - 16.80 8.936 break-
through 

98÷187 30 ÷ 57 

 B+T 3.25 0 0 90 9 - - 78÷178 24 ÷ 55 

 B+T 0.88 -1 -1 90 - 13 - 5.830 4.463 56÷100 64 ÷ 114 

 B+T 0.88 0 0 90 - 13 - 50÷90 57 ÷ 103 
 

° bending (B), torsion (T) 
* calculated with τnom = 1 MPa,  as indicated. 
^ calculated with σnom = 1 MPa 
# the equivalent peak stress evaluated in the tube resulted σeq,peak,tube = 1.910 MPa 
+(L) corresponds to longitudinal cracks while (T) to transversal cracks, according to the original contribution [17] 
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Table 2.9: Fatigue test details of steel welded joints (joint geometries are reported in Table 6) 

Joint 
geometry 

Load 
condition° 

 Rx Ry Phase
 [°] 

N° failures σeq,peak*
toe 
[MPa] 

σeq,peak*
root 
[MPa] 

Failure 
criterion 

Applied nominal 
stresses 

toe root tube σnom,xx  

[MPa] 

σnom,yy

[MPa] 

            Eq. (13a) - 

8a Uniaxial ∞ 0 - - 6 - - 3.117^ 1.977^ 1÷2 mm 
technical 
crack 
and 
complete 
failure 

81 ÷ 190 - 

            Eq. (13a) Eq.(13a)

8b Biaxial  1.02+ 0 0 180 4 - - 2.868A 2.085A 1÷2 mm 
technical 
crack 
and 
complete 
failure 

79 ÷ 128 78 ÷ 
126 1.613B 0.601B

 Biaxial  1.02+ 0 0 180 4 - - 132 130 

0.85 2.442A 1.834A 111 130 

1.612B 0.551B

0.68 2.032A 1.597A 87 130 

1.612B 0.507B

0.34 1.293A 1.213A 45 131 

1.612B 0.442B

 Biaxial  1.52+ 0 ∞ 0 4 - - 4.150A 2.881A 130 -85 
 1.614B 0.767B

1.25 3.453A 2.444A 106 -84 

1.613B 0.674B

1.02 2.868A 2.085A 87 -84 

1.613B 0.601B

0.85 2.442A 1.834A 73 -85 

1.612B 0.551B

 

+ biaxiality ratio  calculated as: σx/σy  
* calculated with σy  = 1 MPa, σx/σy as indicated. 
^ calculated with σx = 1 MPa 

 

Yousefi et al. [21] 

The fatigue strength of tube-to-flange steel welded joints with partial penetration 
(model 3 in Table 6) were analysed adopting two stress ratios (R = -1 and R = 0) under 
pure bending, pure torsion and combined bending and torsion loadings [21]. Multiaxial 
loadings were applied with loads in-phase (ϕ = 0°) and out-of-phase (ϕ = 90°), by 
adopting Λ = 1. The number of cycles to obtain a through-the-thickness crack was 
adopted as failure criterion [21]. The original experimental results were assumed here 
as expressed in terms of nominal stress range (defined as maximum minus minimum 
value) evaluated in the tube (see Eq. (13)). This information is not explicit in the 
fatigue curve reported in the original contribution. 

Following the PSM mesh generation guidelines, the relevant peak stresses were 
calculated at the potential crack initiation sites from 2D axis-symmetric FE models. In 
this case, the most critical mesh density ratio to apply the PSM is dictated by mode II 
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loading at the root side (see Table 7), according to which a/d should be greater than or 
equal to 14, a = 1 mm being the root length. Therefore, an average element size d equal 
to 1/14 ≈ 0.07 mm was adopted in the FE analyses.  

Given that the specimens were tested under stress-relieved conditions in this 
contribution, the equivalent peak stress was calculated by using Eq. (5) at the weld 
root and Eq. (7) at the toe side. As reported in Table 8, in this case, the PSM enables 
to correctly estimate the crack initiation location, which always occurred at the toe side 
according to [21]. Finally, because of the reduced root length, (see model 3 in Table 
6), it is known from experience that the failure likely occurs at the weld toe rather than 
the root. Therefore, the PSM could have been applied only at the toe side. In such a 
case, Table 7 shows that a much greater average element size equal to d = 8/3 = 2.67 
mm could have been adopted. 

 

Bäckström et al. [22] 

A 5-mm-thick square hollow section (SHS) steel fillet-welded onto a square 
plate (SP), see model 4 in Table 6, was tested under pure bending, pure torsion and 
combined bending-torsion fatigue loadings. Both in-phase (ϕ = 0°) and out-of-phase 
(ϕ = 90°) multiaxial loadings condition were applied in the experimental testing. 
Biaxiality ratios Λ ranging from 0.9 and 3 and nominal load ratios R between -1.3 and 
0.7 were adopted (see Table 8). The complete stiffness loss was chosen as a failure 
criterion in the original paper [22].  

Due to geometrical complexity, 3D FE main model and a proper 3D submodel 
were necessary to calculate the peak stresses at the toe and root sides. In Table 6 it is 
shown the locations where the maximum values of the peak stresses relevant to both 
weld toe and root sides is occurred, more precisely, at the corner of the SHS section 
Accordingly, a 3D submodel of that region was generated, by extruding around the 
corner a 2D mesh prepared according to the PSM. Since a mesh density ratio a/d ≥ 14 
should be guaranteed to comply with the conditions of applicability of the PSM at the 
root side under mode II loading (see Table 3), then an average element size d = 5/14 ≈ 
0.36 mm was adopted.  

All joints were tested in the as-welded conditions [22], therefore Eq. (8) was 
used at the weld root, while regarding the weld toe, Eq. (9) was adopted. According to 
the original contribution [22], fatigue failure always occurred at the toe side at the 
corner of the SHS section, except for the joints tested under pure torsion loading, in 
which fatigue crack initiated in the tube. Table 8 shows that the crack initiation location 

was properly assessed by means of the PSM, the equivalent peak stress eq,peak being 

always higher at the weld toe than at the weld root. Furthermore, it should be noted 
that, in the case of joints tested under pure torsion loading, Table 8 shows that the 

equivalent peak stress eq,peak calculated in the tube resulted 1.91 MPa (see # symbol) 

which is not in agreement with the experimental evidence. 
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Dahle et al. [17] 

Fatigue data (R =-1 and R = 0) on box-beam steel fillet-welded joints (model 5 
in Table 6) were reported in [17]. Bending, torsion and combined in phase (ϕ = 0°) as 
well as out-of-phase (ϕ = 90°) bending-torsion fatigue loadings were applied with 
different biaxiality ratios Λ, (more detail in Table 8). The number of cycles to initiate 
a visually detectable crack, which corresponded to a longitudinal crack length between 
200 and 500 mm was set a failure criterion for the fatigue testing. Fatigue failure 
always occurred at the weld toe in pure bending fatigue test, while crack always 
initiated from the root side in all the other cases.   

Since the stress components related to bending load are not singular, they were 
analytically evaluated from classical expressions of solid mechanics. On the contrary, 
torsional (mode III) shear stress component is singular and must be calculated from 
FE analyses performed according to the PSM. A 3D FE main model coupled with a 
submodel was necessary to calculate the peak stresses relevant to mode III loading at 
the root side. The submodel was first prepared in the (X,Y) plane shown in Table 6 
and meshed according to the PSM; after that, the mesh was extruded in the Z direction. 
The mesh density ratio a/d ≥ 12 was adopted to apply the PSM at the root side under 
mode III loading (see Table 7); therefore an average element size d = 6/12 ≈ 0.5 mm 
was used to perform the FE analysis of the submodel, a = 6 mm corresponding to the 
ligament length.  

The cw = 1 has been employed to calculate the equivalent peak stress due to the 
fact that all the specimens were in the as-welded conditions.  

 

Sonsino et al. [23,24] 

The fatigue strength of tube-to-flange full-penetration steel welded joints (model 
6 in Table 6) subjected to pure bending, pure torsion and combined bending-torsion 
loadings (R=-1) investigated by Sonsino et al. [23,24] were taken into account. The 
multiaxial fatigue strength, analysing both in-phase (ϕ = 0°) and out-of-phase (ϕ = 90°) 
loading condition with a biaxiality ratio Λ = 1.724 was investigate in the original 
contributions [23,24]. 

Two number of cycles were obtained from each test: more precisely, the number 
of cycles to obtain a 1-mm-long technical crack and also the number of cycles to break-
through, in which the latter was determined from the air pressure drop inside the tube. 
The mean ratio between the number of cycles to crack initiation and that to break-
through is approximately 0.50. For this case, the theoretical estimations based on PSM 
were compared with both values of number of cycles. Fatigue cracks always initiated 
at the weld toe because of the fully penetrated welding execution. 

The peak stresses were calculated at the toe side by employing 2D axis-
symmetric FE models. Despite the minimum adoptable mesh density ratio of a/d = 3 
(see Table 7), a slightly more refined FE mesh with d = a/5 = 2 mm (a = 10 mm is the 
tube thickness) was adopted to obtain the standard FE mesh pattern around the weld 
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toe. Since the weld toe radius was reduced (≈ 0.2 ÷ 0.8 mm, see Table 5), the sharp 

V-notch configuration (ρ = 0) has been assumed in the FE analyses.  
 

Bertini et al. [25] and Frendo and Bertini [26] 

The fatigue strength of two geometries of tube-to-flange steel fillet-welded joints 
(models 7a and 7b in Table 6) under cyclic loadings with two load ratio (R = -1 and R 
= 0) were reported in [25,26]. Model 7a [25] was subjected to pure bending, pure 
torsion and combined in-phase (ϕ = 0°) bending-torsion fatigue loadings. Out-of-phase 
(ϕ = 90°) multiaxial fatigue loading condition were analysed to model 7b [26]. As it 
can be noted in Table 4, different biaxiality ratios Λ were adopted in the experimental 
campaign. 

The air pressure drop in the small volume enclosed by the sleeve between the 
tube and the flange (see models 7a and 7b in Table 6) was set as failure criterion as 
reported in the original contributions [25,26]. The bending and torsion nominal 
stresses, reported in the original contributions, were calculated in the weld throat by 
means of the following expressions [25,26]: 
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being de the tube outer diameter and s = 10/√2 the weld throat thickness.  

It is worth noticing that four critical points are present in the considered 
geometries: two weld toes and two weld roots, as indicated in detail in models 7a and 
7b of Table 6. Due to the symmetrical properties of the component, it was possible to 
model two-dimensional axis-symmetric FE models with coarse meshes to apply the 
PSM at the weld toes and roots. The mesh density ratio a/d ≥ 14 being the most 
demanding condition in order to apply the PSM at the root side under mode II loading 
(see Table 7), an average FE size d = 10/14 = 0.7 mm was employed to analyse both 
joint geometries, where a represents the tube thickness and equals 10 mm.  

The equivalent peak stress was obtained by means of Eq. (8) at the weld roots, 
on the other hand, Eq. (9) was used at the weld toes because all joints were tested in 
the as-welded conditions. Only the highest equivalent peak stresses between the two 
toes and that between the two roots are reported in Table 8. Such highest values always 
occurred at the toe and root sides relevant to the outer welding (indicated with subscript 
1 in Table 6). Dealing with model 7a, Table 8 shows that the PSM properly estimates 
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the fatigue failure location under pure modes of loading, which occurred at the weld 
toe side under pure bending and at the weld root side under pure torsion loading [25]. 
When multiaxial loadings are considered (model 7a or 7b), according to the PSM the 
weld toe is always more critical than the weld root, the equivalent peak stress being 
higher there (see Table 4). Nevertheless, cracks initiated in 6 test series among 8 at the 
root and not at the toe [25,26]. In previous work, it has been observed that difficulties 
arise in estimating the failure location, when multiple crack initiation sites are in 
competition in the same joint in presence of highly non-uniform residual stress fields, 
which the equivalent peak stress does not account for [18]. 
 

Takahashi et al. [27,28] 

Two geometries consisting of steel plates having a box-fillet-welded (wrap-
around) joint were tested under pulsating uniaxial (model 8a in Table 6) and biaxial 
(model 8b in Table 6) fatigue loadings. Dealing with model 8b, both in-phase (ϕ = 0°) 
and out-of-phase (ϕ = 180°) loadings were applied, by adopting different biaxiality 
ratios Λ as reported in Table 8. 

In the original contributions [27,28], the authors reported the number of cycles 
to obtain a first technically detectable crack, corresponding to a crack depth in the 
range of 1÷2 mm, as well as the number of cycles to complete failure. Both values of 
number of cycles will be considered in the reanalysis of the experimental data 
according to the PSM.  

Given the geometrical complexity, a 3D main model, as well as a submodel, 
were required to evaluate the peak stresses at the weld toe and the weld root (models 
8a and 8b of Table 6). It should be noted that the maximum values of the peak stresses 
referred to the toe and root sides occurred at zone A of model 8a and at zones A and B 
of model 8b, as indicated in Table 6. Accordingly, the 3D submodels of those regions 
have been generated and an average element size d equal to 6/14 ≈ 0.4 mm has been 
adopted according to the PSM. In fact, the mesh density ratio a/d ≥ 14, a = 6 mm being 
the ligament length at the root side, is the most demanding condition for the 
applicability of the PSM concerning the weld root under mode II loading (see Table 
7). It should be noted that only one eighth of each joint geometry was modelled (see 
Table 8), taking advantage of the three symmetry planes.  

Given that all welded joints were fatigue tested in the as-welded conditions, Eq. 
(6) (Chapter 1) has been adopted to evaluate the equivalent peak stress at the toe and 
root sides of both joint geometries (FY = 0 in the case of uniaxial loading, model 8a), 
by considering cw = 1. Eq. (12) has been discussed in the companion paper [29]. 
According to Takahashi et al. [27,28], fatigue failures always occurred at the toe side, 
i.e. point At dealing with model 8a (see Table 6). Considering model 8b (see Table 6) 
fatigue cracks initiated at point At along the weld toe profile, with only one exception 
where crack initiation occurred at point Bt. Table 9 shows that the failure location is 
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correctly assessed by means of the PSM in all cases, the equivalent peak stress eq,peak 

being always higher at the weld toe, At or Bt, from which fatigue cracks were seen to 
initiate during experiments. 

 

2.2.2 Aluminium welded joints 

Several experimental fatigue data referring aluminium welded joints under pure 
bending, pure torsion and multiaxial fatigue loads were taken from the literature. More 
precisely, the original data are taken from Kueppers and Sonsino [16] and Costa et al. 
[30] which are related to tube to flange and overlapped tubes welded joints, 
respectively. The materials, welding processes and testing conditions taken into 
consideration are reported in table 10, while in Table 11 the joint geometries and also 
the details of the stress analyses according to the PSM are illustrated.  

 

Table 2.10: Materials, welding processes and testing conditions of aluminium welded joints. 

Ref. Joint 
Geometry

Material Yield 
strength 
[MPa] 

Ultimate 
strength 
[MPa] 

Welding 
process 

Testing 
condition 

Weld toe 
radius 

[mm] 
Kueppers and 
Sonsino [16] 

(1) EN-AW 
6082 T6 

315 332 TIG and 
MIG 

As-welded 13÷20  
 

Costa et al. 
[30] 

(2) EN-AW 
6060 T6 

215 240 - Stress-relieved 0.2 minimun 
1.3 average 

 
According to the original contributions, the bending and torsion nominal stresses 

were defined in the tube by means of the Eq.s (13b) ad (13c), respectively, where de is 
the outer diameter and t is the tube thickness.  

Two-dimensional, axis-symmetric FE models were employed for both models 
to convert the original experimental data from nominal stresses (Eq. 13) to the 
equivalent peak stress. A free mesh pattern of quadrilateral four-node harmonic 
elements PLANE 25 of the ANSYS® element library was adopted to calculate the 
peak stresses both at the weld root and the weld toe. The employed FE type enables to 
analyse axis-symmetric components under external loads which are not necessarily 
axis-symmetric, but they must be expressible with a Fourier series expansion. 
Therefore, this finite element type can be adopted to model three-dimensional axis-
symmetric components subjected to bending or torsion loads, while keeping the 
advantage of performing two-dimensional FE analyses.  

In the following, specific details concerning the experimental fatigue tests and 
the analysis procedure of each test series are reported.  

 

Kueppers and Sonsino [16] 

In [16] the fatigue strength under completely reversed (R = -1) pure bending, 
pure torsion and combined bending and torsion cyclic loads of tube-to-flange full-
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penetration aluminium welded joints (Model 1 in Table 11) was analysed. In the 
multiaxial loading condition, loads both in-phase (ϕ = 0°) and out-of-phase (ϕ = 90°) 
with a biaxiality ratio Λ = 1.72 were investigated in the experimental campaign (see 
the details in Table 12). 

The number of cycles to obtain a through-the-thickness crack was considered as 
a failure criterion. Due to the fully penetrated welding, the fatigue crack initiation 
always occurred at the weld toe (see Table 12). 

According to Kueppers and Sonsino [16], the weld toe radius ranged from 13 
and 20 mm. In the numerical analyses here reported, the minimum value of weld toe 

radius (min≈ 13 mm) has been considered. This assumption is justified by the fact that 

the fatigue crack is expected to initiate at the highest stress concentration and 
furthermore full notch sensitivity is also expected, so the maximum values of bending 
(σpeak) and torsion (τpeak) stresses, respectively, have been calculated. Therefore, the 
FE model consisted in a simply refined mesh (see Model 1 in Table 11) having a 
minimum FE size about equal to 0.8 mm. All the degree of freedom at the line 
representing the back face of the flange were fixed in order to simulate the connection 
between the flange and the test frame, as shown in Table 11 (Model 1). 

Eq. (10) with cw1 = cw3 = 1 was used to calculate the equivalent peak stress at the 
weld toe side due to the fact that all the tested welded joints were in the as-welded 
conditions (see Table 11). 

 

Costa et al.  [30] 

Overlap-tubes aluminium fillet-welded joints (Model 2 in Table 11) were tested 
under rotating bending as well as reversed (R = -1) and pulsating (R = 0) in-phase 
bending and torsion fatigue loadings. In addition, one series was tested by applying 
rotating bending and constant torsion loadings. The biaxiality ratios Λ of the multiaxial 
testing are reported in Table 12. In [30], 10% stiffness loss of the joints was adopted 
as failure criterion and it has been considered as fatigue life in the present work.  

In the original contribution, the fatigue data were reported in terms of the peak 
value of the von Mises stresses evaluated at the weld toe. The stress concentration 
factors relevant to the average and the minimum values of the measured weld toe radii 
were also reported in the original paper [30]. Therefore, in order to derive the nominal 
stresses to apply to the FE models, the highest stress concentration factor relevant to 

the minimum weld toe radius (min≈ 0.2 mm) was adopted. The worst-case assumption 

ρ = 0 was adopted in the present FE analysis due to the very small weld toe radius of 
the considered welded joints. 
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70
Z3

32

20

26

175

Table 2.11: Aluminium welded joint geometries and FE analyses for fatigue strength assessment 

according to the PSM [1] 

Ref. Joint * geometry Material 

Model 
9 
[16] 

Model 
10 
[30]  
 

 

 
 

Table 2.12: Fatigue test details of aluminium joints (joint geometries are reported in Table 11). 

240
25

25
0

Z16

68
.9

88
.9

ρ = 13÷20 mm 



 

Chapter 2 85 

Joint 
geometry 

Load 
condition° 

 R = 
R 

Phase 


N° failures σeq,peak* 

toe 
[MPa] 

σeq,peak*
root 
[MPa] 

Failure 
criterion 

Applied nominal 
stresses 

Toe root tube σnom  

[MPa] 
τnom  

[MPa]
           Eq. (13a) Eq. (13b)

1 B ∞ -1 - 9 - - 1.687^ - break-
through  

80 ÷ 143 - 

 T 0 -1 - 7 - - 2.002 - - 72 ÷ 122 

 B+T 1.72 -1 0 7 - - 2.618 - 60 ÷ 100 35 ÷ 58 

 B+T 1.72 -1 90 8 - -  - 59 ÷ 100 35 ÷ 58 

           Eq. (13a) Eq. (13b)

2 rot. B ∞ -1 - 8 - - 2.154^ 2.004^ Stiffness 
loss  
(-10%) 

65 ÷ 107 - 

 B+T 2 -1 0 5 - - 4.761 4.546 56 ÷ 91 28 ÷ 45 

 B+T 0.167 -1 0 3 - - 2.060 2.173 12 ÷ 15 72 ÷ 88 

 B+T 1.33 0 0 5 - - 4.963 4.840 40 ÷ 64 30 ÷ 48 

 B+T 2 0 0 8 - - 6.733 6.429 47 ÷ 73 24 ÷ 36 

 B+T 3 0 0 4 - - 9.576 9.027 52 ÷ 70 17 ÷ 23 

 rot. B + 
const. T

1 -1 - 8 - - 2.864 2.665 64 ÷ 86 64 ÷ 86 

 

° bending (B), torsion (T), rotating bending (rot B), constant torsion (const. T) 
°° =nom/nom 
* calculated with τnom = 1 MPa, as indicated. 
^ calculated with σnom = 1 MPa 

 
 
A 2D axis-symmetric FE model was solved to calculate the peak stresses at the 

weld toe and root sides, which FE mesh pattern related to the PSM is reported in Table 
10. The mesh density ratio a/d was chosen equal to 14 to comply with the conditions 
of applicability of the PSM at the root side under mode II loading conditions; therefore, 
an average element size d equal to 3/14 ≈ 0.20 mm has been adopted, the ligament 
length being a = 3 mm. In order to simulate the testing conditions described by Costa 
et al. [30], the outer tube was restrained as shown in Table 11 (Model 2). 

The equivalent peak stress was evaluated according to Eq. (11) at the weld root, 

while Eq. (7) was adopted at the weld toe, 2 being greater than because all 

welded joints were tested in the stress-relieved conditions. In both equations, the 
coefficients fw1, fw2 and fw3 relevant to R0 = 0.12 mm (see Tables 1-3) were adopted. 

According to the original contribution [30], fatigue crack initiation always 
occurred at the weld toe side. It should be noted from Table 11 that the crack initiation 
location is correctly estimated by the PSM in all but one case, where the equivalent 

peak stress eq,peak is slightly higher at the weld root than at the weld toe. In a previous 

contribution [7], it has been highlighted that reduced differences of the equivalent peak 
stress calculated at different competing failure locations can hardly anticipate the 
experimental cracking location [7,18].  
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2.3 ASSESSMENT OF WELD TOE AND WELD ROOT FAILURES 

2.3.1 Steel welded joints 

After having solve all the FE model of the abovementioned welded details, the 
original fatigue data taken from the literature have been expressed in terms of range of 
the equivalent peak stress calculated at the critical point according to the PSM. Tables 
8 and 9 properly report the equivalent peak stress evaluated at the weld toe and at the 
weld root by means of the appropriate expressions mentioned in the previous section, 

where nom=1 MPa, nom=·nom have been used (if =∞, then nom=1 was applied). 

By using the equivalent peak stress related to the unit of nominal stress, to convert the 
original data to the local equivalent peak stress, it is possible to multiply the nominal 
stress range adopted in the original fatigue tests by the relevant equivalent peak stress 
reported in Tables 8 and 9. 

From Figs. 6 to 13 the experimental data relevant to welded joints made of 
structural steels reconverted in terms of range of equivalent peak stress are compared 
with the scatter band suggested to design steel welded joints subjected to multiaxial 
loads. The proposed design scatter here follows what formulated by Lazzarin et al. 
[31] for the averaged SED criterion. More precisely, the design scatter band was 
obtained by taking first the high-cycle fatigue strength at 2·106 cycles for structural 
steel joints subjected to pure mode I loading previously found in [32] fitted on about 
200 experimental results taken from the literature.  

The just mentioned fatigue strength resulted equal to A,50% = 214 MPa, and 

second, adopting the inverse slope of the design scatter band for structural steels 
relevant to pure mode III loading, i.e. k = 5 according to [8].  

 

 

Figure 2.6 Fatigue assessment of tube-to-flange welded joints (model 1) according to the PSM. 
Comparison between the proposed multiaxial fatigue design scatter band and experimental fatigue 

results from [19]. [Figure taken from [2]] 
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Figure 2.7 Fatigue assessment of tube-to-flange welded joints (model 2a and 2b) according to the 
PSM. Comparison between the proposed multiaxial fatigue design scatter band and experimental 

fatigue results from [20]. [Figure taken from [2]] 

 

Figure 2.8: Fatigue assessment of tube-to-flange welded joints with partial penetration (model 3), 
according to the PSM. Comparison between the proposed multiaxial fatigue design scatter band and 

experimental fatigue results from [21]. [Figure taken from [2]] 
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referred to survival probabilities of 10%-90%, found by Haibach [33] analysing single 
test series. 

 

 

Figure 2.9 Fatigue assessment of square hollow section (SHS) beam fillet-welded onto a square plate 
(SP), (model 4) according to the PSM. Comparison between the proposed multiaxial fatigue design 

scatter band and experimental fatigue results from [22]. [Figure taken from [2]] 

 

Figure 2.10 Fatigue assessment of box-beam steel fillet welded joints (model 5) according to the PSM. 
Comparison between the proposed multiaxial fatigue design scatter band and experimental fatigue 

results from [17]. [Figure taken from [2]] 
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Figure 2.11: Fatigue assessment of tube-to-flange full-penetration welded joints (model 6) according 
to the PSM. Comparison between the proposed multiaxial fatigue design scatter band and 

experimental fatigue results from [23,44], expressed in terms of number of cycles to (a) crack 
initiation and (b) break-through. [Figure taken from [2]] 
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with respect to the experimental data. This might be due to the nature of the NSIF 
parameters which are commonly used to correlate the fatigue life referred to crack 
initiation and short propagation in the structural volume (see Fig. 1 of [29]), where the 
NSIFs govern the local stress field. Although the N-SIF based approach should be used 
for estimating the crack initiation, they correlate fairly well also the total fatigue life 
of small-scale laboratory specimens NSIF-based approach correlates [12,13,34,35]. 
Indeed, in the cases of full-size structures, the crack propagation phase out of the 
region governed by the NSIF leading terms should be treated separately by adopting a 
Linear Elastic Fracture Mechanics (LEFM) approach. In support to this statement, the 
fatigue results on welded joints tested by Dahle et al. [17] (model 5 in Table 6) show 
a significant influence of the crack propagation life on the total fatigue life, where 
failure criterion was defined at a number of cycles such as to detect up to 500-mm-
long cracks. Figs 11a and b allow to appreciate the better correlation between proposed 
design scatter band and fatigue test results if fatigue life to initiate a 1-mm-long 
technical crack is considered (Fig. 11a) rather than fatigue life to break-through (Fig. 
11b).  

 

 
 

 

Figure 2.12: Fatigue assessment of tube-to-flange welded joints (model 7a and 7b) according to the 
PSM. Comparison between the proposed multiaxial fatigue design scatter band and experimental 

fatigue results from [25,26]. [Figure taken from [2]] 
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Figure 2.13: Fatigue assessment of plates having a box-fillet-welded (wrap-around) joints (model 8a 
and 8b) according to the PSM. Comparison between the proposed multiaxial fatigue design scatter 

band and experimental fatigue results from [27,28]. [Figure taken from [2]] 

 

Figure 2.14: Fatigue assessment of square hollow section (SHS) beam fillet-welded onto a square 
plate (SP), (model 4) based on the nominal stress approach, as formulated for the case of multiaxial 

loadings according to IIW Recommendations [37]. Comparison between the design curve and 
experimental fatigue results from [22]. [Figure taken from [2]] 
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FAT classes of design standards [36,37], as it is seen from Fig. 14, which reports the 
comparison between the design curve obtained by applying the multiaxial nominal 
stress approach according to IIW Recommendations [37] and the multiaxial fatigue 
test results of the original contribution. 

 

 

Figure 2.15 Experimental fatigue results relevant to tube-to-flange steel welded joints (model 1) taken 
from [19] and expressed in terms of shear (for pure torsion) or normal (for all other cases) nominal 

stress range. See Fig. 6 for comparison. [Figure taken from [2]] 

 

Figure 2.16: Experimental fatigue results relevant to tube-to-flange steel welded joints with partial 
penetration (model 3) taken from [21] and expressed in terms of shear (for pure torsion) or normal (for 

all other cases) nominal stress range. See Fig. 8 for comparison. [Figure taken from [2]] 
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Several multiaxial fatigue data analysed in the present paper were obtained by 
shifting the torsional (mode III) load with respect to the axial/bending (mode I) load 
components. This means Eqs. (11) and (12) do not take into account the phase shift 
between the load applied. Despite the known sensitivity to the phase shift between 
normal and shear stresses of structural steel joints [21,23,24] (differently from 
aluminium welded joints), Figure 8 and Figure 11a report the results relevant to stress-
relieved joints taken from [21] and [23,24], respectively, analysed according to Eq. 
(11), which does not take into account the phase shift. These figures show that for the 
same load ratio of the external load, the influence of the phase shift can be 
distinguished, but it is not that remarkable. 

 

 

Figure 2.17: Crack initiation experimental fatigue results relevant to tube-to-flange full-penetration 
steel welded joints (model 6) taken from [23,24] and expressed in terms of shear (for pure torsion) or 
normal (for all other cases) nominal stress range. See Fig. 11a for comparison. [Figure taken from [2]] 

 
Therefore, the experimental data seem to support the SED approach as proposed 

by Lazzarin and co-workers [31,38], which does not take into account the phase shift 
between the different load contributions. To exclude the influence of mean stresses 
and so the uncertainties in residual stress evaluation, it is convenient to refer again to 
the stress relieved joints. A comparison among figures 15, 16 and 17, which report the 
results in terms of nominal stresses, and figures Figs 6, 8 and 11a quantifies the 
reduction in the scatter indexes obtained. Again it should be noted that a scatter index 
of 1.90 referred to the 2.3%-97.7% survival probabilities corresponds to the intrinsic 
scatter of single test series according to Haibach [33] and Sonsino [23,24]. As to the 
as-welded joints, a general conservatism has been observed between theoretical 
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estimations and experimental results. It is the authors’ opinion that one of the reasons 
for that is due to the compressive residual stresses that have been measured for 
example by Yung and Lawrence [39] in tube-to-flange welded joints, who noted that 
fatigue strength was decreased after performing the post-welding heat treatment to 
relieve residual stresses. 

 

2.3.2  Aluminium welded joints 

The analyses of the previous paragraph has been carried out for the original 
fatigue data of aluminium welded joint found in the literature. In view of this, Table 
12 properly reports the equivalent peak stress evaluated at the weld toe and at the weld 
root by means of the appropriate expressions mentioned in the previous section, where 

nom=1 MPa, nom=·nom have been used (if =∞, then nom=1 was applied). By 

using the equivalent peak stress related to the unit of nominal stress, to convert the 
original data to the local equivalent peak stress, it is possible to multiply the nominal 
stress range adopted in the original fatigue tests by the relevant equivalent peak stress 
reported in Table 12.  

 

Figure 2.18: Fatigue assessment of tube-to-flange welded joints made of aluminium alloy according to 
the PSM. Comparison between the proposed multiaxial fatigue design scatter band and experimental 

fatigue results from [16]. [Figure taken from [1]] 
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Figure 2.19 Fatigue assessment of overlap-tubes welded joints made of aluminium alloy according to 
the PSM. Comparison between the proposed multiaxial fatigue design scatter band and experimental 

fatigue results from [30]. [Figure taken from [1]] 

 

 

Figure 2.20: Experimental fatigue results relevant to tube-to-flange welded joints made of aluminium 
alloy taken from [16] and expressed in terms of nominal shear (for pure torsion) or normal (for all 

other cases) stress range. See Fig. 18 for comparison. [Figure taken from [1]] 
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Figure 2.21: Experimental fatigue results relevant to overlap-tubes welded joints made of aluminium 

alloy taken from [30] and expressed in terms of nominal normal stress range. See Fig. 19 for 
comparison [Figure taken from [1]] 

 
The scatter band proposed for multiaxial fatigue design of aluminium welded joints is 
compared in Figs. 18 and 19 to experimental results related to tube-to-flange [16] and 
overlap-tubes [30] welded joints made of aluminium alloys, respectively. The scatter 
band reported in Figs. 18 and 19 was defined fatigue stress range at 2 million cycles 
obtained under pure mode I loading and the inverse slope relevant to pure mode III 
loading (i.e. pure torsion loading). Such a definition of the design scatter band is 
according to the SED approach proposed by Lazzarin et al. [31]. The endurable stress 
ranges for different survival probabilities at 2·106 cycles valid for aluminium joints 
under pure mode I loading and expressed in terms of equivalent peak stress range had 

it was found A,50% = 123 MPa (50% survival probability) by fitting tens of 

experimental results taken from the literature ( Refs. [40]). The value of the inverse 
slope of the design scatter band of aluminum welded joints subjected to pure mode III 
loading is equal to 6.5 and it was found experimentally by Lazzarin et al. [41]. The 

same slope value is also reported in [16]. Figs. 18 and 19 report T = 1.80 of the design 

scatter band referred to survival probabilities of 2.3%-97.7% (i.e. mean value ± two 

standard deviations). This value is consistent with T = 1.50 referred to survival 

probabilities of 10%-90%, which is the intrinsic scatter of single test series, as reported 
by Haibach [33] and mentioned in ref. [16] were the experimental data analysed in Fig. 
18 were taken from. 

A good agreement between experimental data and theoretical estimations based 
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fatigue loadings, as it can be noted in Figs. 18 and 21. In particular, Fig. 18 shows that 
to pure bending and torsion data are a bit shifted in the conservative region and an even 
higher degree of conservatism of the pure torsion data was observed in the original 
paper [16], applying critical plane approach by combining the normal and shear 
stresses according to Von Mises expression. It is worth noting that in [16] any effect 
of the phase shift between the bending and torsion stresses has been observed. 
Therefore, the adopted SED approach (Eq. (5) of Chapter 1), which does not explicitly 
account for any phase shift, is consistent with the observed fatigue behaviour of 
aluminium welded joints. Concerning the obtained results on stress relieved joints 
reported in Fig. 19, it can be observed that all data are in excellent agreement with the 
theoretical predictions. Furthermore, the mean stress effect is correctly accounted for. 
Indeed, the influence of a static torsion stress superimposed to the rotating bending 
stress is not taken into account by the SED criterion (see Eq. (5) of Chapter 1); 
however, the influence of mean stress is only confined in the medium- and high-cycle 
fatigue regimes, as Fig. 19 and the original paper [30] highlight.  

Figures 20 and 21 report the results expressed in terms of nominal stresses rather 
than in equivalent peak stress (Figs 18 and 19). Comparing the relevant couple of 
figures, the reduction of the scatter indexes obtained when local stresses according to 
the PSM are used can be appreciated.  

 

2.4 DISCUSSION 

As a result of this development, it is appropriate to highlight the advantages of 
the present method and its current limitations. 

The main advantages of the PSM can be listed as follows:  

 it is a local approach, therefore the adopted damage parameter is 
representative of local linear elastic stress state of the welded structure.   

 it is not necessary to model the material-dependent structural volume 

having size R0 in order to evaluate numerically the averaged SED;  

 relatively coarse FE meshes can be modelled, considerably reducing the 
computational efforts pertaining to the NSIF approach ;  

 only the linear elastic peak stresses evaluated at the point of stress 
singularity are necessary to evaluate the equivalent peak stress;  

 
It is worth underlining that the parameters K*FE, K**FE and K***FE of equations 

(1-3) depend on the following conditions: (i) formulation of the element; (ii) mesh 
pattern of finite elements and (iii) numerical procedure to extrapolate stresses at FE 
nodes (well-explained in [42]). 

Originally, K*FE, K**FE and K***FE have been calibrated by adopting ANSYS® 
FE code and the average values of 1.38, 3.38 and 1.93, respectively, have been derived 
under the conditions of applicability summarised in Table 1.  
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More recently, K*FE, K**FE (Eq. (1) and (2)) have also been calibrated for six 
commercial FE packages other than Ansys®, namely Abaqus®, Straus 7®, MSC® 
Patran/Nastran, Lusas®, Hypermesh/Optistruct/Hyperview® and Hypermesh/Ls-
Dyna/Hyperview® [42]. 

Furthermore, for some complex 3D model, it is necessary to adopt the 
submodelling technique first by solving a main model and then a submodel in which 
the most stressed weld bead is included. For respecting the required mesh pattern of 
the PSM, originally the sub model had to be extruded from the 2D cross-section of the 
weld bead (as done in this work). However, in a more recent paper, the PSM was also 
calibrated for being applicable by using 10-node tetrahedral elements, overcoming the 
issue above mentioned [43].  

 

2.5 CONCLUSIONS 

The peak stress method (PSM), which was originally formulated for pure axial 
and bending loadings or pure torsion loadings, has been developed for the first time to 
welded joints under multiaxial cyclic loading conditions. 

Basically, the PSM is based on the NSIF approach, which assumes the weld toe 
and the weld root as a sharp V-notch and a pre-crack, respectively. It employs the 
singular, linear elastic peak stresses evaluated at the toe and root sides by means of FE 
analyses carried out by adopting a given mesh pattern, in which the element type is 
kept constant and the FE size can be chosen arbitrarily within the applicability range 
of the method. 

A properly defined design stress, the so-called equivalent peak stress, allows to 
estimate the failure location and to assess the multiaxial fatigue strength of welded 
joints. When multiple crack initiation sites are in competition in the same joint, 
comparison among the equivalent peak stresses enables to discern the most critical 
one. 

About 350 experimental data grouped into 78 test series have been considered 
all in all. When multiple potential failure locations were in competition in the same 
joint, which is a typical condition in partially penetrated welded joints (this is the case 
of 68 among 78 test series), the PSM properly assessed the fatigue crack initiation site 
in 60 test series among 68 (i.e. 88%).  

A new scatter band in terms of range of the equivalent peak stress has been 
proposed for the multiaxial fatigue design of welded joints made of structural steels. It 
combines the high-cycle fatigue strength of steel welded joints under pure mode I 
loading and the inverse slope of the design scatter band for pure mode III loading: both 
of them had been evaluated in previous papers. Thereafter, the multiaxial fatigue 
strength of the considered welded joints has been assessed by means of the proposed 
scatter band. For some of the considered test series, consisting of 52 among 350 
analysed experimental data, it has been observed that the theoretical predictions based 
on the PSM were extremely on the safe side. A twofold tentative interpretation has 
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been put forward:  most of those data were characterized by remarkable long crack 
propagation paths (up to 500 mm) developed during the experimental tests with 
applied torsional loading. Such long fraction of the total fatigue life can hardly be 
rationalized by the PSM, because by nature the method captures the fatigue damage 
induced by the intense NSIF-dominated local stresses existing in the small volume of 
material surrounding the crack initiation point; Secondly, as far as as-welded joints 
and tube-to-flange configurations are considered, significant compressive residual 
stresses might have been generated during the welding process, according to the 
published literature. Dealing with the remaining test data, a good agreement has been 
obtained from the comparison of theoretical estimations with the experimental fatigue 
results, 205 data among 298 (i.e. 69%) falling within the 2.3-97.7% design scatter 
band. 

The proposed approach has been also applied to assess weld toe failures in tube-
to-flange and overlap-tubes welded joints made of aluminium alloys and tested under 
uniaxial as well as multiaxial fatigue loadings, covering in-phase as well as out-of-
phase loading situations. All in all, 72 experimental data grouped into 11 test series 
have been considered. In the case of partially penetrated welded joints, the PSM 
correctly estimated the location of fatigue failures in 6 among 7 test series (i.e. 86%) 
subjected to multiaxial loading conditions.  

A new scatter band, expressed in terms of range of the equivalent peak stress, 
has been proposed for the multiaxial fatigue design of aluminium welded joints. It 
takes the high-cycle fatigue strength of aluminium welded joints under pure mode I 
loading, which had been found in previous papers, and the inverse slope of the 
aluminium design scatter band relevant to pure mode III loading, which has been taken 
from the literature. Comparison between theoretical estimations and the experimental 
fatigue results was satisfactory, 70 among 72 experimental data (i.e. 97%) successfully 
falling inside the proposed 2.3-97.7% scatter band. Because of the simplicity of a 
point-like method combined with the robustness of the NSIF approach, the PSM might 
be useful in industrial applications. 

 
 
 

 

2.6 REFERENCES 

[1] Meneghetti G, Campagnolo A, Rigon D. Multiaxial fatigue strength assessment of 
welded joints using the Peak Stress Method – Part I: Approach and application to 
aluminium joints. Int J Fatigue 2017;101:328–42. 
doi:10.1016/j.ijfatigue.2017.03.038. 

[2] Meneghetti G, Campagnolo A, Rigon D. Multiaxial fatigue strength assessment of 
welded joints using the Peak Stress Method – Part I: Approach and application to 
aluminium joints. Int J Fatigue 2017;101:328–42. 
doi:10.1016/j.ijfatigue.2017.03.038. 

[3] Nisitani H, Teranishi T. KI value of a circumferential crack emanating from an 



 

100 Chapter 2 

ellipsoidal cavity obtained by the crack tip stress method in FEM. In: Guagliano M, 
Aliabadi MH, editors. Proc. 2nd Int. Conf. Fract. damage Mech., 2001, p. 141–6. 

[4] Nisitani H, Teranishi T. KI of a circumferential crack emanating from an ellipsoidal 
cavity obtained by the crack tip stress method in FEM. Eng Fract Mech 2004;71:579–
85. doi:10.1016/S0013-7944(03)00035-3. 

[5] Meneghetti G, Lazzarin P. Significance of the elastic peak stress evaluated by FE 
analyses at the point of singularity of sharp V-notched components. Fatigue Fract 
Eng Mater Struct 2007;30:95–106. doi:10.1111/j.1460-2695.2006.01084.x. 

[6] Meneghetti G, Guzzella C. The peak stress method to estimate the mode I notch 
stress intensity factor in welded joints using three-dimensional finite element models. 
Eng Fract Mech 2014;115:154–71. doi:10.1016/j.engfracmech.2013.11.002. 

[7] Meneghetti G. The use of peak stresses for fatigue strength assessments of welded lap 
joints and cover plates with toe and root failures. Eng Fract Mech 2012;89:40–51. 
doi:10.1016/j.engfracmech.2012.04.007. 

[8] Meneghetti G. The peak stress method for fatigue strength assessment of tube-to-
flange welded joints under torsion loading. Weld World 2013;57:265–75. 
doi:10.1007/s40194-013-0022-x. 

[9] Radaj D. State-of-the-art review on the local strain energy density concept and its 
relation to the J -integral and peak stress method. Fatigue Fract Eng Mater Struct 
2015;38:2–28. doi:10.1111/ffe.12231. 

[10] Meneghetti G, Campagnolo A, Berto F, Atzori B. Averaged strain energy density 
evaluated rapidly from the singular peak stresses by FEM: cracked components under 
mixed-mode (I+II) loading. Theor Appl Fract Mech 2015;79:113–24. 
doi:10.1016/j.tafmec.2015.08.001. 

[11] Meneghetti G, Campagnolo A, Berto F. Averaged strain energy density estimated 
rapidly from the singular peak stresses by FEM: Cracked bars under mixed-mode 
(I+III) loading. Eng Fract Mech 2016;167:20–33. 
doi:10.1016/j.engfracmech.2016.03.040. 

[12] Livieri P, Lazzarin P. Fatigue strength of steel and aluminium welded joints based on 
generalised stress intensity factors and local strain energy values. Int J Fract 
2005;133:247–76. doi:10.1007/s10704-005-4043-3. 

[13] Lazzarin P, Lassen T, Livieri P. A notch stress intensity approach applied to fatigue 
life predictions of welded joints with different local toe geometry. Fatigue Fract Eng 
Mater Struct 2003;26:49–58. doi:10.1046/j.1460-2695.2003.00586.x. 

[14] Williams ML. Stress singularities resulting from various boundary conditions in 
angular corners of plates in tension. J Appl Mech 1952;19:526–8. 

[15] Lazzarin P, Tovo R. A unified approach to the evaluation of linear elastic stress fields 
in the neighborhood of cracks and notches. Int J Fract 1996;78:3–19. 
doi:10.1007/BF00018497. 

[16] Kueppers M, Sonsino CM. Critical plane approach for the assessment of the fatigue 
behaviour of welded aluminium under multiaxial loading. Fatigue Fract Eng Mater 
Struct 2003;26:507–13. doi:10.1046/j.1460-2695.2003.00674.x. 

[17] Dahle T, Olsson K-E, Jonsson B, Bäckström M, Siljander A, Kuitunen R, et al. 
Multiaxial fatigue experiments of square hollow section tube-to plate welded joints. 
In: Blom AF, editor. Proc. First North Eur. Eng. Sci. Conf. (NESCO I), Welded High 
strength steel Struct., London, UK: EMAS Ltd; 1997, p. 163–177. 

[18] Meneghetti G, Guzzella C, Atzori B. The peak stress method combined with 3D finite 
element models for fatigue assessment of toe and root cracking in steel welded joints 
subjected to axial or bending loading. Fatigue Fract Eng Mater Struct 2014;37:722–
39. doi:10.1111/ffe.12171. 

[19] Siliander A, Kurath P, Lawrence F V. Nonproportional Fatigue of Welded Structures. 
In: Mitchel MR, Landgraf R, editors. Adv. Fatigue Lifetime Predict. Tech. ASTM 
STP 1122, Philadelphia, PA: ASTM; 1992, p. 319–38. 

[20] Razmjoo G. Fatigue of Load-Carrying Fillet Welded Joints Under Multiaxial 
Loadings. In: Abington, editor. TWI REF. 7309.02/96/909, Cambridge, UK: 1996. 



 

Chapter 2 101 

[21] Yousefi F, Witt M, Zenner H. Fatigue strength of welded joints under multiaxial 
loading: experiments and calculations. Fatigue Fract Eng Mater Struct 2001;24:339–
55. doi:10.1046/j.1460-2695.2001.00397.x. 

[22] Bäckström M, Siljander A, Kuitunen R, Ilvonen R. Multiaxial fatigue experiments of 
square hollow section tube-to plate welded joints. In: Blom AF, editor. First North 
Eur. Eng. Sci. Conf. (NESCO I), London, UK: Welded High strength steel structures, 
EMAS; 1997, p. 163–77. 

[23] Sonsino CM. Multiaxial fatigue of welded joints under in-phase and out-of-phase 
local strains and stresses. Int J Fatigue 1995;17:55–70. doi:10.1016/0142-
1123(95)93051-3. 

[24] Sonsino CM, Łagoda T. Assessment of multiaxial fatigue behaviour of welded joints 
under combined bending and torsion by application of a fictitious notch radius. Int J 
Fatigue 2004;26:265–79. doi:10.1016/S0142-1123(03)00143-9. 

[25] Bertini L, Cera A, Frendo F. Experimental investigation of the fatigue resistance of 
pipe-to-plate welded connections under bending, torsion and mixed mode loading. Int 
J Fatigue 2014;68:178–85. doi:10.1016/j.ijfatigue.2014.05.005. 

[26] Frendo F, Bertini L. Fatigue resistance of pipe-to-plate welded joint under in-phase 
and out-of-phase combined bending and torsion. Int J Fatigue 2015;79:46–53. 
doi:10.1016/j.ijfatigue.2015.04.020. 

[27] Takahashi I, Takada A, Ushijima M, Akiyama S. Fatigue behaviour of a box-welded 
joint under biaxial cyclic loading: effects of biaxial load range ratio and cyclic 
compressive loads in the lateral direction. Fatigue Fract Eng Mater Struct 
2003;26:439–48. doi:10.1046/j.1460-2695.2003.00645.x. 

[28] Takahashi I, Ushijima M, Takada A, Akiyama S, Maenaka H. Fatigue behaviour of a 
box-welded joint under biaxial cyclic loads. Fatigue Fract Eng Mater Struct 
1999;22:869–77. doi:10.1046/j.1460-2695.1999.00224.x. 

[29] Meneghetti G, Campagnolo A, Rigon D. Multiaxial fatigue strength assessment of 
welded joints using the peak stress method – part I: approach and application to 
aluminium joints. Int J Fatigue n.d.:(submitted). 

[30] Costa JDM, Abreu LMP, Pinho ACM, Ferreira JAM. Fatigue behaviour of tubular 
AlMgSi welded specimens subjected to bending-torsion loading. Fatigue Fract Eng 
Mater Struct 2005;28:399–407. doi:10.1111/j.1460-2695.2005.00875.x. 

[31] Lazzarin P, Livieri P, Berto F, Zappalorto M. Local strain energy density and fatigue 
strength of welded joints under uniaxial and multiaxial loading. Eng Fract Mech 
2008;75:1875–89. doi:10.1016/j.engfracmech.2006.10.019. 

[32] Meneghetti G, Lazzarin P. The Peak Stress Method for Fatigue Strength Assessment 
of welded joints with weld toe or weld root failures. Weld World 2011;55:22–9. 
doi:10.1007/BF03321304. 

[33] Haibach E. Service fatigue-strength – methods and data for structural analysis. 
Dusseldorf: VDI; 1989. 

[34] Lazzarin P, Tovo R. A notch intensity factor approach to the stress analysis of welds. 
Fatigue Fract Eng Mater Struct 1998;21:1089–103. doi:10.1046/j.1460-
2695.1998.00097.x. 

[35] Lazzarin P, Zambardi R. A finite-volume-energy based approach to predict the static 
and fatigue behavior of components with sharp V-shaped notches. Int J Fract 
2001;112:275–98. doi:10.1023/A:1013595930617. 

[36] Eurocode 3: Design of steel structures – part 1–9: Fatigue. CEN; 2005. 
[37] Hobbacher AF. Recommendations for Fatigue Design of Welded Joints and 

Components. IIW Collection. Springer International Publishing; 2016. 
doi:10.1007/978-3-319-23757-2. 

[38] Berto F, Lazzarin P. Fatigue strength of structural components under multi-axial 
loading in terms of local energy density averaged on a control volume. Int J Fatigue 
2011;33:1055–65. doi:10.1016/j.ijfatigue.2010.11.019. 

[39] Yung JY, Lawrence F V. Predicting the fatigue life of welds under combined bending 
and torsion. In: Brown M, Miller K, editors. Biaxial multiaxial fatigue EGF 3., 



 

102 Chapter 2 

London: Mechanical Engineering Publications; 1989, p. 53–69. 
[40] Meneghetti G, Campagnolo A, Berto F. Fatigue strength assessment of partial and 

full-penetration steel and aluminium butt-welded joints according to the peak stress 
method. Fatigue Fract Eng Mater Struct 2015;38:1419–31. doi:10.1111/ffe.12342. 

[41] Lazzarin P, Sonsino CM, Zambardi R. A notch stress intensity approach to assess the 
multiaxial fatigue strength of welded tube-to-flange joints subjected to combined 
loadings. Fatigue Fract Eng Mater Struct 2004;27:127–40. doi:10.1111/j.1460-
2695.2004.00733.x. 

[42] Meneghetti G, Campagnolo A, Avalle M, Castagnetti D, Colussi M, Corigliano P, et 
al. Rapid evaluation of notch stress intensity factors using the peak stress method: 
Comparison of commercial finite element codes for a range of mesh patterns. Fatigue 
Fract Eng Mater Struct 2018;41:1044–63. doi:10.1111/ffe.12751. 

[43] Campagnolo A, Meneghetti G. Rapid estimation of notch stress intensity factors in 
3D large-scale welded structures using the peak stress method. MATEC Web Conf 
2018;165:17004. doi:10.1051/matecconf/201816517004. 

 



 

Chapter 3 103 

Chapter 3: The use of the Specific Heat Loss 
per cycle to correlate the fatigue 
strength of severely notched 
stainless steel specimens 

This chapter describes the experimental protocol used for validating the Specific 
Heat Loss per cycle to severely notched components made of AISI 304L stainless steel.  

The specific heat loss per cycle (Q parameter) evaluated experimentally by 
means of the so-called cooling gradient technique was used in previous works to 
synthesise 140 experimental fatigue test results generated from plain and bluntly 
notched specimens made of AISI 304L stainless steel. Since the cooling gradient was 
measured by means of thermocouple wires attached to the specimen’s surface with a 
1.5-to-2 mm glue dot diameter, notches with tip radii greater than 3 mm were 
considered because the glue dot diameter would have been too large to capture the 
specific heat loss at the tip of sharper notches. Therefore, in this work the cooling 
gradient was measured by means of a FLIR SC7600 infrared camera, equipped with 
proper lens and a spacer ring to achieve a 20 µm/pixel spatial resolution and fully 
reversed axial fatigue tests were carried out on 4-mm-thick, hot-rolled AISI 304L 
stainless steel specimens, characterized by 3, 1 and 0.5 mm notch tip radii. The new 
fatigue data were resulted in good agreement with the existing heat energy-based 
scatter band previously calibrated. 

Then, an automatic data processing technique was developed in the Matlab® 
code to investigate the distribution of the energy dissipated around the notch tip 
starting from the evaluation of Q by means of the cooling gradient technique pixel-by-
pixel of the infrared video recorded. A robust analytical framework and numerical 
simulations were proposed to provide the applicability of such procedure.  

 
This chapter is referred to the following author’s papers: 
 
[1] Rigon, D.; Ricotta, M.; Meneghetti, G. The use of the heat energy loss to correlate the fatigue 

strength of severely notched stainless steel specimens. In Proceedings International Symposium on 
Notch Fracture (ISNF) Santander, Spain, March 2017 

 
[2] Rigon D; Ricotta M; Meneghetti G, An analysis of the specific heat loss at the tip of 

severely notched stainless steel specimens to correlate the fatigue strength. Theoretical And Applied 
Fracture Mechanics, 92: 240-251, 2017 - ISSN:0167-8442 (92) doi:10.1016/j.tafmec.2017.09.003. 
 

[3] Rigon D; Ricotta M; Meneghetti G, Evaluating the specific heat loss in severely notched 
stainless steel specimens for fatigue strength analyses. pp.151-158. Procedia Structural Integrity, 
9:151-158, 2018 doi:10.1016/J.PROSTR.2018.06.023 
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[4] Rigon D, Ricotta M, Meneghetti G. Analysis of dissipated energy and temperature fields at 
severe notches of AISI 304L stainless steel specimens. Frattura Ed Integrità Strutturale 2019;13:334–
47. doi:10.3221/IGF-ESIS.47.25. 
 

 

3.1 INTRODUCTION AND THEORETICAL BACKGROUND 

In [5–8], the Q parameter was adopted to synthesise 140 experimental results 
obtained from constant amplitude, push-pull, stress- or strain-controlled fatigue tests 
carried out on plain and notched hot rolled AISI 304L stainless steel specimens as well 
as from cold drawn un-notched bars of the same steel, under fully-reversed axial or 
torsional fatigue loadings. The fatigue test results synthesised in terms of Q are 
reported in Fig. (1); all of them fall in a single energy-based scatter band, which was 
fitted only on the fatigue test results relevant to plain material, hole specimens, U and 
bluntly V notched specimens [6]. 

Depending on the severity of the stress concentration effect, the heat energy can 
be evaluated either at a point or averaged in a material volume. More precisely, in case 
of blunt notches the specific heat loss were evaluated at a point of a specimen (Q), i.e. 
at the notch tip; in case of severe V-notches or cracks (data from [8], Fig. (1)), the 
specific heat loss has been averaged in a control volume of material surrounding the 
tip of the stress raiser (Q*). The need for averaging is reminiscent of Neuber’s finite-
size structural volume concept [9].  

To evaluate Q or Q*, three experimental techniques have been proposed that will 
be briefly presented in the following. The first one evaluates Q, while the remaining 
two ones evaluate Q*.  

 

Point-related cooling gradient technique 
 
A simple experimental evaluation of the Q parameter at a point of a component’s 

surface was proposed in [10], which consists in measuring the cooling gradient at the 
time just after the fatigue test has been stopped, according to Eq. (1): 

 

L

Tc tQ
f

                                                    (1) 

 

where T(t) is the time-variant temperature at the point,  is the material density, 

c is the material specific heat and fL is the load test frequency. In [6,7] the cooling 
gradients were measured by using thermocouple wires having diameter of 0.127 mm, 
which were attached to the notch tip by means of a 1.5-2 mm silver-loaded glue dot 
diameter; conversely, in [8] temperature was monitored by means of an infrared 
camera because of the much more localized temperature field caused by the notch tip 
radii lower than 3 mm, which were tested in [6,7]. 
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Figure 3.1: Fatigue tests results in terms of specific heat energy. The scatter band was calibrated only 
on data published in [6]. 

  

 

Spatial gradient technique 
 
In order to extend the heat energy method to severely notched or cracked 

materials, the specific heat energy per cycle was averaged in a control volume Vc, 
located at the notch or crack tip according to Fig. (2). The averaged energy per cycle 
Q* was defined and was experimentally evaluated using the following equation ([11]): 

 

c

* m
c

r Rc L

T (r, )1 1
Q Q dV z R d

V f V r





 
         

                    (2) 

 

where  is the material thermal conductivity, z the specimen’s thickness, Rc the 

radius of the control volume Vc and Tm the mean temperature field evaluated during 

the test after that thermal equilibrium is achieved, r and  are the polar coordinates. 

Fig (3b) shows a typical temperature vs time acquisition at a point of a specimen or 
component after a fatigue test has started. If the temperature field is monitored by 
means of an infrared camera, Fig. (3b) might be interpreted as the temperature vs time 
history of the i-th pixel and it shows that temperature increases until the mean 
temperature level stabilises, while the alternating component due to the thermoelastic 
effect still exists. If we consider a sampling window taken after thermal equilibrium 
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with the surroundings is achieved (between ts and t* in figure 3), the mean temperature 
Tm for i-th pixel, can be defined as follows: 

 

maxn
i
j

j 1i
m

max

T

T
n



                                      (3) 

 

where Tj
i are the temperature data acquired at a sampling rate facq and nmax= 

facq·(t*- ts) is the number of picked-up samples between the time ts (j=1) and the time 
t* (j=nmax). 

 

 

Figure 3.2: Material control volume at a notch tip according to [12] (r0=0.2, 2α=135°).   

 
If we suppose now that at t=t* the fatigue test is suddenly interrupted, Fig. (3b) 

shows the cooling curve leading to the thermal equilibrium with the surroundings. The 
cooling gradient measured at t=t* is exactly that appearing in Eq. (1). 
 

 

Figure 3.3: Experimental set-up adopted (a) and evaluation of the cooling gradient (from Eq. (1)) 
during a fatigue test (b).  
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Regarding Vc, the critical volume size Rc was calibrated in [12], by equating the 
averaged heat loss Q* of the plain specimen’s case and the cracked specimen’s case 
for the same fatigue life. Calibration of the critical volume size Rc was performed at 
fatigue lives on the order of 105 cycles. The reader is referred to [12] for additional 
details. As a result, Rc was found equal to 0.52 mm for the hot-rolled AISI 304L 
stainless steel tested in completely reversed fatigue.  

 

Averaged cooling gradient technique 
 
In [11], it has been demonstrated that Q* can be calculated according to Eq. (1), 

provided that the point-related cooling gradient is substituted by the cooling gradient 
of temperature averaged inside Vc, T*, as follows:  

 
*

L

Tc tQ*
f

                         (4) 

 

the cooling gradient being evaluated at t=t* indicated in Fig. (3b). The averaged 
temperature T* can be calculated starting from the infrared thermal maps where again 
Tj

i is the j-th sample picked-up at the i-th pixel location: 
 

Vc

n

1i

i
j

*
j n

T
T

Vc


                                          (5) 

 

where nVc is the number of pixels inside Vc. 
 
The aim of this research work is to apply the heat energy approach to specimens 

with notch tip radii equal to 3, 1, and 0.5 mm, and to compare Q from equation (1) 
with Q* estimated from equations (2) and (4). Furthermore, an analysis of the Q field 
around the notch tip will be evaluated starting from cooling measurements by using an 
infrared camera and analysing data by means of a proper developed Matlab® script. 
Finally, the Q-field results will be discussed from a theoretical point of view.  

 

3.2 MATERIAL AND METHODS 

3.2.1 Experimental protocol 

Constant amplitude, completely reversed, stress-controlled fatigue tests were 
carried out on 4-mm thick, hot rolled AISI 304L stainless steel specimens, having 
notch tip radii rn equal to 3, 1, and 0.5 mm, as reported in Fig. (4a). The mechanical 
properties and the chemical composition are reported in Table 1 [20], while Fig. (4b) 
shows the austenitic microstructure of the material. The analysed stainless steel had a 
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material density ρ and the specific heat c equal to 7940 kg/m3 and 507 J/(kg K), 
respectively [15,23]. 

Starting from 46 x 150 mm rectangular plates, notches were obtained by wire 
electro-discharge machining, followed by electrochemical polishing. After that, the 
specimen surfaces were polished using progressively finer emery papers (until the 
maximum paper grade of 4000 was reached), in order to prepare the surface for fatigue 
crack monitoring. One surface of the specimen, as well as the notch root in the 
thickness direction, were black painted to increase the material emissivity in view of 
the infrared thermal acquisitions, as will be discussed in the next sections.  

 

 

Figure 3.4: Specimen’s geometry (units in mm) (a) and microstructure of the AISI 304L stainless steel 
(b). 

 

Table 3.1: Mechanical properties and chemical composition of the hot-rolled AISI 304L stainless steel 

Rp0.2% 

(MPa) 
Rm 
(MPa) 

A 
(%) 

σA,-1,50% 
(MPa) 

HB C 
(%) 

Mn 
(%) 

Si 
(%) 

Cr 
(%) 

Ni 
(%) 

P 
(%) 

S 
(%) 

N 
(%) 

279 620 57 202 170 0.026 1.470 0.370 18.1 8.2 0.034 0.001 0.058 

 
The net-section stress concentration factors, Ktn, were evaluated by carrying out 

3D linear elastic finite element analyses and resulted 3.41, 4.85 and 6.10, for rn equal 
to 3, 1 and 0.5 mm, respectively. To take into account the machine grip effect, 
displacements were applied to the relevant lines shown in Fig (4a).  

The fatigue tests were carried out by using a servo-hydraulic Schenck Hydropuls 
PSA 100 machine having a 100 kN load cell and equipped with a TRIO Sistemi RT3 
digital controller. Load test frequencies were set in the range between 3 and 40 Hz, 
depending on the applied stress level, in order to keep the material temperature below 
60 °C. A total number of 25 specimens were fatigue tested, and the number of cycles 
to failure, Nf, was equal to that for complete separation. 
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The temperature field surrounding the notch apex was measured by using a FLIR 
SC7600 infrared camera, operating at a frame rate, facq, equal to 200 Hz, having a 1.5-

5.1 m spectral response range, 50 mm focal lens, a noise equivalent temperature 

difference (NETD) < 25 mK and an overall accuracy of 0.05°C. It was equipped with 
an analog input interface, which was used to synchronize the force signal coming from 
the load cell with the measured temperature signal. Furthermore, a 30-mm spatial ring 
was adopted to achieve a spatial resolution of approximately 20 µm/pixel. Lastly, 
infrared images were analyzed by means of the ALTAIR 5.90.002 commercial 
software. 

To monitor the evolution of Q (and Q*) during each test, 1 to 10 temperature 
acquisitions (depending on the applied stress levels) were performed using a 10-
second-long sampling window with facq=200 Hz (2000 frames), that consisted of 
approximately 5 seconds of running test (1000 frames between ts and t*) followed by 
the machine stop at the time t*, and the remaining 5 seconds of acquisition to capture 
the cooling gradient (additional 1000 frames after t*).  

 

 

Figure 3.5: Test setup consisting of a FLIR SC7600 infrared camera, a AM4115ZT Dino-lite digital 
microscope and the specimen clamped in the test machine 

 
Regarding the point-related cooling gradient technique, the cooling gradient of 

the maximum temperature inside Vc (see Fig. (4a)), Tmax was considered in order to 
evaluate Q just after the test stop t* by means of Eq. (1). In addition, the temperature 
field was measured both on the specimen’s surface (frontal view) and in the thickness 
(lateral view), as illustrated in (see Fig. (3a)).  
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Figure 3.6: Inspection phase of technical crack initiation. 

 
To calculate the averaged heat energy within the control volume Vc, Q*, by 

means of the spatial gradient technique (Eq. (2)), firstly the initial 1000 frames of the 
2000 available were processed by using the FLIR MotionByInterpolation tool, that 
allows the relative motion between the fixed focal lens and the moving specimen to be 
compensated. After that, the time-dependent temperature was averaged pixel-by-pixel 
over the 1000 temperature images by using Eq. (3), thus obtaining the averaged 
temperature field Tm

i, which in turn was used to calculate the Q* by means equation 
(2).  

As to the averaged cooling gradient technique (Eq. (4)), the temperature 
averaged inside Vc, T*, was calculated by the ALTAIR software for each one of the 

1000 temperature images available for tt* by using Eq. (5); having in hands the T* 

vs time trend, Q* was calculated from the cooling gradient of T*, according to Eq. (4). 
 

 

Figure 3.7: A crack observed at the number of cycles of technical crack initiation 

At each test stop, the notch tip was monitored by using a AM4115ZT Dino-Lite 
digital microscope operating with a magnification ranging from 20x to 220x. The 
microscope and the infrared camera monitored the opposite specimen’s surfaces, as 
shown in Fig. (6). 
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The technical crack initiation was defined at a number of cycle Ni when a crack 
ai was first observed during periodical inspections, as reported in Fig. (7), where a 
0.14-mm-long crack emanated from the notch tip can be observed. According to the 
adopted testing protocol, Ni could not be defined at a fixed crack length; the average 
technical crack length ai resulted equal to 0.4 mm. 

The effective spatial resolution in each test was evaluated by gently scratching 
the black painted side of the specimens and measuring both the distance in metric units 
by using the Digital Microscope DINOLite and the relevant one in pixels by using an 
infrared image. An example of this procedure is reported in Fig. (8). 

 

                                         

Figure 3.8: Digital microscope image on the left and infrared image on the right used for evaluating 
the effective spatial resolution before each test. 

 

3.2.2  Data post-processing 

The acquired temperature maps and force signal were post-processed by means 
of the ALTAIR 5.90.002 commercial software and saved as Altair PTW film file 
(*.ptw). Since the test machine takes some tenth of a second to definitively stop, an 
engineering definition of t* was introduced, as follows. The time t* was defined taking 
advantage of the data post-processing carried out by using the ALTAIR 5.90.002 
commercial software and it was defined as the time when the first peak of the tapered 
force amplitude signal is within the range of ±2.7 kN, i.e. below 5% of the force 
amplitude relevant to the fatigue test in all the acquisitions. Fig. 14 reports an example 
of t* evaluation. 

In order to obtain the energy distribution at the notch tip of the considered 
specimens, a numerical procedure was developed by using the Matlab code. First, the 
Altair video recording file (*.ptw) was converted into an ASCII film file (*.asc), which 
is readable in Matlab. Next, the ASCII file was input to a dedicated Matlab script, that 

converts it into a Matlab 3-dimensional array, named  T m,n,p , having dimension m-

by-n-by-p. The m, n values are the dimensions of the frame expressed in terms of 
pixels, reduced to avoid vignetting (m=136 px, n=167 px), and p is the number of 
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frames acquired by the infrared camera (i.e p is equal to 2000). A schematic illustration 

of  T m,n,p  is shown in Fig. 4a. Let i, j and k be the indexes of  T m,n,p . An element 

of this 3D array corresponds to a temperature value of the n-th pixel having coordinate 
i and j for the k-th frame. In this way, fixing i and j and plotting Tij against the time 
(obtained from the division of the k index value by facq), the time-variant temperature 
graph, commonly used for evaluated the Q parameter, is obtained for the n-th pixel. 

 

 

Figure 3.9: Schematic representation of the 3-dimensional array T (a). Flowchart of the data analysis 
to obtain the energy distribution at the notch tip. (b) 

A tentative value of 0.1 s was assigned to a numerical variable, named “dt”, for 
evaluating the cooling gradient of the n-th pixel and it was kept constant for all pixels 
(see Fig. 4b). In practice, the numerical evaluation of the cooling gradient was 
performed by the “polyfit” matlab function, which returns the value of the slope of the 
linear fitting of the data within the time window “dt”. Finally, Qij is evaluated by 
applying Eq. (1). This operation was routinely performed for all pixels by a for loop, 

resulting in a m-by-n matrix composed of Qij values, called  Q m,n . Since the same dt 

value was fixed for all the pixels and a certain level of noise in the measurements was 
present, the cooling gradient might result meaningless for some pixels. Therefore, after 
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plotting the  Q m,n matrix, a check was performed to single-out unrealistic spike-like 

values. 

3.3 ENERGY-BASED SYNTHESIS OF FATIGUE TEST RESULTS 

All fatigue test results were summarized in Fig. (10) in terms of net-section stress 
amplitude, σan. The scatter band reported in the figure was originally calibrated in [6], 
considering fatigue test results carried out on U- and V-notched specimens with tip 
radii equal to 5 mm and 3 mm, respectively, and opening angle 2α = 90°. 

 

 

Figure 3.10: Fatigue data analysed in terms of net-section stress amplitude. Scatter band was 
calibrated in [6]. 

 

Figure 3.11. Typical temperature evolution measured at a distance of 5 mm from the notch apex by 
using thermocouples. 
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As a result, Fig. (10) shows that the new experimental results fall inside the 
previously defined σa-based scatter band. In addition, data relevant to the plain 
specimens are also reported in Fig. (10). It is worth observing that the data results show 
the fatigue notch sensitivity of the material which cannot be predicted by the stress 
concentration factors obtained from a linear elastic analysis (see Ktn values in the 
previous paragraphs). 

 
a) rn = 3 mm, an = 190 MPa, fL = 10 Hz b) rn = 3 mm, an = 110 MPa, fL = 25 Hz 

 
 
c) rn = 1 mm, an = 150 MPa, fL = 10 Hz 

 
d) rn = 1 mm, an = 120 MPa, fL = 15 Hz 

 
 
e) rn = 0.5 mm, an = 190 MPa, fL = 5 Hz 

 
f) rn = 0.5 mm, an = 100 MPa, fL = 35 Hz 

 

Figure 3.12: Temperature maps observed during the fatigue tests. 
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To show the temperature evolution during the fatigue test, copper-constantan 
thermocouple wires having a diameter of 0.127 mm were fixed at a distance of 5 mm 
from the notch tip only for three tests shown in Fig. (11). A schematic sketch of the 
thermocouples position was also reported at the top-right of Fig. (11). 

 

 

Figure 3.13: Typical cooling gradients at the notch tip measured during the fatigue tests. Tmax is the 
maximum temperature inside a circle area as it is shown in Fig. (4). 
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Figure 3.14: Definition of the time t* when the machine is assumed to stop cycling and the cooling 
gradient is evaluated. 

It is worth noting that several test stops were performed before the technical 
crack initiation to calculate Q and Q* by means of the three methods here presented.  

Concerning the evaluation of Q by means of Eq. (1), Figs (12) and (13) show 
examples of a typical temperature map at the time t* (see Fig. (3)) and the time-
dependent Tmax profile around the time t*, respectively. Essentially Tmax is the 
maximum temperature value extracted frame-by-frame from a circular embracing the 
notch tip (see Fig. (4a)).  

 

 

Figure 3.15 Mean temperature field Tm(r,θ), and radial paths adopted to calculate Q* from Eq. (2) (a). 
Radial temperature profile measured at θ = 0° (b). 

The estimation of the cooling gradient and then Q according to Eq. (1) can be 
observed in Fig. (13). From Fig. (14), it is worth noticing that the servo-hydraulic 
machine takes tenths of seconds to reach the null force value. Therefore, an operational 
definition of t* was necessarily adopted. Such definition is as follows: t* is the time 
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when the first peak of force is within a range of ±2.7 kN. Practically, it was verified 
that adopting this definition, the first peak value after having triggered the machine 
stop was below 5% of the amplitude force applied. 

 

Figure 3.16: Typical cooling gradient of Tmax measured during the fatigue tests carried out on notched 
specimens with rn =0.5mm (a). Typical cooling gradient of T*(t) for the same fatigue test on the same 

notched specimen (b).  

Regarding the evaluation of Q*, Fig. (15a) shows an example of the stabilised 
mean temperature field Tm(r, θ) = Tm

i calculated according to Eq. (3) applied to the 
infrared images, which have been previously processed by means of the 
MotionByInterpolation tool. Afterwards, the averaged heat energy per cycle Q* was 
numerically calculated by using the Eq. (2), taking a finite number of radial 
temperature profile with a step of 20°, as reported in Fig. (15a). More precisely, 9 
radial paths were considered, emanating from the center of the control volume. Fig. 
(15b) shows as an example the radial temperature profile at the angular coordinate 
θ=0° of Fig. (15a), where it can be appreciated the estimation of the derivative of Tm 
on radial coordinate which contributes to calculation of Q*. 

Regarding the averaged cooling gradient technique (Eq. (4)), Fig. (16) shows 
the comparison between the cooling gradient from Tmax (Fig. (16a)) and T* (Fig. (16b)) 
in which the latter was used to evaluate Q*. As it can be observed from Fig.s (16a) and 
(16b) the difference of the cooling gradient between Tmax and T* is engineering 
negligible.  As support of this statement, the evolutions of Q (Eq. (1)) and Q* (Eq. (4)) 
versus the fraction of fatigue life expended to initiate a crack reported in Fig. (17), 
show the same trend for each test. It can be also noted that the specific heat loss is 
nearly constant during the test before the technical crack nucleation for both the 
methodology. 

Some Q and Q* values are reported in Table 2 for comparison purposes: it can 
be noted that practically coincident values were found by using the present three 
methods. These results are in agreement with those reported in [12]. 
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Figure 3.17: Q versus N/Ni, measured during the fatigue tests (a) and Q* (from equation (4)) versus 
N/Ni, measured during the fatigue tests (b). 

The Q parameter evaluated from Eq. (1) was adopted in order to synthesise all 
fatigue test results in terms of average heat energy per cycle in Fig. (19). 

In particular, Q values reported on the ordinate in Fig. (19) are the average values 
calculated during a single fatigue test: one example is reported in Fig. (18). 

Fig. (19) shows that the energy parameter Q can rationalise the fatigue strength 
of plain and notched specimens, as opposed to the net-section stress amplitude (see 
figure 10). 

 

 

Figure 3.18: Example of Q and Q* trends evaluated before the technical crack initiation 
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Figure 3.19 Fatigue data reported in figure 8 analysed in terms of specific heat loss per cycle. Scatter 
band is defined for 10% and 90% survival probabilities (from [6]) 

 

Table 3.2: Comparison between Q and Q* calculated for several specimens with rn= 3, 1, and 0.5 mm 

rn Specimen an  N/Ni Q (a) Q* (b) Q* (c)  

[mm]  [MPa]  [MJ/m3·cycle] 

0.5 R05_1 150 0.42 1.039 1.037 1.050 

0.5 R05_6 170 0.28 1.179 1.193 1.193 

0.5 R05_7 190 0.36 1.737 1.780 1.776 

0.5 R05_9 160 0.50 0.970 1.036 0.956 

0.5 R05_10 180 0.47 1.602 1.612 1.549 

0.5 R05_12 130 0.34 0.683 0.761 0.640 

0.5 R05_14 120 0.16 0.358 0.357 0.345 

1 R1_3 150 0.38 1.119 1.015 1.095 

3 R3_3 130 0.39 0.613 / 0.593 
(a): from Eq. (1); 
(b): from Eq. (2); 
(c): from Eq. (4); 

 
The analysis performed in the present work has been limited to the low and 

medium cycle fatigue regimes, because, despite the improved spatial resolution 
allowed by the adopted infrared camera, the overall thermal accuracy is still inadequate 
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to capture the small temperature rise experienced at the notch tip in the high cycle 
fatigue regime. For this reason, the reference situation to calibrate the material volume 
size Vc was taken in the medium cycle fatigue, by equalling the averaged heat loss Q* 
of the smooth specimen and of the cracked specimen at a fatigue life on the order of 
105

 cycles [12].  
Following on a parallel track the stress-averaging approaches (reminiscent of 

Neuber’s finite-size structural volume concept [9]), it has been shown that the point-
related specific heat energy Q from equation (1) in proximity of the V-notch apex (rn 
= 3, 1 and 0.5mm) is comparable with the average heat energy Q* (from equation (2) 
and (4)) for the material and the specimens’ geometries adopted here. 

Therefore, the point related Q estimation has been used for the following 
analysis. 

 

3.4 THERMAL ENERGY DISSIPATION CLOSE TO THE NOTCH TIP 

In this section, the infrared images acquired by the infrared camera were used to 
study the thermal energy dissipation around the notch tip. In particular, the analysis is 
referred to the subparagraph Data Post-Processing of the paragraph Material and 
Methods. 

In Fig. (20a) an example of the Q(x,y) raw data measured at N = 8.12·103 cycles 
for a specimen having rn = 0.5 mm and subjected to σan=130 MPa (Nf= 6.76·104 cycles) 
was reported, whereas the relevant distribution Q(x,0) along the notch bisector is 
illustrated in Fig. (20b). The results were affected by a certain level of noise because 
the dt variable was maintained constant for all the pixels of the thermal images (see 
the post-processing analysis in Materials and Methods). The relevant Qflt(x,y) filtered 
results are shown in Fig. (20c), while the comparison between Q(x,0) and Qflt(x,0) 
along the notch bisector is reported in Fig. (20d).  

Let us define Q0 the energy dissipated at the notch tip (i.e Qflt(0,0)). Fig. (20c) 
shows the constant energy contours normalized with respect to Q0. It is worth noting 
that in Fig. (20c) the iso-energy contours seem to be circular and centered at the notch 
tip. In particular, a circular contour with radius RQ,90% has been plotted in order to 
identify the biggest region where the energy calculated is equal to or greater than 90% 
of Q0. For the example reported in Fig. (20c) RQ,90% is equal to 0.54 mm.  

Fig. (21) shows more examples of energy distribution Q(x,y) and the relevant 
distribution along the notch bisector Q(x,0), for different notch tip radii and applied 
stress amplitudes. The evaluation of the RQ,90% was carried out on selected specimens 
and the results are summarized in Table 3. Although the estimates of RQ,90% ranges 
from 0.53 to 0.87 mm, there may be a link between RQ,90% and the structural volume 
size for fatigue strength assessment evaluated in a recent work [12,13] for the same 
material and testing condition, but more investigation should be carried out. 
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Figure 3.20: Example of raw data of the energy distribution Q(x,y) (a) and along the coordinate y=0 
(along the notch bisector (b). The filtered energy distribution Qflt(x,y) (c) and the relevant distribution 

along the notch bisector (y=0) (d). (a-d) data are referred to the acquisition obtained at N = 8.12·103 
cycles of the specimen characterised by rn=0.5 mm, σan=130 MPa, and Nf = 6.76·104. 

 

Table 3.3: Value of radius RQ,90% measured during the fatigue test. 

rn 

[mm] 

σan 

[MPa] 

fL 

[Hz] 

Nf N*/Nf       Q0 

[MJ/(m3cycle)] 

RQ,90% 

[mm] 

N/Nf 

3 190 10 7.82·103 0.41 1.98 0.85 0.24 

3 170 10 1.85·104 0.61 1.45 0.87 0.42 

3 110 25 2.71·105 0.67 0.38 0.55 0.17 

1 150 10 1.67·104 0.33 1.17 0.64 0.28 

1 120 15 7.68·104 0.40 0.42 0.55 0.13 

0.5 190 5 8.17·103 0.40 1.77 0.83 0.21 

0.5 100 35 1.35·105 0.13 0.51 0.53 0.08 

0.5 130 25 6.76·104 0.22 0.55 0.54 0.12 
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Figure 3.21: Heat energy distributions at the notch tip: (a,b,) rn=3 mm, σan=170 MPa, Nf=1.85·104 
cycles; (c,d) rn=1 mm, σan=150 MPa, Nf=1.67·104 cycles; (e,f) rn=0.5 mm, σan=100 MPa, Nf=1.35·105 

cycles 

To support the peak thermal energy just evaluated at the notch tip, during the 
fatigue test carried out on the specimen to which Fig. (20) is referred to, thermal maps 



 

Chapter 3 123 

were taken both from the frontal and from the lateral views (see Fig. 3a). More 
precisely, after a given test stop to acquire the cooling phase from the frontal view, the 
specimen was turned 90° and the test was restarted, followed shortly after by a new 
stop to acquire the cooling gradient from the lateral view. Fig. (22a) shows the 
temperature distribution at the notch tip taken from the lateral view and Fig. (22a) 
shows the Q values measured at different locations along with the specimen thickness, 

resulting in a mean value Q = 0.55 MJ/(m3⋅cycle). Such a value is seen in excellent 

agreement with the value calculated at the notch tip from the energy distribution 
measured at the specimen surface of Fig. (20b). 

 
a) 

Figure 3.22. Temperature distribution measured along the notch tip from the lateral 

view (see Fig. (3a)) (a) and the corresponding energy distribution (b) 
 
 

3.5 ANALYSIS OF ENERGY DISTRIBUTION 

Let demonstrate the applicability of the Q field by using the automated technique 
illustrated in paragraph 3.4. 

At an arbitrary point of a material subjected to cyclic stresses, the first law of 
thermodynamics in terms of a mean power exchanged over one cycle can be written 
as follow:  

 

   m
ij ij L p

T t
f H c E

t


      

         (6) 

 
where H = Q·fL is the thermal power dissipated by conduction, convection and 

radiation, Tm(t) is the mean temperature of the alternating thermoelastic effect and Ėp 
is the rate of accumulation of damaging energy in a unit of volume. When Tm(t) reaches 
a constant value Eq. (6) can be rewritten as follows:   
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 ij ij L pf H E               (7) 

 

Stopping the fatigue test machine at t = t*, the mechanical input power and the 
rate of accumulation of fatigue damage will vanish, therefore the Eq. (6) allow 
obtaining Eq (1). Evaluating the specific heat loss by means of Eq. (1) pixel-by-pixel 
of the acquired frame implies that the plastic hysteresis work (i.e H) is not null for all 
the pixels. In the case of severe notches, this assumption could not be satisfied because 
the plastic region could be concentrated in a smaller region than the one observed into 
the frame. 

In [10], it was demonstrated that the contributions of Q due to convection and 
radiation can be neglected with respect the conduction, therefore a temperature field 
developed by thermal power generation can be described by the Fourier’s equation: 

 

 m 2T t
c H T

t


     

         (8) 
 
After stabilization of Tm, if there is no thermal power generation the equation of 

the temperature field in a steady-state condition becomes:  
 

2T 0             (9) 
 
whereas if heat generation is occurred, the temperature field is described by the 

following one: 
 

2H T                      (10) 
 

Let consider AISI 304L steel 2D bar subjected to self-heating just in a portion of 
volume (see Fig. (23a)) constrained at T = 0 °C and the ends. In a steady-state regime, 
the temperature profile along the longitudinal direction must follow Eq. (10) in the 
portion of volume subjected to self-heating and Eq. (9) in a position in which there is 
not heat generation. In the example of Fig. (23a), this means that the temperature 
profile is a parabola with negative concavity for a < x < b, while for 0<x<a and b<x<L 
it must be linear (see Fig. (23b)).    
Let suppose now, that at the time t* the heat generation become null instantaneously. 
At the time t = t*+, Eq. (8) can be re-written as follows: 
 

 m 2T t
c T

t


    


                 (11) 

    
where in the region a < x < b the first term is equal to Q, while in 0<x<a and b<x<L 
must be null. This means that in the second case the initial cooling gradient must be 
equal to zero t = t*+. 
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a)  b)  

Figure 3.23: a) AISI 304L steel 2D bar subjected to self-heating just in a portion of volume 
constrained at T = 0 °C and the ends. b) Qualitative representation of temperature profile after 

stabilization according to Eq. (9) and (10). 

In order to prove this, first, a steady-state thermal finite element analysis was 
performed by applying a heat generation rate H = 107 W/m3 in the region area included 
between a and b  and by assigning a temperature value at the ends equal to 0°C. The 
simulation was performed by using ANSYS® software, adopting 2-dimensional four-
node element PLANE55 of the Ansys’ library. Isotropic thermal conductivity equal to 
16 W/(m°C) was set as the only material property.  
 

 

Figure 3.24. Temperature profile obtained from FE steady-state thermal analysis of the bar shown in 
(Fig. 22a) 

 
The resulting temperature profile along the x coordinate is reported in Fig. (24). After 
that, the resulting nodal temperature profile was assigned to the same model for solving 
a transient simulation which was dedicated to simulating the cooling gradient after 
stopping the heat generation source. A material density ρ equal to 7940 kg/m3, specific 
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heat c 507 J/(kg K) and isotropic thermal conductivity equal to 16 W/m2 were given 
in input to the material model. A “time at the end load step” equal to 1 s with a “time 
increment” of 2·10-3 s was set in the “Solution control” of the Ansys® solver. 
In Fig. (25), the cooling gradients of the points illustrated in Fig. (23a) were plotted. 
This numerical analysis demonstrated that the analysis of the Q field by adopting the 
cooling gradient technique in each pixel is valid only in the region of the material 
subjected to self-heating due to plastic strain energy dissipation.  

 

 

Figure 3.25. Temperature profile on four point (See Fig. 22a) obtained by FE transient analysis.  

  
  In order to evaluate the portion of frame in which H is null, the example of Fig. 

(20) has been taken into account for the following analysis. Firstly, the frames of ten 
loading cycles between ts and t* (see Fig. 3) were processed by using the FLIR 
MotionByInterpolation tool, which allows the relative motion between the fixed focal 
lens and the moving of the specimens to be compensated. After that, the time-
dependent temperature was averaged pixel-by-pixel over 80 frames (10 loading cycles 
in this example) and the resulting steady-state temperature (Tm) field and distribution 
along the notch bisector are shown in Fig. (26a) and (26b). Fig. (26c) shows the same 
temperature field of Fig. (26a) after filtering by means of a Gaussian smoothing kernel 
with a standard deviation equal to 8. The comparison between the Tm and Tm,filt profiles 
along the notch bisector is shown in Fig. (26d).  

Assuming that the temperature maps do not vary along with the thickness of the 
specimen, the 2 dimensional Laplacian of Tm,filt field was numerically calculated by 
using the Matlab function del2. Since the resulting distribution was affected by noise, 
the Laplacian field was filtered by using the same Gaussian filter used for Tm map. 
Fig. (27a) reports the Laplacian field with the sign reversed on which the contour 
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related to the null value of the distribution is also plotted. The comparison between the 
raw and filtered Laplacian profiles along the notch bisector are shown in Fig. (27b). In 
Fig. (27a) it can be clearly seen that inside of the contour H is different from zero and 
positive, whereas in the remaining area is less than zero. The latter case has not 
physical sense because it would imply that the heat generation is not dissipated to the 
surroundings. Therefore, only the area with H greater or equal to zero was assumed as 
heat-generating zone in the following analysis.  

 

 

Figure 3.26: Steady-state temperature (Tm(x,y)) field (a) and distribution along the notch bisector 
(y=0) (b). Filtered steady-state temperature (Tm,filt(x,y)) field (c) and the relevant distribution along the 

notch bisector (y=0) (d). The relevant fatigue test details are reported in Fig. 7. 

The results, shown in Fig. 25, demonstrate that the analysis of the Q fields 
obtained by calculating the cooling gradients pixel-by-pixel is valid only in the region 
subjected to self-heating.  

 
Finite element analysis  
 
Steady-state thermal finite element analysis was carried out for the fatigue test 

results of Fig (20) in order to verify the experimental temperature map of Fig. (26a), 
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assigning a non-uniform specific heat power generation obtained from the evaluation 
of the specific heat loss pixel-by-pixel.  

 

 

Figure 3.27: Filter Laplacian field (a) and comparison with the not filtered and the filtered Laplacian 
distributions along the notch bisector (y=0) (b). 

 

Figure 3.28: Contour plot of the nodal temperature solutions (a) and comparison between the 
experimental steady-state temperature and nodal solutions along three different path (b,c,d). 
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The simulation was performed by using ANSYS® software, adopting 2-
dimensional four node element PLANE55 of the Ansys’ library. Isotropic thermal 
conductivity equal to 16 W/(m°C) was set as the only material property. A rectangular 
area having dimension equal to 2.5x2.4 mm (the same dimension of the area analysed 
in Fig.s (20) and (21)) was modeled and the element size was set equal to 21 μm in 
order to obtain a mapped-type mesh having a number of elements equal to the number 
of pixels analysed in the previous paragraph.  

Given the correspondence amongst element size and spatial resolution, it was 
possible to assign specific heat generation power obtained from the evaluation of Q 
pixel by pixel in the region with H equal or greater than zero (the inner region of the 
black contour of Fig (27a).  

The experimental temperature profiles of the borders of Fig. (26a) were assigned 
at the sides of the FE model.  

In Fig. (28a) the contour plot of the nodal temperature values is reported. For 
comparing the temperature map of Fig. (28a) and the numerical results of Fig. (28a), 
temperature distributions along three different paths indicated in Fig. (28a) have been 
reported in Figs. (28b-d). The good correlation between the numerical and 
experimental data demonstrate that the distribution of Q around a notch tip evaluated 
by using Eq. (1) pixel-by-pixel is valid only in a limited region in which a heat power 
generation is developed.   

 

3.6 DISCUSSION 

The determination of the specific thermal energy dissipated per cycle Q by using 
the cooling gradient technique is aimed to be proposed as an easy experimental method 
for assessing the fatigue behavior of components in the prototype phase. Therefore, 
validation of the present technique to different factors that affect fatigue behavior has 
to be carried out in order to highlight the robustness of the method and any limitations. 

The main advantages of this technique, with attention to the considered material 
(AISI 304L) weakened by severe notches, are listed here: 

 the parameter Q is independent on the thermal-mechanical boundary 
conditions such as load frequency, temperature of the environment and the 
testing machine; 

 It was experimentally demonstrated that fatigue test results on plain and 

notched (with different kind of notches and tip radii) under fully reversed 
cyclic loads are well-synthesised in a single narrow scatter band. The same 
results were obtained in fully reversed torsion fatigue tests. 

 the cooling gradient technique can be easily adopted in components having 
fillet radii greater the 3 mm by using low-cost equipment for the temperature 
measurement like thermocouples; 
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 For evaluating Q at the proximity of severe notches an infrared camera with 
a proper spatial resolution is required in order to record the effective 
temperature increment more localised close to the notch tip; 

 In the case of infrared measurement of the surface temperature, the time-
variant profile can be obtained either from temperature values on a fixed 
pixel or from the mean temperature calculated within a selected area (frame-
by-frame). Furthermore, it is not necessary to perform a motion 
compensation due to the cyclic displacement of the specimens. For these 
reasons, the cooling gradient technique is not sensitive to the spatial 
resolution of the equipment for this type of test and for the present material. 

 the procedure does not require any information about the load applied and 
its waveform or the stress state in the material, which is an important 
experimental advantage. 

 
However, from experience, the cooling gradient technique requires a 

temperature increment at least 2 °C from the thermal equilibrium (before starting the 
test). This could be a limit in evaluating Q in high cycle fatigue regimes for materials 
having a high thermal conductivity because the load frequency required to increase the 
mean temperature of 2 °C could not be reached by using a standard servo-hydraulic 
machine. This is more pronounced in severely notched specimens. In the case of the 
AISI 304L, its thermal conductivity is low enough to guarantee reliable temperature 
increment even for severely notched specimen (about 14.0 - 16.3 W/m-K).  

Regarding the applicability of the automated procedure developed in this work, 
it was demonstrated that it can be adopted to obtain easily the energy distribution 
within the plastic zone. In the case studied here, the entire frame, in which the thermal 
energy distribution was evaluated, was included in the plastic zone due to the high 
ductility of the AISI 304L.  In the case of low ductility materials, the procedure can be 
further developed for instance by identifying the area of the plastic zone by using the 
double frequency lock-in procedure proposed in [14], and then computing the cooling 
gradient technique for the pixels related to that area.   
 

3.7 CONCLUSIONS 

In order to extend the heat energy-based approach to more severe notched 
specimens as compared to those tested in the past, constant amplitude, completely 
reversed, stress-controlled fatigue tests were carried out on hot-rolled 4-thick-mm 
notched specimens made of stainless steel AISI 304L having notch tip radii equal to 
3, 1, and 0.5 mm. 

Instead of using thermocouples (the traditional technique of the method) the 
specific heat energy Q was evaluated by means of an infrared camera with a spatial 
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resolution equal to 20 m/pixel which can measure more localized temperature 

increments due to the severity of the notches analysed. 
In the first place, the aim of the study was only to validate the Q as a damage 

indicator, expressing the fatigue test results in terms of Q against the number of cycles 
to failure. Three methodologies of Q evaluation were analysed and compared with 
each other. The first methodology is the so-called Point-related cooling gradient 
technique which is related to the traditional experimental technique proposed to 
measure the specific heat loss per cycle Q on plain and bluntly notched specimens. 
The second one, called Spatial gradient technique, which was proposed to extend the 
thermal energy method to cracked materials (and severely notched specimens) 
measuring the average thermal energy dissipated per cycle Q* on a control volume 
properly calibrated in analogy of the averaged SED criterion proposed by Lazzarin. 
The third one is the so-called Averaged cooling gradient technique, in which the aim 
is to evaluate Q* adopting the cooling gradient technique. 

The Q and Q* values were measured several times during a fatigue test, from the 
beginning of the experiment until the initiation of a technical crack detected by using 
a digital microscope. 

The comparison between Q and Q* by using all the methods illustrated in this 
study leads to the conclusion that for both the point-related parameter and the averaged 
ones allows obtaining the same values even for severely notched specimens when in 
the classical fatigue approach is commonly not satisfied.   

Furthermore, the specific heat loss Q was seen to be approximately constant 
during an individual fatigue test. This is an important practical consequence because 
fatigue life can be anticipated starting from measurement performed at the beginning 
of the fatigue test.  

Consequently, it was found that the new fatigue data fall in the energy-based 
scatter band calibrated previously on the basis of fatigue data obtained on plain 
material as well as notched specimens, characterised by larger notch tip radii than those 
tested in this study.  

The following part of the study dealt with an investigation about how Q is 
distributed around the notch tip. Therefore, an automated procedure was proposed to 
evaluate the specific heat loss (Q parameter) distribution around sharp V-notches, 
starting from the temperature maps captured around the tip of V notches, by using an 
infrared camera acquired image. 

The automated procedure was developed in Matlab® code taking the video 
recording file acquired by ALTAIR 5.90.002 commercial software as input file and 
computing Eq (1) pixel-by-pixel. Then Q distributions (Q(x,y)) were analysed for a 
subset of specimens providing the circular region where the energy dissipated is equal 
or greater of 90% of the Q value measured at the notch tip.  

This automated procedure was validated by an alternative analysis of the Q field 
carried out by using another post-processing technique. In particular, the Laplacian 
distribution of the temperature map before the test stop was evaluated in order to 
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identify the region in which the heat power generation is null. Then a 2D steady-state 
thermal finite element analysis was performed imposing the distribution of heat 
generation and the experimental temperature boundary conditions. 
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Chapter 4: Analysis of the energy 
dissipation on AISI 304L 
stainless steel subjected to 
multiaxial cyclic loading  

In this Chapter, the specific heat loss Q has been measured for the first time on 
AISI 304L specimens subjected to multiaxial fatigue loadings. A test bench consisting 
of two servo-hydraulic actuators was designed to perform cyclic plane bending, torsion 
and combined bending torsion. More precisely completely reversed (R = -1) pure 
bending, pure torsion and combined bending and torsion tests were carried out on 
hourglass-plain specimens. The testing protocol included the analysis of in-phase (φ = 
0°) as well as out-phase (φ = 90°) loading conditions adopting two different biaxiality 
ratios (Λ=1 and Λ=√3). In addition, the crack initiation was evaluated by adopting the 
potential drop technique. Thin-walled tubular specimens were tested under completely 
reversed tension and torsion fatigue loadings for comparative purposes. Afterwards, 
all fatigue test results were expressed in terms of specific heat loss and compared with 
the scatter band previously evaluated for plain and notched stainless-steel specimens 
subjected to uniaxial loading.  

 
This chapter is referred to the following author’s papers: 
 

[1] Rigon D., Formilan V., Meneghetti G. Analysis of the energy dissipation in multiaxial fatigue tests 
of AISI 304L stainless steel bars. Procedia Structural Integrity 2018;13:1638–43. 
doi:10.1016/j.prostr.2018.12.344 

 
 

4.1 INTRODUCTION 

Considering a volume of metallic material subjected to cyclic stresses, the 
mechanical input energy is partly stored internally in the material, the remaining part 
being converted into heat. Regarding the multiaxial fatigue, a general energy-based 
approach was proposed by [2] by adopting the sum of the plastic strain energy and the 
positive elastic strain energy as a fatigue damage parameter. Despite the fact that such 
parameter is a scalar quantity, the severity of the particular multiaxial loading is 
accounted by a multiaxial constraint function, which takes into account the mean stress 
effect and non-proportional cyclic loading ([2]). In the case of multiaxial fatigue of 
notched components and structures, another energy-based approach was proposed by 
Lazzarin and co-workers, in which the averaged linear elastic strain energy density 
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within a material dependent and properly defined control volume is assumed as a 
fatigue damage parameter [3], [4,5]. 

The internal energy stored within a material, which is indeed correlated to the 
fatigue damage mechanism, can be evaluated in principle as difference between the 
mechanical input energy and the thermal energy [6]. However, due to the fact that most 
of the mechanical input energy is converted into heat, such difference may be affected 
by uncertainties especially in high cycle fatigue (HCF), where calculating the area of 
the hysteresis cycle cannot be straightforward [2].  

 
a) b) 

  

 

Figure 4.1. Fatigue test results of plain and notched AISI 304L in terms of specific heat loss Q (a). 
Qualitative representation of temperature evolution during a fatigue test and evaluation of the cooling 

gradient immediately after a test stop (b). 

For this reason, [7] proposed to adopt the specific heat loss per cycle (Q) as a 
fatigue damage index for fatigue strength analysis, since it can be measured quite 
easily also in HCF, at least for certain engineering materials. By using Q, more than 
140 experimental uniaxial fatigue test results (R= -1) on plain, bluntly and severely 
notched AISI 304L stainless steel specimen were rationalised in a single scatter band 
calibrated in [8], (Fig.1(a)). The fatigue test details are reported in [8–12].  

The specific heat loss per cycle can be evaluated in situ during a fatigue test by 
means of Eq.(1) ([7]): 
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where  is the material density, c is the material specific heat and fL is the load 

test frequency and ∂T ∂t⁄  is the initial cooling gradient after having suddenly 

interrupted the fatigue test at the time t* (Fig. 1(b)). 
As highlighted in [8], the specific heat loss is a material property for a given load 

ratio. It is interesting to investigate to which extent it depends on the stress state, the 
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sole experimental outcome available up to date is that both uniaxial and torsional 
fatigue results are rationalized in a single scatter band, as reported in previous Fig. 1. 

The aim of this investigation is to evaluate for the first time the specific heat loss 
per cycle Q in multiaxial fatigue test of cold drawn AISI 304L stainless steel bars. 
Several sets of fatigue tests were carried out to investigate the effect of the biaxiality 

ratio  and of the phase shift angle between bending and torsion loadings. For 

comparison purposes, combined axial and torsional fatigue tests were carried out on 
thin-walled tubular specimens machined from the same material.  

By nature, the Q-based approach estimates the fatigue life to initiate crack for 
theoretical point of view. In the last decades, Ritchie [13,14] classified extrinsic 
mechanisms that start to operate during crack propagation inducing shielding effect 
and increasing the resistance of crack growing. Therefore, in this work, the crack 
nucleation was evaluated by using the potential drop technique during the bending-
torsional fatigue tests. The fatigue test results have been compared with the existing 
scatter band previously calibrated on uniaxial fatigue test results. 

 

4.2 MATERIALS AND METHODS 

4.2.1 Material and specimen’s geometry 

Starting from 25-mm-diameter, AISI 304L cold drawn bars, two sets of 
specimens were prepared. The first one consists of cylindrical hourglass-shaped 
specimens (specimen (a)) used for combined bending and torsion fatigue tests whose 
geometry is reported in Fig. (2a). The second one includes four thin-walled specimens 
with a net-wall thickness of 1.5 mm (specimen (b)). The geometry of the second set is 
illustrated in Fig. (2b). The chemical composition and mechanical properties taken 
form datasheet of the AISI 304L cold drawn bars are summarised in Tables 1 and 2, 
respectively. Microstructure analyses along the transversal and longitudinal planes 
were observed by an optical microscope and reported in Fig. (3). 

 

Table 4.1: Chemical composition of AISI 304L cold drawn bars from datasheet. 

C  
% 

Si 
% 

Mn 
% 

Cr  
%

Mo 
%

Cu  
%

Ni  
%

P  
%

S  
% 

N  
%

0.013 0.52 1.72 18.27 0.51 0.46 8.11 0.029 0.030 0.091

 

Table 4.2: Mechanical properties of AISI 304L cold drawn bars from datasheet.  

Rp,0.2% 
[MPa] 

Rm 
[MPa] 

KV 
[J] 

HB 

475 679 176 227 
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Figure 4.2: (a) Specimen’s geometry for bending-torsional fatigue tests; (b) specimen’s geometry for 
axial-torsional fatigue tests (dimensions are given in mm) 

 

  

  

Figure 4.3: Microstructure of cold drawn AISI 304L stainless steel in the longitudinal and transversal 
planes both close to the edge and in the bulk of the raw bars. 
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a) 

b) 

 

Figure 4.4: Flexible test bench designed for dynamic combined plane bending and torsion on AISI 
304L specimens of Fig. (3a) (a). Picture of the relevant test bench placed at the laboratory of Machine 

Design of University of Padova (b). 

 
 

Specimen (a) 
(Fig. 3a) 
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4.3 TESTING SETUP: BENDING AND TORSION FATIGUE TESTS 

The experimental fatigue tests on the type (a) specimens Fig. (3a) were 
performed by using a flexible test bench consisting of two MTS servo-hydraulic 
actuators equipped with 15 kN load cells and controlled by a digital controller MTS 
Flex Test 60. The test bench was designed to perform combined plane bending and 
torsion adopting different phase-shift angles between the axial loads of the actuators. 
An isometric view and a frontal picture of the test bench are reported in Fig (4). One 
side of the specimen (a) was fixed to the frame while the other one was clamped to a 
plate linked to the actuators rods by means of rod ends.  

Force controlled pure bending (B), pure torsion (T) and combined in-phase and 
out-of-phase bending-torsion (B+T) fatigue tests were performed according to Table 

3, where  and  are the stress-based biaxiality ratio (a/a) and the phase-shift angle, 

respectively. A stiffness loss of 10% was adopted as failure criterion. 
 

Table 4.3: Experimental protocol for multiaxial fatigue tests by using the flexible test bench (Fig. 4) 

Specimen’s 
geometry 

Loading type R   bench 
configuration* 

N. of 
tests 

A (Fig. 3a) B -1 ∞ \ 1 8 
 T  0 \ 1 3 
 B+T  1 0 1 3 
 B+T  √3 0 2 4 
 B+T  1 90 1 4 
 B+T  √3 90 1 5 

* see Fig. (5)  
 
The dynamic response of the designed testing system (i.e specimen, frame and 

actuators) does not allow to follow the command signals provided for the B+T loading 
type characterised by a Λ = √3 and φ = 0°. Therefore, a different test bench 
configuration was used in order to guarantee the desired proportional loading 
condition. The two adopted configurations with the required geometrical parameters 
are reported in Fig. (5). 

The temperature measurements were performed by using copper-constantan 
thermocouples fixed at the point of maximum bending stress (see Fig. (4a)) by using 
silver-loaded conductive epoxy glue. The temperature measurements were taken by 
using a data acquisition/switch unit Agilent 34970A and the data were stored in the 
PC hard drive by using the software Agilent BenchLink Data Logger. During the 
fatigue tests, an acquisition rate of 0.1 Hz was set for recording the long-term 
temperature profile. Several load stops were performed in order to measure the 
evolution of Q before crack nucleation. Therefore, before each test stop the acquisition 
rate equal to 22Hz was set for a better measure of the initial cooling gradient necessary 
to evaluate Q by means of Eq. (1). 
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test bench configuration 1

 
test bench configuration 2 

Figure 4.5: Test bench configurations. 

 
The damage evolution of some fatigue test (i.e. the crack nucleation and 

propagation) was monitored adopting the Direct Current Potential Drop (DCPM) 

technique by using a Matelect DCM‐2 device according to the setup illustrated in Fig. 

(6). The technique requires two specimens: one is the specimen subjected to cyclic 
loading, while the other one is a reference unloaded specimens. They were connected 
in series at the ends of each specimen by current probes as shown in Fig. (6) by using 
M6 bolts. A constant current of 30 A flow on both specimens. The potential drops X, 
relevant to the loaded specimen, and Y, relevant to the reference unloaded one (see 
Fig. 6), have been measured by means of potential probes fixed at two points of each 
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specimen at a distance of about 10 mm from each other see Fig. (6). If a defect 
nucleates and propagate within the probes the potential increase due to the increment 
of the electrical resistance caused by the defect. It's worth to underline that the DCPD 
technique was not used to determine the length of initiating and propagating crack but 
only to estimate the fraction of total fatigue life expended to technical crack initiation.  

 

 

Figure 4.6: Experimental setup of the Matelect DCM‐2 DCPD crack growth monitor device. 

 

4.4 TESTING SETUP: AXIAL AND TORSION FATIGUE TESTS 

Some dedicated fatigue tests on type (b) specimens (Fig. (3b)) were performed 
by using a MTS 809 servo-hydraulic biaxial testing machine (±100 kN, ±1100 Nm, 
±75 mm/±55°) under load control. In particular, fully reversed (R=-1) axial, torsional 
and combined in-phase (φ = 0°) and out-of-phase (φ = 90°) axial and torsional fatigue 
tests were performed according to Table 4.  

Table 4.4: Experimental protocol for multiaxial fatigue tests by using MTS axial/torsional machine  

Specimen’s 
geometry 

Loading type R   N. of tests 

B (Fig. (3b)) A -1 ∞ \ 1 
 T 0 \ 1 
 A+T √3 0 1 
 A+T √3 90 1 

current out current in
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Reference

Specimen

software PDSoft (Matelect) 
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The fatigue tests were carried out at a load frequency ranging from 2 to 20 Hz 
depending on the load level applied and the stiffness loss of about 50% was set as 
failure criterion. 

The surface temperature of type (B) specimens was measured by means of a 
FLIR SC7600 infrared camera, operating at a sample frequency facq equal to 100 Hz, 
having a 1.5–5.1 μm spectral response range, 50mm focal lens, a noise equivalent 
temperature difference (NETD) < 25 mK and an overall accuracy of 0.05 °C. The 
acquisition time window was set equal to 10 seconds. In particular, the test stop was 
performed 5 second after triggering the acquisition. For the sake of simplicity, the 
temperature acquisition was only carried out for the evaluation of Q, so for few 
multiaxial tests on specimens (B) the long-term temperature profiles are not available. 
The surface of the type (B) specimens was black painted in order to increase the 
material emissivity. The fatigue test setup and a picture of the black painted specimens 
(B) (Fig. 3b) are shown in Fig (7) and (8), respectively. 

 

 

Figure 4.7: Picture of the experimental setup of multiaxial fatigue testing on type (B) specimens (Fig. 
3b) 

 

Figure 4.8. Picture of the specimens (B) of Fig. (3b), used for combined axial and torsional fatigue 
tests. 

black painted 
specimen

Infrared
camera
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4.5 FATIGUE TEST RESULTS 

All the fatigue test results are reported in terms of nominal net-section stress 
amplitude in Fig. (9). In particular, in the case of torsional fatigue test results, they 
were plotted in terms of net-section shear stress amplitude. More precisely, the shear 
stress was evaluated by using Eq. (2) for the type (A) specimens, whereas for the type 
(B) specimens, the shear stress was assumed uniformly distributed over the cross-
section and it was evaluated by means Eq. (3): 
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where Mt,a, den and din are the applied torque amplitude, the outer and inner 
diameters of the net-cross-section, respectively. 

 

 

Figure 4.9: Fatigue test results in terms of nominal net-section stress amplitude. 

4.5.1 Long-term temperature acquisition and damage analysis of type A 
specimens 

Some examples of long-term temperature acquisitions and potential ratio 
measured by adopting the potential drop technique were reported in Figs. (10) – (19). 
More precisely, one or two examples for each loading condition described in Table (3) 
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were considered. Observing the long-term signals, the common evolution of the 
temperature consisting in a first increasing of the temperature followed by a 
stabilization and final increment due to the imminent failure can be appreciated in the 
examples where the load frequency was kept constant (i.e. Fig. (11)). 

 
 

 

Figure 4.10: Example of long-term temperature acquisition by using thermocouples (a) and potential 
ratio signal obtained by means of DCPD method (b) on plane bending fatigue tests.  
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Figure 4.11: Example of long-term temperature acquisition by using thermocouples (a) and potential 
ratio signal obtained by means of DCPD method (b) on plane bending fatigue tests. 
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Figure 4.12: Example of long-term temperature acquisition by using thermocouples (a) and potential 
ratio signal obtained by means of DCPD method (b) on pure torsion fatigue tests. 

0

10

20

30

40

50

60

70

0 0.2 0.4 0.6 0.8 1

T
 (

°C
)

N/Nf

cooling gradient (fL =1 Hz)

load frequency change

T_3
σa = 350 MPa
Nf = 9.80·104 cycles

air cooled for increasing 
the load frequency

(fL =4 Hz)

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

1.3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Δ
V

/Δ
V

0 

N/Nf

T_3
τa = 350 MPa
Nf = 9.80·104 cycles

mean ΔV/ΔV0 = 1.021 
(calculated from 0.37 to 
0.65 N/Nf) ±1%



 

148 Chapter 4 

 

 

Figure 4.13: Example of long-term temperature acquisition by using thermocouples (a) and potential 
ratio signal obtained by means of DCPD method (b) on pure torsion fatigue tests. 
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Figure 4.14: Example of long-term temperature acquisition by using thermocouples (a) and potential 
ratio signal obtained by means of DCPD method (b) on multiaxial B+T, φ=0°, Λ=1 fatigue tests. 
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Figure 4.15: Example of long-term temperature acquisition by using thermocouples (a) and potential 
ratio signal obtained by means of DCPD method (b) on multiaxial B+T, φ=0°, Λ=1 fatigue tests. 
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Figure 4.16: Example of long-term temperature acquisition by using thermocouples (a) and potential 
ratio signal obtained by means of DCPD method (b) on multiaxial B+T, φ=90°, Λ=1 fatigue tests 
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Figure 4.17: Example of long-term temperature acquisition by using thermocouples (a) and potential 
ratio signal obtained by means of DCPD method (b) on multiaxial B+T, φ=0°, Λ=√3 fatigue tests 
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Figure 4.18: Example of long-term temperature acquisition by using thermocouples (a) and potential 
ratio signal obtained by means of DCPD method (b) on multiaxial B+T, φ=0°, Λ=√3 fatigue tests 
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Figure 4.19: Example of long-term temperature acquisition by using thermocouples (a) and potential 
ratio signal obtained by means of DCPD method (b) on multiaxial B+T, φ=90°, Λ=√3 fatigue tests 
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cooling gradient which only refers to a load frequency change. Furthermore, in some 
cases, the specimen was air-cooled by using a fan between two cooling gradient 
acquisitions for speeding up the fatigue tests keeping, at the same time, the temperature 
value below 55°C.  

It is worth noticing that in fatigue tests relevant to the low cycle fatigue regime 
(LCF) the temperature does not reach a stabilized value (see Fig.s (10), (17) and (19)). 
In these cases, the heating gradient before each test stop is at least 90% lower than the 
cooling gradient measured after having stopped the test. Therefore, Eq (1) can be used 
without any considerable errors.  

Looking at Fig.s (11) and (12) which are related to a plane bending and pure 
torsion fatigue test, respectively, higher load frequency was adopted in the former one 
with respect to the latter one for obtaining about the same temperature stabilization. 
This is mainly due to the fact that the cyclic plastic zone is limited in the two portions 
of volume where the maximum bending stress occurs, whereas the self-heat generation 
due to plastic strain energy dissipation in torsional cyclic loading is distributed along 
the perimeter of the net- cross section of the specimens. 

 
a) 

 

 

b) 

Figure 4.20: Cracks orientation due to cyclic plane bending.  

In Fig.s (10b-19b) the ratios between the electrical potentials measured on the 
loaded and unloaded specimen were reported against the fraction of fatigue life to 
failure N/Nf. It can be seen that the signals are affected by noise which is not typical 
in DCPD applications. However, this is probably due to the fact that DCPD is common 
applied in fatigue crack growth application as well as in fatigue testing on notched 
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specimens which allow to fix the potential probes by soldering them to the testing 
samples. Since in this application the DCPD method was applied to plain specimens 
(without notches), the potential probes could not be attached by soldering.  

The number of cycles to the crack initiation Nin was here defined as the number 
of cycles observed when the potential ratio overcome the 1% of its mean value 
evaluated between a ratio N/Nf of 0.2 and 0.75. As it can be seen from Fig.s (10b-19b), 
in all the examples Nin occurs at N/Nf approximately equal to 0.8 or even higher. 
Despite the approximated definition of Nin, by an engineering point of view, the fatigue 
life expended to initiate the failure seems to be not affected by the loading condition 
as well as Nin seems to be assumed at Nf. 

Damage analysis 
 
An analysis of the crack paths after 50% of stiffness loss was carried out by 

means of a Digital Microscope DINOLite®.  
All the directions of the failures obtained in-plane bending cyclic loading 

occurred in a plane orthogonal to the maximum principal stress as reported in the 
example in Fig. (20). 

 

a)  

b)   

c)  

Figure 4.21. Crack orientation due to cyclic pure torsion bending at LCF a) Low-Medium HF b) and 
HCF regime c).  
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Fig. (21a-c) reports the crack paths relevant to failures occurred in torsional 
fatigue tests. All the cracks initiated in a plane of maximum shear strain both in the 
LCF and HCF regimes.  

Regarding the crack orientation under different multiaxial loading conditions, as 
can be seen in Fig.s (22-25), all the failure initiated on the maximum shear planes.  

 
Λ= 1, φ=0° 

Planes of maximum shear strain 

Figure 4.22: Crack orientation due to cyclic combined bending and torsional fatigue loading 
characterized by Λ= 1, φ=0°. 

 

 

Λ= √3, φ=0° 
Planes of maximum shear strain 

Figure 4.23: Crack orientation due to cyclic combined bending and torsional fatigue loading 
characterized by Λ= √3, φ=0°. 
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Λ= 1, φ=90° 
Planes of maximum shear strain 

Figure 4.24: Crack orientation due to cyclic combined bending and torsional fatigue loading 
characterized by Λ= 1, φ=90°. 

 
Λ= √3, φ=90° 

Planes of maximum shear strain 

Figure 4.25: Crack orientation due to cyclic combined bending and torsional fatigue loading 
characterized by Λ= √3, φ=90°. 

 

4.5.2 Evaluation of the Specific heat loss per cycle Q  

 
In Fig.s (20-31) two examples of each loading condition were reported. The 

slope of a linear interpolation of the initial cooling gradient is shown in each relevant 
cooling gradient. In particular, temperature data related to about 1 s of time window 
were adopt in order to evaluate the cooling gradient. The choice of the initial time to 
interpolate the data is done by the operator, but it is easy to observe that changing the 
set of data to interpolate does not change significantly the value of the slope (i.e. the 
value of Q).  
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Figure 4.26: Example of cooling gradient measured in plane bending fatigue test and relevant Q 
evolution. 
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Figure 4.27: Example of cooling gradient measured in plane bending fatigue test and relevant Q 
evolution. 
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Figure 4.28: Example of cooling gradient measured in pure torsional fatigue test and relevant Q 
evolution. 
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Figure 4.29: Example of cooling gradient measured in pure torsional fatigue test and relevant Q 
evolution. 
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Figure 4.30: Example of cooling gradient measured in B+T, φ=0°, Λ=1 fatigue test and relevant Q 
evolution. 
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Figure 4.31: Example of cooling gradient measured in B+T, φ=0°, Λ=1 fatigue test and relevant Q 
evolution. 
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Figure 4.32: Example of cooling gradient measured in B+T, φ=90°, Λ=1 fatigue test and relevant Q 
evolution. 
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Figure 4.33: Example of cooling gradient measured in B+T, φ=90°, Λ=1 fatigue test and relevant Q 
evolution. 
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Figure 4.34: Example of cooling gradient measured in B+T, φ=0°, Λ=√3 fatigue test and relevant Q 
evolution. 
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Figure 4.35: Example of cooling gradient measured in B+T, φ=0°, Λ=√3 fatigue test and relevant Q 
evolution. 
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Figure 4.36 Example of cooling gradient measured in B+T, φ=90°, Λ=√3 fatigue test and relevant Q 
evolution. 
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Figure 4.37: Example of cooling gradient measured in B+T, φ=90°, Λ=√3 fatigue test and relevant Q 
evolution. 
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Looking at the Q evolution in Fig.s (20-31) it can be stated that Q is 

approximately constant during the fatigue test except for the results relevant to pure 
torsion (Fig.s (22, 23)) in which the Q value stabilizes approximately after one third 
of the total fatigue life of the specimens. Since Q is an indicator of plastic strain energy 
density dissipated in a cycle, this evolution of Q suggests a different cyclic behaviour 
between bending and torsional loads. 

 

 

Figure 4.38: Synthesis of Q evolutions during plane bending fatigue tests.  

 

Figure 4.39: Synthesis of Q evolutions during pure torsional fatigue tests. 

 

0.1

1

10

0 0.25 0.5 0.75 1

Q
   

[M
J/

(m
3 

ci
cl

o)
]

N/Nf

B test2 / σa=560 MPa, Nf =25964 cycles
B test3 / σa=500 MPa, Nf = 81153 cycles
B test5/ σa=620 MPa, Nf = 14887 cycles
B test6/ σa=500 MPa, RUNOUT 
B test7/ σa=560 MPa, Nf = 50596 cycles
B test8/ σa=580 MPa, Nf = 40568 cycles
B test9/ σa=520 MPa, RUNOUT

0.1

1.0

10.0

0.00 0.25 0.50 0.75 1.00

Q
   

[M
J/

(m
3 

ci
cl

o)
]

N/Nf

T test1 / τa=320 MPa, Nf = 366240 cycles
T test2 / τa=380 MPa, Nf = 11605 cycles
T test3 / τa=350 MPa, Nf = 98020 cycles



 

172 Chapter 4 

 

Figure 4.40: Synthesis of Q evolutions during combined bending and torsional fatigue test with φ=0° 
and Λ=1. 

 
 

 

Figure 4.41: Synthesis of Q evolutions during combined bending and torsional fatigue test with φ=90° 
and Λ=1  

 

0.1

1.0

10.0

0 0.25 0.5 0.75 1

Q
   

[M
J/

(m
3 

ci
cl

o)
]

N/Nf

B+T, φ=0°, Λ=1 test3 / σa=350 MPa, Nf = 3511 cycles
B+T, φ=0°, Λ=1 test4 / σa=320 MPa, Nf = 9531 cycles
B+T, φ=0°, Λ=1 test4 / σa=300 MPa, Nf = 69134 cycles

0.1

1.0

10.0

0.00 0.25 0.50 0.75 1.00

Q
   

[M
J/

(m
3 

ci
cl

o)
]

N/Nf

B+T, φ=90°, Λ=1 test1 / σa=350 MPa, Nf = 13735 cycles

B+T, φ=90°, Λ=1 test2 / σa=320 MPa, Nf = 35718 cycles

B+T, φ=90°, Λ=1 test3 / σa=380 MPa, Nf = 3300 cycles

B+T, φ=90°, Λ=1 test4 / σa=300 MPa, Nf = 100211 cycles



 

Chapter 4 173 

 

Figure 4.42: Synthesis of Q evolutions during combined bending and torsional fatigue test with φ=0° 
and Λ=√3 

 
 

 

Figure 4.43: Synthesis of Q evolutions during combined bending and torsional fatigue test with φ=90° 
and Λ=√3 

The overall results of the evolution of Q during fatigue tests for each loading 
condition considered in the present works were reported in Fig.s (38-43).  
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In agreement with the evaluation of the specific heat loss per cycle carried out 
in [8] , the Q obtained at 50% of total fatigue life was chosen as a representative value 
for the relevant fatigue test.  

 

4.5.3 Synthesis of multiaxial fatigue test results in terms of Q 

In Fig. (44) all the fatigue test results have been expressed in terms of specific 
heat loss evaluated at half the total fatigue life and compared to the existing heat 
energy-based scatter band calibrated previously [8]. Concerning the LCF regime, it 
can be noted that all the Q-based fatigue results of the type (A) specimens are in good 
agreement with the uniaxial scatter band. As to the HCF regime, it can be observed 
that the existing scatter band correlates only uniaxial, torsional and in-phase multiaxial 
fatigue tests with Λ=1. Conversely, in-phase multiaxial fatigue results with Λ = √3 as 
well as out-of-phase multiaxial data with Λ = 1 fall outside the scatter band in the non-
conservative side.  

 

 

Figure 4.44: Synthesis of fatigue test results in terms of Q, compared to the scatter band calibrated in 
[8] 

As mentioned in Paragraph 4.4, additional few uniaxial and multiaxial fatigue 
tests were carried out on thin-walled tubular AISI 304L stainless steel specimens (Fig. 
3b) for comparison purposes.  

The temperature averaged in a rectangular area at the net cross-section of the 
specimen for each frame was adopted for applying the methodology for evaluating Q. 
The infrared image at the time t* (see fig. (1b)) for each loadings condition are shown 
in Fig. (45). 
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Figure 4.45: Infrared images at time t* (see Fig. (1b)) for uniaxial (a), torsional (b), multiaxial Λ = √3 
in-phase (c) and out of phase (d) loading conditions on type B specimens. The temperature value was 

averaged within the red rectangular area for each frame. 

As done in the previous section, Fig.s (46) –(49) show the evaluation of the 
cooling gradients after a test stop. The uncommon cooling gradient of Fig. (49) is due 
to the response of the machine after triggering the stop button. This behaviour was 
observed only in the out of phase multiaxial fatigue test (axial +torsional). 

Fig (50) shows the evolution of Q during each fatigue test carried out on type B 
specimens. As observed in the results obtained for type A specimens the Q value is 
approximately constant after one third of the total fatigue life.  

 

Figure 4.46: Example of cooling gradient measured in uniaxial fatigue test (specimen B) 
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Figure 4.47: Example of cooling gradient measured in pure torsional fatigue test (specimen B) 

 

Figure 4.48: Example of cooling gradient measured in A+T, φ=0°, Λ=√3 fatigue test (specimen B) 

 

Figure 4.49: Example of cooling gradient measured in A+T, φ=90°, Λ=√3 fatigue test (specimen B) 
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Figure 4.50: Evolution of Q during uniaxial and multiaxial fatigue test on type B specimens 

 
Taking the Q value obtained at 50% of the fatigue life of the specimens, the 

results relevant to the type B specimens were compared to those relevant to type A in 
Fig. (51). As it can be seen, the red data (specimen B) confirm the results obtained on 
specimen A.  

 

 

Figure 4.51: Comparison between the results obtained on specimen A and specimen B expressed in 
terms of Q 
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Finally, this preliminary study shows that the Q parameter seems to be 
influenced by the biaxiality ratio Λ and by the phase shift angle φ. 

A possible interpretation of the unconservative value of Q related to out of phase 
loadings, in particular with Λ=√3, can be deduced from the sensitivity of metastable 
austenitic stainless steel to exhibit strain-induced martensitic transformation.  

Basically, in certain temperatures and loading condition the face-centered γ-
austenite transforms to body-centered α’-martensite which modifies significantly the 
mechanical properties due to its enhanced strength [15,16]. Furthermore, this is an 
exothermic transformation in which the relevant latent heat can alter the evaluation of 
Q [17]. Regarding uniaxial cyclic loading martensitic transformation has been 
demonstrated that depends on the cumulative plastic strain [18,19], strain amplitude 
[19–24] as well as strain rate [15]. 

Regarding multiaxial cyclic loading conditions, the cyclic behaviour of stainless 
steel varies with the grade of proportionality of the loads. In particular, the largest 
hardening can be obtained in 90° out of phase loading path due to the so-called non-
proportional additional hardening. Such behaviour is due to the rotation of maximum 
shear stress plane which increases the number of activate slip systems, dislocation 
substructures and mechanical twins [25]. In addition, high value of non-proportionality 
of the loads leads to finer and more uniformly distributed α’-martensite than to the 
proportional loading cases. 

Supported by the previous literature analysis, the non-proportional Q value could 
be affected by the α’-martensite transformation. Dedicated multiaxial fatigue tests 
should be carried out monitoring the growth rate of martensitic content by adopting, 
for instance, a magnetic induction measuring method [26].  

 

4.6 CONCLUSIONS  

In this work, the specific heat loss per cycle (Q parameter) was experimentally 
evaluated for the first time on cold drawn AISI 304L specimens subjected to multiaxial 
cyclic loads. A flexible fatigue test bench, consisting of two servo-hydraulic actuators, 
was adopted for carrying out force-controlled, completely reversed pure bending, pure 
torsion and combined bending-torsion fatigue tests (specimen’s geometry A). 
Regarding the multiaxial fatigue tests, two phase-shift angles (φ = 0°/ 90°) and two 
different biaxiality ratios (Λ=1 and Λ = √3) were analysed. For comparison purposes, 
force-controlled axial, torsional and combined axial-torsional (φ = 0°/ 90°, Λ = √3) 
completely reversed fatigue tests were also carried out on thin-walled specimens 
(specimen B).  

The long-term temperature acquisitions on specimens A showed that higher load 
frequency was needed in uniaxial cyclic tests with respect to the pure torsional tests 
for obtaining the same stabilised temperature value for the same environment testing 
condition. 
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The damage evolution of some fatigue test (i.e. the crack nucleation and 
propagation) was monitored adopting the Direct Current Potential Drop (DCPD). The 
ratio between the electrical potentials measured on the loaded and unloaded specimen 
presented an uncommon level noise. In fatigue crack growth testing, as well as in 
fatigue of notched component, the DCPD provides a better signal because of the 
possibility of soldering the potential probes close to crack without influencing the 
stress field, while it is not possible in fatigue testing of plain materials. Therefore, the 
noise of the potential ratio was due to the weak connection between the potential 
probes and the base material by adopting a silver loaded conductive epoxy glue. From 
these signals, an approximate definition of crack initiation was defined for evaluating 
the fraction of total fatigue life expended to initiate a crack. As result, the crack 
initiation occurs approximately at 80% or higher fraction of total fatigue life. Despite 
of the approximated definition of Nin, by an engineering point of view, the fatigue life 
expended to initiate the failure seems to be not affected by the loading condition as 
well as Nin seems to be assumed at Nf. 

The crack paths at failure were analysed by using a digital microscope and they 
were oriented to the maximum shear strain plane for all the loading conditions here 
considered. 

After having measured the specific heat loss during individual fatigue tests, it 
was noted that after approximately one third of the total fatigue life the Q parameter 
achieves a stationary value, which remains constant during the residual fatigue life. 
This has been observed both in the uniaxial and multiaxial fatigue tests performed in 
this contribution. 

 All fatigue test results have been summarised in terms of specific heat loss taken 
at half the total fatigue life versus the number of cycles to failure and have been 
compared with the scatter band previously calibrated on push-pull, uniaxial fatigue 
tests on plain and notched AISI 304L specimens. As expected, pure bending, axial and 
torsional fatigue data resulted in good agreement with the existing scatter band. In the 
LCF regime, a good agreement with the scatter band was found for all multiaxial 
fatigue results obtained from the type (A) specimens. The same cannot be generalized 
for the type (B) specimens due to the limited data available up to now. Conversely, 
fatigue results obtained from out-of-phase multiaxial loading conditions with Λ=1 and 
√3 as well as in-phase multiaxial with Λ= √3 fall below the previously calibrated 
scatter band. The present results suggest that for the present material the specific heat 
loss per cycle can be adopted for multiaxial stress states in the LCF regimes. Analysing 
the literature, the unconservative results obtained in this contribution seems to be 
justified by the strain-induced martensitic transformation, significantly present in out 
of phase cyclic loading condition. 
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Chapter 5: Analysis of the energy 
dissipation on thin-walled 
tubular C45 steel specimens 
subjected to multiaxial loading  

In this chapter, Q was evaluated on thin-walled C45 quenched and tempered 
steel specimens subjected to different multiaxial cyclic loading conditions. The testing 
protocol includes the analysis of in-phase (φ = 0°) as well as out-phase (φ = 90°) 
loading conditions adopting two different biaxiality ratios (Λ=1 and Λ=√3). 

In each fatigue test, 2 to 15 Q measurements were performed by using a TELOPS 
TS-IR MW infrared camera and the representative values of the test were taken at a 
fraction of total fatigue life equal to 50%. Furthermore, the plastic strain hysteresis 
energy density per cycle (ΔW) was also measured in some test to compare it with the 
relevant measured values of Q for the first time. The strain measurements were carried 
out by means of a Digital Image Correlation (DIC) system synchronized with the load 
cells of the fatigue test machine.  As a result, the experimental results expressed in 
terms of Q are in excellent agreement with the scatter band calibrated in a previous 
paper on constant amplitude, axial fatigue test results (R = -1) carried out on the same 
material. 

All this work was performed by the author at the Department of Mechanical and 
Industrial Engineering of the Norwegian University of Science and Technology NTNU 
( Trondheim, Norway) in collaboration with Prof. Filippo Berto. 

 

5.1 INTRODUCTION 

In Chapter 4, the specific heat loss Q was measured for the first time on AISI 
304L stainless steel specimens subjected to multiaxial fatigue loadings [1]. A good 
agreement in LCF regime was found between multiaxial fatigue test results expressed 
in terms of Q with the scatter band calibrated for plain and notched stainless-steel 
specimens subjected to uniaxial loading [2] (see Fig. (1)). On the contrary, the data 
obtained from out-of-phase multiaxial cyclic loads characterized by a biaxiality ratio 
equal to √3 were unconservative with respect to the theoretical prediction. A possible 
reason of these results can be attributed to the sensitivity of metastable austenitic 
stainless steel to exhibit strain-induced martensitic transformation especially in cyclic 
out-of-phase loading conditions as well as to the proportional cyclic hardening effect 
as discussed in the subparagraph 4.5.3 [3–12]. 
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The aim of the work described in this chapter is to analyse the specific heat loss 
per cycle in a quenched and tempered medium carbon steel, which is not subjected to 
remarkable phase transformation during cyclic loading like the metastable austenitic 
stainless steels. Therefore, in this work, the specific heat loss per cycle was measured 
on quenched and tempered C45 steel specimens subjected to combined axial and 
torsional cyclic loads both in-phase (φ = 0°) and out-of-phase (φ = 90°) conditions. 
Also, two different biaxiality ratios (Λ = σa/τa = 1 and Λ = √3) were analysed. 

 

 

Figure 5.1: Qualitative representation of temperature evolution during a fatigue test and evaluation of 
the cooling gradient immediately after a test stop (a). 

 
a)  b) 

 

Figure 5.2: Qualitative representation of temperature evolution during a fatigue test and evaluation of 
the cooling gradient immediately after a test stop (a). Energy-based scatter band calibrated in [13] (b). 

The cooling gradient, which occurs after having stopped the test machine, was 
measured several times during each fatigue test by using an Infrared Camera (IR). 
Then the specific heat loss per cycle was evaluated by means of Eq. (1): 
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Tc tQ
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              (1) 

 

 
where ρ is the material density, c is the material specific heat and fL is the load 

test frequency and ∂T ∂t⁄  is the initial cooling gradient after having suddenly 

interrupted the fatigue test at the time t* (see Fig. (2a)). 
Then, the fatigue test results expressed in terms of Q was compared to the 

energy-based scatter band calibrated in eight axial fatigue test in a recent paper [13] 
(see Fig. (2b)). 

Furthermore, during some LFC fatigue test the strain energy density dissipated 
in a cycle (ΔW) was evaluated and compared with the relevant Q value in order to 
determine the fraction of the mechanical input energy is dissipated as heat. In 
particular, the strain components were measured by using a 3D Digital Image 
Correlation (DIC) system.  

 

5.2 MATERIALS AND METHODS 

The material under investigation is a 25-mm bar of quenched and tempered 
medium carbon (C45) steel whose chemical composition and mechanical properties, 
taken from the datasheet, were reported in Table 1 and 2, respectively. A sample taken 
from the raw rods was sectioned in both longitudinal and transversal plane in order to 
analyse the microstructure. Both sections were polished to obtain a mirror-like 
finishing and etched by using 2% Nital. In Fig. (3) the resulting microstructure shows 
a ferrite and perlite structure without significant differences between the planes.      

Microhardness (HV0.1) was evaluated on the transversal section of the rod both 
0.5 mm far from the section edge and in the bulk of the material. At the edge, the mean 
value with one standard deviation range of five measurements resulted being equal to 
250±10, whereas in the bulk was 230±13.   

Thin-Walled tubular specimens characterised by a “hourglass”-shape in the 
gauge section were machined from the rods according to to the specimens’ geometry 
reported in Fig. (4)   

Table 5.1: Chemical composition of quenched and tempered C45 cold drawn bars from datasheet. 

C  
[wt%] 

Si  
[wt%]

Mn  
[wt%] 

Cr  
[wt%]

Mo 
[wt%]

Cu  
[wt%]

Ni  
[wt%]

P  
[wt%]

S  
[wt%] 

Al  
[wt%]

0.46 0.24 0.63 0.15 0.02 0.1 0.08 0.007 0.004 0.027

Table 5.2: Mechanical properties of quenched and tempered C45 cold drawn bars from data sheet. 

Rp.02%  

[MPa] 

UTS  

[MPa] 

A 

[%] 

Z 

[%] 

592 779 21.1 64.7 
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Figure 5.3: Microstructure of quenched and tempered C45 steel in both longitudinal and transversal 
planes.  

 

 

Figure 5.4: Specimen’s geometry adopted for multiaxial fatigue testing. 

 
Cylindrical 35 mm long pins having a diameter equal to 9.5 mm were machine 

and inserted in the gross part of the specimens to avoid deformation due to the 
clamping system of the testing machine. 

The outer and inner surface of the specimens were polished by using 
progressively finer emery paper starting from grade 400 until grade 1000. The 
roughness of both surfaces was measured in three longitudinal 5 mm long paths in the 
gauge part of 4 specimens by using a surface roughness tester Taylor Hobson precision 
– Surtronic 25. The roughness Ra of the outer and inner surface resulted to be equal to 
0.35±0.08 and 0.40 ±0.06, respectively. 

Constant amplitude, load controlled, multiaxial fatigue tests, with a stress ratio 
R equal to -1, were performed by using a servo-hydraulic MTS 809 axial/torsional test 
system controlled by a FlexTest 40 and equipped by load cells having 100 kN of axial 
load capacity and 2000 N/m of torque capacity. In-phase (φ=0°) as well as out-of-
phase cyclic axial and torsion loads were analysed adopting two different biaxiality 
ratios (Λ = σa/τa = 1 and Λ = √3). The tests were carried out adopting a load frequency 
ranging from 5-30 Hz depending on the load level applied and on the level of 
temperature stabilization which was limited to 55 °C. A 50% stiffness loss was chosen 
as a failure criterion.  

The testing protocol and the here used symbology are reported in Table 3. 
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Table 5.3: Testing protocol and symbols. 

Loading  

condition 

R Λ = σa/τa φ[°] Number of 

tests 

A: uniaxial 

T: pure torsion 

A+T: combined axial and      
torsion 

R: stress ratio 

Λ: biaxiality ratio 

φ: phase-shift angle 

A -1 ∞ \ 3 

T   0 \ 4 

A+T   1 0 8 

A+T   √3 0 8 

A+T   1 90 9 

A+T   √3 90 8 

 

5.2.1 Infrared camera setup 

The surface temperature was measured by means of a TELOPS TS-IR-MW 
infrared camera, operating at a sample frequency facq equal to 50 Hz, having a 3-5 μm 
spectral response range, 25 mm focal lens, a noise equivalent temperature difference 
(NETD) < 20 mK and an a spatial resolution of 15 μm/px. The acquisition time 
window was set equal to 10 seconds, in particular, the test stop was performed 5 
seconds after triggering the acquisition. The outer surface was covered with matte 
black paint to uniform and increase its emissivity (see Fig. (5a). The experimental 
setup is shown in Fig. (5b). 

During each fatigue test, from 2 to 15 rapid load interruptions were performed 
in order to evaluate the specific heat loss per cycle starting from the measurement of 
the initial cooling gradient. 250 frames were recorded before the interruption of the 
load and other 250 frames at zero loads (overall sampling window of 10 seconds). The 
acquisitions have been set in the full-frame mode (640x512 pixels) framing a portion 
of the specimen surface as shown in Fig. (6).  

The infrared videos were saved on the internal memory of the infrared camera 
and extracted by using Reveal IR ® software. Then, the post-processing was carried 
out by using a Matlab ® script, properly developed to evaluating the specific heat loss 
per cycles.  

The time-variant temperature profile was generated taking the averaged 
temperate value within a rectangular area (see Fig (6)) on each frame. 

5.2.2 Digital Image Correlation system setup 

In one fatigue test per each loading condition, the cyclic strain components were 
measured by using a Digital Image Correlation (DIC) 3D system synchronised with 
the load cells of the test machine. The setup consists of two Stingray cameras, equipped 
by 75-mm lenses and an acquisition unit connected to the cameras and loads cells. A 
schematic illustration of the setup and a picture of the equipment is shown in Fig (7). 
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Correlated Solution® SNAP-3D software was used for storing the data, while VIC-
3D® was adopted for the post-processing. 

 
a) 

 
b) 

 

 

Figure 5.5: Black painted specimens surface (a) and experimental setup for evaluating the specific 
heat loss per cycles (b) at Fatigue Lab of NTNU (Norway). 

Infrared 
camera black painted 

specimen 
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Figure 5.6: Portion of surface area framed by the infrared camera with the relevant temperature map 
recorded by the infrared camera. The selected rectangular area at the net section of the specimens for 

extracting the mean temperature value. 

In these dedicated tests, the specimen's surface dedicated to strain measurement 
was first white-coated and then a black refined speckle pattern was created by an 
airbrush gun (see Fig (8)). 

DIC 3D systems require a calibration which involves moving, imaging, and 
analysing a rigid calibration target in front of a stereo camera pair. Therefore, before 
mounting the specimens on the test machine 30 pairs of images of the calibration target 
with orientation and position within the field of view were taken and given in input to 
the calibration tools of VIC 3D. Some examples of calibration images were reported 
in Fig. (9).   

Before each fatigue test, the reference image was taken with zero axial and 
torsional load applied.  

The test procedure consists in: 
1. run the fatigue test at a load frequency ranging from 5-30 Hz depending 

on the load level applied; 
2. trigger the test stop for evaluating the cooling gradient (to evaluate Q) 
3. change the load frequency to 0.1 Hz; 
4. Recording images related to one loading cycle by using SNAP-3D 

adopting acquisition frequency equal to 7 Hz; 
5. change the frequency to the same value of point 1;  
6. repeating from points 1 to 5 until specimen failure. 

 
The DIC analyses were carried out adopting a subset size ranging from 48 to 52 

pixels and a step size equal to 8 in a rectangular area embracing the net cross-section 
of the specimen as represented in Fig. (10). These values were obtained by using the 
Subset Size Suggestion tool of VIC 3D ® before each DIC analysis. 

313 300 K
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a) 

 
 
 
b) 
 

 

Figure 5.7: Schematic illustration of the experimental setup for evaluating Q and ΔW (a) and picture 
of the DIC system adopoted (b). 
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Figure 5.8: Example of speckle pattern.  

 
 
 
 

   

Figure 5.9: Examples of DIC calibration images of the calibration target.  

 
 
 
 

 

Figure 5.10: Picture taken by the DIC cameras. The correlation algorithm was run within the black 
rectangular area adopting a subset size of 50 pixels. 
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5.3 DAMAGE ANALYSIS 

a) Axial, Nf = 3.87·105 cycles 

 

Plane of maximum principal strain 

b) Axial, Nf = 5.54·104 cycles 

 

Plane of maximum principal strain 

c) Pure torsion, Nf = 3.87·105 cycles 

  

Planes of maximum shear strain 

d) Pure torsion, Nf = 1.21·103 cycles 

  

Planes of maximum shear strain 

Figure 5.11: crack paths relevant to uniaxial (a,b) and pure torsion (c,d) loading conditions. 
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a) A+T, Λ= 1, φ=0° Nf = 4.27·105 cycles

 

Planes of maximum shear strain 

b) A+T, Λ= 1, φ=0° Nf = 3.06·104 cycles 

 

Planes of maximum shear strain 

c) A+T, Λ= √3, φ=0° Nf = 5.12·105 cycles

  

Planes of maximum shear strain 

d) A+T, Λ= √3, φ=0° Nf = 3.54·104 cycles 

 

Planes of maximum shear strain 

Figure 5.12: crack paths relevant to multiaxial A+T, Λ= 1, φ=0° (a,b) and A+T, Λ= √3, φ=0° (c,d) 
loading conditions 
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a) A+T, Λ= 1, φ=90° Nf = 1.04·104 cycles 

 

Planes of maximum shear strain 

b) A+T, Λ= 1, φ=90° Nf = 5.19·104 cycles 

 

Planes of maximum shear strain  

c) A+T, Λ= √3, φ=90° Nf = 5.19·104 cycles 

 

Planes of maximum shear strain  

d) A+T, Λ= √3, φ=90° Nf = 1.18·104 cycles 

 

Planes of maximum shear strain  

Figure 5.13: crack paths relevant to multiaxial A+T, Λ= 1, φ=90° (a,b) and A+T, Λ= √3, φ=90° (c,d) 
loading conditions 

An analysis of the crack paths after 50% of stiffness loss was carried out by 
means of a Digital Microscope DINOLite®. 
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All the directions of the failures obtained from uniaxial cyclic loading occurred 
in a plane orthogonal to the maximum principal stress as reported in the example in 
Fig. (11a,b). In particular Fig. (11b) shows an example of multi crack initiation at the 
net cross-section of the specimens. 

Fig. (11c,d) reports some example of the crack paths relevant to failures occurred 
in torsional fatigue tests. All the cracks initiated in a plane of maximum shear strain 
both in the LCF and HCF regimes. Fig. (11c) highlights the propagation of the crack 
on mutual planes of maximum shear strain. 

Regarding the crack paths relevant to proportional multiaxial loading conditions, 
as can be seen in Fig.s (12a-d), all the failure initiated on the maximum shear planes.  

Since the direction of maximum principal stresses changes over a loading cycle 
in out-of-phase multiaxial fatigue testing the failure direction can occur within an 
interval of angle. Typically, the plane of maximum shear strain amplitude is the crack 
initiation plane, then the crack follows different directions which depend on the local 
stress level. In Fig. (13), most of the failures start in the maximum shear strain plane 
(Fig. (13b-d)), except for the only case of high out-of-phase load level with Λ= 1 (Fig. 
13a).  

 

5.4 FATIGUE TEST RESULTS 

All the fatigue test results are reported in terms of nominal net-section stress 
amplitude in Fig. (14).  

 

 

Figure 5.14: Fatigue test results in terms of nominal net-section stress amplitude 
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In particular, in the case of torsional fatigue tests results, they were plotted in 

terms of net-section shear stress amplitude assumed uniformly distributed over the 
cross-section and adopting Eq. (2): 

 

  2
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16 
 

  en
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in en in
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d d d d
        (2) 

 

where Mt,a, den and din are the applied torque amplitude, the outer and inner 
diameters of the net-cross-section, respectively. 

In Fig. (14) the test series relevant to multiaxial loading condition were statically 
analysed to determine the fatigue curves to the 50% of survival probability setting the 
upper limit to 2·106 cycles.  

Analysing the multiaxial curves, the lowest fatigue strength was obtained in 
proportional fatigue testing with Λ= 1 tests. For the same Λ, out-of-phase loading 
presents a fatigue strength of 8% higher. Proportional loading condition resulted more 
damaging also in multiaxial fatigue with Λ= √3 which is characterized by a fatigue 
strength at 2·106 cycles 14% lower than the relevant out-of-phase loads. 

 
 

5.4.1 Cooling gradient evaluation and evolution of Q during fatigue tests  

In Fig.s (15-26) two examples per each loading condition of cooling gradient 
and evolution of Q during the relevant fatigue test were reported. The slope of a linear 
interpolation of the initial cooling gradient is shown in each relevant cooling gradient. 
In particular, temperature data related to about 0.4 s of time window were adopt in 
order to evaluate the cooling gradient. The choice of the initial time to interpolate the 
data is done by the operator, but it is easy to observe that changing the set of data to 
interpolate does not change significantly the value of the slope (i.e. the value of Q) 

The Q evolutions reported in Fig.s (15-26) are related to fatigue tests in which 
the failure occurred. Regarding all the tests characterized by a number of cycles to 
failure ranging from 103 and 3·105, Q is approximately constant during the whole tests, 
whereas for a number of cycles to failure ranging from 3·105 and 106 it tends to stabilise 
after one third of total life.  
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Figure 5.15: Example of cooling gradient measured of axial fatigue test and relevant Q evolution. 
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Figure 5.16: Example of cooling gradient measured of axial fatigue test and relevant Q evolution. 
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Figure 5.17: Example of cooling gradient measured of pure torsion fatigue test and relevant Q 
evolution. 
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Figure 5.18: Example of cooling gradient measured of pure torsion fatigue test and relevant Q 

evolution. 
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Figure 5.19: Example of cooling gradient measured in A+T, φ=0°, Λ=1 fatigue test and relevant Q 
evolution 
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Figure 5.20: Example of cooling gradient measured in A+T, φ=0°, Λ=1 fatigue test and relevant Q 
evolution. 
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Figure 5.21: Example of cooling gradient measured in A+T, φ=0°, Λ=√3 fatigue test and relevant Q 
evolution. 
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Figure 5.22: Example of cooling gradient measured in A+T, φ=0°, Λ=√3 fatigue test and relevant Q 
evolution. 
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Figure 5.23: Example of cooling gradient measured in A+T, φ=90°, Λ=1 fatigue test and relevant Q 
evolution. 
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Figure 5.24: Example of cooling gradient measured in A+T, φ=90°, Λ=1 fatigue test and relevant Q 
evolution. 
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Figure 5.25: Example of cooling gradient measured in A+T, φ=90°, Λ=√3 fatigue test and relevant Q 
evolution. 
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Figure 5.26: Example of cooling gradient measured in A+T, φ=90°, Λ=√3 fatigue test and relevant Q 
evolution. 
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Fig.s (27-31) show the synthesis of the evolution of Q for each loading condition. 
The results obtained for uniaxial and torsional loads (Fig. (27)). Focusing on multiaxial 
tests, a different behavior between runout fatigue tests with Λ =1 and Λ = √3 can be 
observed. The Q evolutions of runout specimens subjected to a Λ =1 (Fig. (28) and 
(30)) presented high values at the beginning of the test and then they decreased until 
2·106 cycles. Conversely, runout fatigue tests with Λ = √3 showed an initial increment 
until they reach a maximum value at about 20% of 2·106 cycles and then a slight 
decrease occurred. The latter case was also observed in the fatigue test results obtained 
on fully-reversed axial fatigue tests carried out on the same material in [13]. This 
suggests a different cyclic behavior, exclusively in the HCF regime, between axial and 
torsional cyclic loading and the biaxiality ratio is the parameter that determines the 
cyclic evolution mode. Furthermore, having set the runout at 2·106 cycles the stabilized 
Q value could be reached for a higher number of cycles to failure assuming that the 
plateau of the nominal stress amplitude fatigue curve occurs at about 107 cycles. 
According to the latter hypothesis, the Q value obtained at 106 cycles in runout tests is 
an engineering approximation. 

 
 

 

Figure 5.27: Synthesis of Q evolutions during axial and pure torsion fatigue tests. 
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Figure 5.28: Synthesis of Q evolutions during combined axial and torsional fatigue test with φ=0° and 
Λ=1 

 

 

Figure 5.29: Synthesis of Q evolutions during combined bending and torsional fatigue test with φ=0° 
and Λ=√3 
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Figure 5.30: Synthesis of Q evolutions during combined bending and torsional fatigue test with φ=90° 
and Λ=1 

 

Figure 5.31: Synthesis of Q evolutions during combined bending and torsional fatigue test with φ=90° 
and Λ=√3 

 

0.01

0.1

1

10

0 0.25 0.5 0.75 1

Q
   

[M
J/

(m
3 

cy
cl

e)
]

N/Nf

A+T, φ=90°, Λ=1 test1/ σa= 220 MPa, RUNOUT
A+T, φ=90°, Λ=1 test1_RT/ σa= 280 MPa, Nf = 9975 cycles
A+T, φ=90°, Λ=1 test2/ σa=260 MPa, Nf = 10424 cycles
A+T, φ=90°, Λ=1 test3/ σa=240 MPa, Nf = 8792 cycles
A+T, φ=90°, Λ=1 test5/ σa= 230 MPa, RUNOUT
A+T, φ=90°, Λ=1 test6/ σa= 240 MPa, Nf = 51910 cycles
A+T, φ=90°, Λ=1 test8/ σa= 235 MPa, RUNOUT
A+T, φ=0°, Λ=1 test9/ σa= 250 MPa, Nf = 7019 cycles

0.01

0.1

1

10

0 0.25 0.5 0.75 1

Q
   

[M
J/

(m
3 

cy
cl

e)
]

N/Nf
A+T, φ=90°, Λ=√3 test2/ σa= 310 MPa, RUNOUT
A+T, φ=90°, Λ=√3 test3/ σa= 350 MPa, Nf = 47982 cycles
A+T, φ=90°, Λ=√3 test4/ σa= 370 MPa, Nf = 34394 cycles
A+T, φ=90°, Λ=√3 test5/ σa= 380 MPa, Nf = 11788 cycles
A+T, φ=90°, Λ=√3 test6/ σa= 340 MPa, Nf = 86000 cycles
A+T, φ=90°, Λ=√3 test8/ σa= 320 MPa, Nf = 843736 cycles
A+T, φ=90°, Λ=√3 test9/ σa= 400 MPa, Nf = 8028 cycles
A+T, φ=90°, Λ=√3 test10/ σa= 340 MPa, Nf = 41444 cycles



 

212 Chapter 5 

5.4.2 Strain energy density dissipated in a cycle ΔW 

In one test of each loading condition the strain energy density dissipated in a 
cycle (ΔW), was evaluated several times during the fatigue test by measuring the strain 
components with a DIC system.  

A typical strain map of both εyy and εxy corresponding to the maximum loads 
applied in an A+T, φ=0° and Λ= 1 test was reported in Fig (32). It’s worth noticing 
that the correlation was carried out in a portion of the frame localised at the net cross-
section of the specimen due to the curvature of the surface and for reducing out-of-
plane deformation error. Furthermore, the εxy output corresponds to the commonly 
used definition of tangential strain in continuum mechanics γxy/2. 

The εyy and εxy (or γxy/2) averaged in an area placed at the net cross-section were 
fitted in the time domain by a cubic spline function in order to eliminate the noise of 
the cyclic strain measurements. Some examples of the comparison between raw 
averaged εyy and γxy/2 and the relevant fitting are reported in Fig. (33) 

After that, the fitted strain components were cross plotted with the relevant stress 
component and the ΔW was numerically evaluated as follows:  

 

yy yy xy xy axial tors

cycle cycle cycle

W d d 2 d( 2) W W                       

 (3) 
 
In Fig.s (34-39) shows an example per each loading condition the hysteresis 

cycles for a certain fraction of fatigue life of the relevant specimen. 
 
 

 

Figure 5.32: Example of strain maps relevant to the fatigue tests A+T, φ=90°, Λ=√3 test 8 (See Fig. 
28). 

 

averaged εyy averaged γxy/2 
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Figure 5.33: Comparison between the raw DIC data and cubic spline fitting of A+T, φ=0°, Λ=1 test 8 
(See Fig. 28). 
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Figure 5.34: Hysteresis cycle during axial fatigue test Axial_test4. 

 

 

Figure 5.35: Hysteresis cycle during axial fatigue test Torsional_test4 . 
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Figure 5.36: Hysteresis cycles during multiaxial fatigue test A+T, φ=0°, Λ=1 test 8 . 

 

 

Figure 5.37: Hysteresis cycles during multiaxial fatigue test A+T, φ=0°, Λ=√3 test 9  
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Figure 5.38: Hysteresis cycles during multiaxial fatigue test A+T, φ=90°, Λ=1 test 9 (See Fig. 30) 

 
 

 

Figure 5.39: Hysteresis cycles during multiaxial fatigue test A+T, φ=90°, Λ=√3 test 10 (See Fig. 31) 
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Figure 5.40: Evolution of ΔW and Q during axial and torsional fatigue tests. 

 

 

Figure 5.41: Evolution of ΔW and Q during multiaxial fatigue tests subjected to proportional loading 
condition. 

0.100

1.000

10.000

0 0.2 0.4 0.6 0.8 1

Q
, Δ

W
 [

M
J/

m
3 c

yc
le

]

N/Nf

ΔW

Q

ΔW

Q

Axial

Torsional

0.1

1

10

0.00 0.25 0.50 0.75 1.00

Q
, Δ

W
 [

M
J/

m
3 c

yc
le

]

N/Nf

ΔW Q

ΔW Q

A+T, φ=0°, Λ=1

A+T, φ=0°, Λ=√3



 

218 Chapter 5 

 

Figure 5.42: Evolution of ΔW and Q during multiaxial fatigue tests subjected to out-of-phase loads. 

  

Table 5.4: Data results of Q and ΔW. 

Loading 
condition 

φ [°] Λ σa 

[MPa] 
τa 

[MPa] 
Nf 

[cycles] 
N/Nf Q 

[MJ/m3cycle] 
ΔW 
[MJ/m3cycle] 

Q/ ΔW 
[%] 

Axial / ∞ 390 0 5.5·104 0.18 0.214 0.418 51 
      0.44 0.266 0.405 66 
      0.65 0.255 0.357 71 
      0.92 0.261 0.326 80 

Torsion / 0 0 220 1.6·104 0.10 1.654 1.723 96 
      0.22 1.480 1.624 91 
      0.35 1.403 1.482 95 
      0.57 1.401 1.492 94 
      0.94 1.615 1.891 85 

A+T 0 1 240 240 5.8·103 0.13 1.730 1.94 89 
      0.36 1.845 2.12 87 
      0.66 1.718 2.00 85 

A+T 90 1 250 250 7.0·103 0.17 0.829 1.13 73 
      0.42 1.175 1.53 77 
      0.67 1.217 1.60 76 

A+T 0 1.73 330 190.8 1.2·104 0.33 1.023 1.313 75 
      0.75 0.960 1.172 78 

A+T 90 1.73 340 196.5 4.1·104 0.14 0.208 0.381 55 
      0.42 0.285 0.413 69 
      0.69 0.257 0.427 60 

  
The evolutions of ΔW during axial, pure torsion and multiaxial fatigue test were 

reported in Fig. (38-42), whereas the ratios Q/ ΔW are summarised in Table 4. From 
Fig. (38-42) it can be observed that the trend of ΔW follows the one relevant to Q and 
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they are both approximately constant during all fatigue tests. Furthermore, the 
difference between ΔW and Q seems to depend on the biaxiality ratio. Indeed, the 
lowest Q/ ΔW (51%) was obtained in axial fatigue tests while the highest one (96%) 
was measured in pure torsion cyclic test. Intermediate values were obtained in 
multiaxial loading condition and in particular if Λ is equal to 1, the Q/ ΔW values tend 
to those obtained in torsional fatigue tests, otherwise, they tend to those obtained in 
axial fatigue tests. Concerning the phase-shift, about 10 % lower value were observed 
in out-of-phase loading condition with respect to the proportional load for the same Λ. 

Indeed, some studies [14] demonstrate that steels having finer grain size and high 
hardness value are less sensitive to non-proportional cyclic hardening that can be noted 
in a further decreasing of strain energy density dissipation as well. Since the 90◦out-
of-phase loading generates the maximum degree of non-proportionality because of the 
wide range slip systems activated caused by continuous rotation of maximum shear 
plane in all directions, the dislocation in steels having finer grain size cannot split 
easily with respect to those with coarse grain microstructure [14]. 

5.4.3 Synthesis of the fatigue test results in terms of Q 

In Fig. (44) all the fatigue test results have been expressed in terms of specific 
heat loss evaluated at half the total fatigue life and compared to the existing heat 
energy-based scatter band calibrated previously on few axial fatigue test results [13]. 
On the contrary to the outcomes obtained for AISI 304L steel specimen (Chapter 4), 
all the fatigue test results on Q+T C45 steel resulted in excellent agreement with the 
predicting scatter even for out-of-phase loading condition data.  

 

 

Figure 5.43: Synthesis of fatigue test results in terms of Q, compared to the scatter band calibrated in 
[13]. 
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Figure 5.44: Synthesis of fatigue test results in terms of equivalent Von Mises stress amplitude, 
compared to the scatter band calibrated in [13]  

 
It is worth noticing that the scatter band was calibrated with 8 axial fatigue test 

results data expressed in terms of energy which lead to an energy-scatter index TQ 
equal to 3.49 and a life-scatter index TN,Q equal to 7.22.  

For comparative purposes, in Fig. (44) the axial fatigue tests results expressed in 
terms of nominal stress amplitude with the relevant calibrated scatter band were 
reported and compared to the fatigue test results obtained in this work expressed in 
terms of Von Mises equivalent stress amplitude σea,VM [13]. Since σea,VM does not 
include the phase-shift effect, so non-proportional data were not reported in Fig. (44). 
It is worth noticing that although the sigma scatter index Tσ (Fig. (44)) is about 3 times 
lower than the energy-based one (TQ), the life scatter index is 2 times higher than the 
relevant energy ones. Furthermore, from Fig (44) it can be noted that the torsional 
fatigue tests in terms of σea,VM are synthesised in the stress-based scatter, whereas the 
predictions are conservative of about a factor 46 in fatigue life considering the 
proportional multiaxial fatigue test results.  

 

100
1.E+03 1.E+04 1.E+05 1.E+06

 E
Q

,V
M

[M
P

a]

Nf, number of cycles to failure

Uniaxial data from [13]

A

T

A+T, φ = 0°, Λ=1 

A+T, φ = 0°, Λ=√3 

C45 steel
R=-1

Scatter band: 10-90% PS from [13].
k=24.5, Tσ=1.1, TN,σ=11.1
σA,50%=322 MPa
NA=2·106 cycles, R=-1

present work



 

Chapter 5 221 

 

Figure 5.45:  Comparison with the scatter band previously calibrated in [13], and that one calibrated 
on all the data obtained in the present work.  

 
In order to validate the energy-scatter band previously calibrated in [13], a new 

one was statistically evaluated on all the data obtained in the present work and axial 
data from taken from [13] and reported in Fig. (45). It is worth noticing that the scatter 
indexes TQ and TN,Q were reduced to 3.06 and 5.09, respectively. Slightly changes 
were also obtained both in inverse slope k and in Q limit of 50% of survival probability 
QA,50%. However, the new energy-based scatter band is included in the previous one 

demonstrating the capability of the specific heat loss per cycle to synthesise uniaxial 
as well as multiaxial loading condition at least for the present material.   

 

5.5 DISCUSSION 

As already stated in the paragraph “Discussion” of Chapter 3, the Q evaluation 
by using the cooling gradient technique requires validations in order to highlight the 
capability and any limitations of the method. In Chapters 4 and 5, an huge amount of 
data were obtained to extend the applicability of the method to multiaxial stress state.  

In addition to the advantages and limitations summarised in Chapter 3, an update 
has been reported in the following:  

 the Q parameter can also synthesise multiaxial fatigue test results on 
materials which are not sensitive to change of phase due to plastic 
deformation (like the C45 steel) in the same scatter band calibrated on few 
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axial fatigue data. This is currently valid for the multiaxial loading condition 
analysed in the present work. 

 It was demonstrated that most of the mechanical input energy is dissipated 
as heat for the C45 steel.  

 
However, in the case of multiaxial fatigue tests carried out on AISI 304L 

stainless steel (sensitive to strain-induce martensitic transformation during multiaxial 
fatigue test), the method is still valid only in the LCF regime.    

    

5.6 CONCLUSIONS 

In this work, the specific heat loss per cycle (Q parameter) was experimentally 
evaluated for the first time on thin-walled quenched and tempered C45 steel specimens 
subjected to multiaxial cyclic loads. Force-controlled axial, torsional and combined 
axial-torsional completely reversed fatigue tests were carried out considering both 
proportional (φ = 0°) and out-of-phase (φ = 90°) loading conditions adopting two 
different biaxiality ratios (Λ = σa/τa = 1 and Λ = √3). In addition, in some tests the 
strain energy density dissipated per cycle ΔW by adopting a Digital Image Correlation 
DIC system synchronized with the load cells of the test machine in order to verify how 
much of the mechanical input energy is dissipated as heat. 

Having imposed the 50% of stiffness loss as a failure criterion, the crack paths 
at failure were analysed by using a digital microscope and they were oriented to the 
maximum shear strain plane for all the loading conditions except in some cases related 
to 90° out-of-phase loading condition. 

After having measured the specific heat loss during individual fatigue tests, it 
was noted that as regards the tests characterized by a number of cycles to failure 
ranging from 103 and 3·105, Q is approximately constant during the whole tests, 
whereas for a number of cycles to failure ranging from 3·105 and 106 it tends to stabilise 
after one third of total life. Different behavior between runout fatigue tests with Λ =1 
and Λ = √3 was observed. The Q evolutions of runout specimens subjected to 
multiaxial Λ =1 (Fig. (28) and (30)) presented high values at the beginning of the test 
and then they decreased until 2·106 cycles. Conversely, runout fatigue tests with Λ = 
√3 showed an initial increment until they reach a maximum value at about 20% of 
2·106 cycles and then a slight decrease occurred. These behaviors of Q in runout tests 
can be attributed to the fact that having set the runout at 2·106 cycles, the stabilized Q 
value could be reached for a higher number of cycles to failure assuming that the 
plateau of the nominal stress amplitude fatigue curve occurs at about 107 cycles. 

As regards the ΔW measured on one fatigue test per each loading condition, it 
resulted approximately constant during fatigue as the relevant Q value. In particular, 
the evolutions of the ratio Q/ΔW show a dependency on the biaxiality ratio, Λ, in 
which the lowest value was observed in axial fatigue test while the highest in torsional 
fatigue test.  



 

Chapter 5 223 

 All fatigue test results have been summarised in terms of specific heat loss taken 
at half the total fatigue life versus the number of cycles to failure and have been 
compared with the scatter band previously calibrated on few axial fatigue tests on the 
same material. An excellent agreement between all experimental data and the 
predicting scatter band was observed. 
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Chapter 6: Analysis of defects influence on 
structural durability of 
maraging steel specimens 
produced by additive 
manufacturing  

The effect of building orientation and ageing heat treatment on the fatigue 
strength of the first batch of additively manufactured (AMed) maraging steel 
specimens will be summarized in the introduction of this chapter. The main outcome 
of this preliminary study highlighted the importance of adopting a local damage 
parameter due to the presence of defects within AMed materials, such as the maraging 
steel, here considered. Since the defects can be considered as a short crack-like, Linear 
Elastic Fracture Mechanic (LEFM) approaches are more suitable than classical 
nominal approaches to characterize the fatigue behavior of AMed material. Therefore, 
Stress Intensity Factor (SIF) based on the Murakami’s parameter √area was selected 
as a fatigue damage parameter.   

New axial fatigue tests were carried out on three batches of AMed maraging 
steel specimens produced by two different AM systems (EOS Gmbh and SISMA 
SpA). Furthermore, axial fatigue tests were carried out on wrought maraging steel 
specimens both in annealed and in aged condition. After failure, the √area of the killer 
defects was examined by SEM observations of the fracture surfaces.  A stress intensity 
factor-based design curve for all the test series was obtained taking into account the 
short crack effect by means of the El-Haddad-Smith-Topper model. Due to the lack of 
expensive experimental data to determine the relevant material length parameter a0, a 
novel rapid method to approximately evaluate a0 has been proposed. In particular, it 
consists in matching El-Haddad-Smith-Topper model with Murakami’s expression of 
the threshold range of mechanically short cracks. The advantage of the adopted 
engineering approach is that only Vickers hardness of the material is necessary. 
Theoretically, this rapid method can be also adopted to estimate the size of the control 
volume of the averaged SED approach due to the analogy of the latter to the material 
length parameter a0. In the end, the stress intensity factor-based design curve was 
adopted to estimate the fatigue strength of sharp V-shaped notches characterized by a 
reduced notch opening angle. 

This chapter is referred to the following author’s papers: 
 

[1] Meneghetti G, Rigon D, Cozzi D, Waldhauser W, Dabalà M. Influence of build orientation on static 
and axial fatigue properties of maraging steel specimens produced by additive manufacturing. Procedia 
Struct Integr 2017;7:149–57. doi:10.1016/j.prostr.2017.11.072. 
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[2] Meneghetti G, Rigon D, Gennari C. An analysis of defects influence on axial fatigue strength of 
maraging steel specimens produced by additive manufacturing. Int J Fatigue 2019;118:54–64. 
doi:10.1016/j.ijfatigue.2018.08.034. 

 

6.1 INTRODUCTION 

 Maraging steels grade 300 (or 18Ni 300) is a high-strength material adopted in 
aeronautical and tool fields for its superior properties such as high ductility, high yield 
stress, good hardenability, good weldability and simple heat treatment without 
deformations. Maraging steel 300 is also one of the materials that can be produced by 
additive manufacturing systems. 

Several studies can be found on literature about the influence of the main process 
parameter on mechanical properties [3], the influence of the building orientation on 
rotating bending High Cycle Fatigue (HCF) [4] as well as on Low Cycle fatigue 
strength of AMed maraging steels [5].  

According to the authors knowledge, there is a lack of data in the literature 
concerning axial fatigue strength of AMed maraging steel. Therefore, in a recent paper 
[1] tensile static tests and fully reversed (R = -1), load-controlled axial fatigue tests 
were performed on cylindrical specimens additively manufactured by DMLS by 
adopting EOS maraging steel MS1 powder, whose chemical composition is reported 
in Table 1. The adopted specimen’s geometry is shown in Fig.1a. Specimens were 
manufactured by using an EOSINT M280, adopting a set of parameters called 
“Performance 1.0” as optimized by EOS GmbH with the aim of obtaining the best 
compromise between the manufacturing time and the resulting mechanical properties 
as stated in the AM system datasheet.  

The specimens were built with their axis oriented at 0° and 90° with respect to 
the building direction (Z-axis Fig. (1b)), by setting a layer thickness equals to 40 µm, 
a laser power of 400 W. After manufacturing, half of the specimens, i.e. 24 specimens, 
were subjected to age hardening heat treatment at 490 °C for 6 hours, followed by air 
cooling as recommended by the powder manufacturer, while the remaining half of 
them were kept in as-built conditions.  

Table 6.1: Chemical composition of EOS maraging steel MS1 powder from technical EOS datasheet. 

Fe  Ni Co Mo Ti Al Cr Cu C Mn Si P S 
(wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) (wt-%) 

balance 17-19 8.5-9.5 4.5-5.2 0.6-0.8 0.05-
0.15 

≤ 0.5 ≤ 0.5 ≤ 0.03 ≤ 0.1 ≤ 0.1 ≤ 0.01 ≤ 0.01 

 
Then, the specimens were detached from the building platform by using a liquid-

cooled band saw and after that, the lattice supports were removed by using an abrasive 
grinding wheel. The specimen’s surface has been accurately polished by using 
progressively finer emery paper, starting from grade 100 up to grade 800.  
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Figure 6.1: Specimen's geometry adopted for tensile static and fatigue tests on maraging steel 
produced by DMLS, and (b) two building platforms with the specimens produced by DMLS having 

specimen’s axis oriented at 0° and 90° with respect to the building direction (z axis). [1] 

Due to residual stresses formed during the manufacturing process, specimen 
distortions were observed after detaching them from the platform. Therefore, the 
resulting deflection fa (see Fig. (2a)) was measured by clamping one side of each 
specimen and by using a digital dial gauge in contact with the opposite side of the 
specimen. Distortion caused a secondary bending when specimens are clamped in the 
axial test machine grips, thus resulting in a mean axial strain, which was measured by 
using KYOWA strain gauges having a gauge length of 3 mm. Strain measurements 
were performed only for selected specimens having different values of deflection fa so 
that the relation between fa and the mean strain could be determined. The strain gauges 
have been applied in the middle of the specimen at locations A and B, as shown in Fig. 
(2a-b).  

 

Figure 6.2: (a) Location of strain gauges adopted to evaluate the correlation between deflection fa and 
mean axial strain induced by clamping in the axial machine grips and (b) example of a specimen with 

a strain gauge placed at point A. [1] 

Each test series can be identified according to the nomenclature 
AD_0°/90°_NT/T_specimen’s_number, where AD represents the additively 
manufactured series, 0° and 90° are the orientations of the building directions with 
respect to the specimen’s longitudinal axis, while NT and T identify the series tested 
in the as-built and in the heat-treated conditions, respectively. 

The range of Ra and the deflection fa values as obtained for each test series are 
summarized in Table 2. It should be noted that the deflection values fa obtained from 
heat-treated specimens (T) were lower than those obtained from as-built specimens 
since residual stresses induced by DMLS process are likely to be relieved by the aging 
treatment. 

fa 

strain gauges positions 
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Table 6.2: Roughness and deflection range values. [1] 

Series identifier Ra * fa° 

 [µm] [mm] 

AD_0°_NT_# 0.45-0.77 0.22-1.03 

AD_0°_T_# 0.53-0.52 0.11-0.25 

AD_90°_NT_# 0.36-0.56 0.58-0.98 

AD_90°_T_# 0.25-0.57 0.27-0.57 

* Measurements carried out for 5 specimens per series 
° Measurements carried out for all specimens 

 
 
a) 

 

b)  

Figure 6.3: (a) An example of strain measurement at the midpoint of the inner side of the specimen 
curvature (point A) and at the opposite side (point B) during the specimen clamping on the test 
machine and (b) correlation between mean strain measurements at point A and deflection fa for 

selected specimens. [1] 

 
Fig. (3a) reports the strain measurements at points A and B referred to a 

specimen with fa = 0.53 mm before and after clamping. As expected, after clamping 
plane bending was induced, being εm almost equal in modulus but with opposite sign 
at points A and B. Fig. (3b) reports the correlation between the axial strain εmA as 
measured at point A and the bending deflection fa for selected specimens.  

6.1.1 Static mechanical properties of AMed maraging steel 300  

A tensile stress-strain curve obtained from the static test of one specimen for 
each test series is reported in Fig. (4a). The starting point of the dashed lines is the 
point when the extensometer was removed, as its full scale having been achieved. The 
mechanical properties obtained from the tensile tests are reported in Fig. (4b) for each 
test series. As a result, the Young’s modulus E, the yield strength σp,02 and the ultimate 
tensile strength σR were in good agreement with those reported in [3]. Fig. 4b also 
reports the values of elongation after fracture εR, which were higher than those reported 
in [3]. 
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Spec. code E σR σp0,2 εR

[GPa] [MPa] [MPa] [%]

AD_0°_NT_7 169 1213 1120 33.6%

AD_0°_NT_8 169 1220 1130 36.2%

AD_0°_T_2 187 2029 1950 10.3%

AD_0°_T_11 189 2038 1970 9.30%

AD_90°_NT_1 171 1215 1030 29.1%

AD_90°_NT_4 170 1190 1035 29.7%

AD_90°_T_4 187 2055 1950 14.3%

 

Figure 6.4: (a) Stress-strain curves of the DMLS specimens tested in the as-built (not-treated NT) and 
aged (treated T) conditions with different building orientation (0° and 90°) and (b) summary of 

mechanical properties. [1] 

6.1.2 Fatigue strength of AMed maraging steel 300  

The experimental results obtained from fully reversed (R=-1) load-controlled 
fatigue tests, were presented in Fig. (5a) for the four tests series in terms of nominal 
stress amplitude. In order to take into account the different mean stresses caused by 
specimens’ distortion illustrated previously, the SWT parameter was evaluated for 
each specimen at the crack initiation point (Fig (5b)) [6]. 

For comparison purposes, Fig. (5a) and (b) reported also push-pull axial fatigue 
data relevant to vacuum melted maraging steel 300 in dry argon environment [7], 
tested under both annealed (1 h at 820 °C air-cooled) or annealed followed by aged 
condition (3 h at 480 °C air-cooled). In Fig. (5b) it is worth noting that the AM fatigue 
test results are closer to the results of the vacuum melted maraging steel with respect 
to those in terms of nominal amplitude stress, but the scatters of the single series are 
not decreased. More precisely, by taking the fatigue strengths at 5.0·105 cycles as 
reference values, the test series AD_0°_NT and AD_90°_NT show 72% and 33% 
lower fatigue strength with respect to that of vacuum melted maraging in the annealed 
condition, respectively. The test series AD_0°_T and AD_90°_T show 68% and 61% 
lower fatigue strengths as compared to that of vacuum melted maraging steel in 
annealed followed by age-hardened conditions. 

 However, it was highlighted that some DMLS specimens showed a premature 
fatigue failure as compared to the trend shown by the other tested specimens belonging 
to the same test series. An inspection of the fracture surfaces has been carried out by 
means of a stereoscopic microscope to investigate these particular cases. Analyzing 
the fracture surfaces of two specimens of the series AD_90°_NT subjected to the same 
amplitude stress level and having approximately the same fa (i.e. the same 
superimposed mean stress), one of them underwent premature failure due to a surface 
defect relatively larger than the one found on the other fracture surface (see Fig (6a) 
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and Fig. (6b)). Consequently, the local evaluated SWT parameter is not able to reduce 
the scatter of the fatigue test results.  

 
 

  

 

Figure 6.5: (a) Fatigue test results in terms of nominal stress amplitude for the DMLS specimens 
tested in the as-built (not-treated NT) and aged (heat-treated T) conditions with different building 
orientations (0° and 90°). Comparison with fatigue test results obtained by [7] by testing vacuum 
melted maraging steel 300 under push-pull axial loading. (b)  Fatigue test results in terms of SWT 

parameter evaluated individually at the crack initiation point of the specimens. [1] 

 

 

Figure 6.6: Crack initiation point analysed by means of a stereoscopic microscope for: (a) 
AD_90°_NT specimen subjected to σa = 400 MPa, having fa = 0.73 mm, and failed at 7.75·104 cycles, 
and (b) AD_90°_NT specimen subjected to σa = 400 MPa, having fa= 0.85 mm, and failed at 2.99·105 

cycles. [1] 

In the light of the above, in this chapter further axial fatigue tests results will be 
proposed on three new batches of AMed maraging steel specimens produced by two 
different AM system (EOS Gmbh and SISMA SpA) as well as on wrought maraging 
steel specimens both in annealed and in aged condition for comparison purposes. The 
effect of geometrical distortions was removed by machining the gross ends of the 
specimens prior to testing in the axial test machine. Defects which caused fatigue crack 
initiation were analysed after failure by using Scanning Electron Microscope (SEM) 
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short crack-corrected stress intensity factors were adopted to re-analyse the 
experimental results. 

 

6.2 THEORETICAL BACKGROUND 

It is known that short cracks present lower threshold values of SIF range than 
long cracks. The smooth transition from long crack to short crack regime as a function 
of the crack length is illustrated by the Kitagawa-Takahashi diagram [8] (see Fig. (7a)), 
in with Δσg,th is the stress range at the threshold, ΔKth is the stress intensity factor range 
at the threshold of long cracks. As regards small defects, it was demonstrated that the 
maximum stress intensity factor along the tip of 2D elliptical defects is proportional to 

the √area parameter [9–11] in which area is the projected area of the 2D defect in a 

plane normal to the stress flow. Therefore, the Kitagawa-Takahashi diagram was 
confirmed by Murakami taking into account the influence of natural as well as artificial 
small defects on constant amplitude fatigue limit of metal materials by adopting the 

√area parameter instead of short crack length, a [12]. In particular for 3D defects, area 

is the projected area of the 3D volume of the defect in a plane normal to the stress 
flow) [12].  

 
a)  

  

b)  

  

Figure 6.7: Effect of defects size on threshold stress and stress intensity factor [8,12]. 

The diagram reflecting the Kitagawa-Takahashi diagram is reported in Fig. (7b), 
which shows the increasing behaviour of the threshold range of the stress intensity 

factor for short cracks. In the range of defect size 10 µm < √area < 1000 µm, Murakami 

found a correlation between the influence of material microstructure on the threshold 
stress intensity factor range by using simply the Vickers hardness HV and the ΔKth,SC 
(short crack-like SC), according to Eq. (1) [12]: 
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In the previous expression, area  is in [µm] and 
t h , S CK  is in [MPa·√m]. 

Incidentally, by using arguments based on the geometrical scale effect, Atzori 
and Lazzarin [13,14] reasoned that small rounded defects become standard macro-
notches as their absolute dimensions increase while keeping the shape unchanged. 
Therefore, a new diagram was proposed, which includes also sharp/blunt U-shaped 
notches, besides short/long cracks. An extension of this diagram was later proposed 
and validated by Atzori, Lazzarin and Meneghetti [15], by including further 
sharp/blunt V-shaped notches. The diagram proposed by Atzori, Lazzarin and 
Meneghetti was conceived by taking advantage of non-conventional extensions to 
sharp V-notches of the Linear Elastic Fracture Mechanics. Such extensions are based 
on William’s solution, who provided the stress singularity exponents of the linear 
elastic stress distributions close to sharp V-notches [16], and on the Notch-Stress 
Intensity Factors defined by Gross and Mendelson [17]. 

 
a) b) 

 

Figure 6.8: Comparison between short crack and long crack behaviour [18,19].  

Back to the short crack effect, the higher crack propagation rate exhibited by 
short cracks, as compared to long cracks subjected to the same linear elastic stress 
intensity factor range (see the sketch reported in Fig. (8a)) was investigated by El-
Haddad, Smith and Topper. They proposed to account for the short crack effect by 
means of the following ‘short crack-corrected’ stress intensity factor range ΔKcorr 
[18,19]: 

 

 corr g 0K a a              (2) 

 
where a is the crack physical length, Δσg is the applied gross nominal stress range 

and a0 is a material parameter, also known as material intrinsic crack length, defined 
as: 
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where 
t hK  and 0  are the threshold range of the stress intensity factor for 

long cracks and the plain material fatigue limit in a defect-free condition, respectively. 

At the threshold, in Eq. (2) we have 
corr thK K   , g g,th  , so that the Kitagawa-

Takahashi diagram reported in Fig. (7a) is obtained. In the same way, the threshold of 
small cracks reported in Fig. (7b) immediately follows as: 

 

th ,SC th
0

a
K K

a a
  


                   (4) 

 
By calculating the stress intensity factor range according to Eq. (2), short crack 

data in Fig (8a) match long crack data, as shown schematically in Fig (8b) [18,19].   
It is worth underlining that Eq. (2) and (4) are referred to a crack centred in an 

infinitely wide plate; therefore it is necessary to include a shape factor α which takes 
into account shape dimension and position of the crack (or defect), according to the 
following expressions [14,15]: 

 

 2
corr g 0K a a         g eff 0a a                  (5a) 

eff
th ,SC th

eff 0

a
K K

a a
  


                (5b) 

 
where the effective size aeff is defined by the SIF equality: 

 
2

I
eff

g

K1
a

 
     

         (6) 

 
Murakami showed that KI, for surface or sub-surface defects, can be estimated 

as follows [12]: 
 

I gK 0.65 area            (7) 

 
Therefore, by substituting in Eq. (6), the effective size of a surface or a sub-

surface defect is obtained as: 
 

2
effa 0.65 area           (8) 
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6.2.1 Rapid estimation of a0 

The original contribution of this work is related to the link between 
microstructure and fatigue behaviour of material affected by defects. In particular, an 
empirical relationship was found in the El-Haddad-Smith-Topper model and the 
Murakami’s model to determine the a0 parameter for the appropriate load ratio R (Eq. 
(3)) in the absence of relevant experimental data. 

In fact, by considering Eq (1) (Murakami model) and (5b) (El-Haddad-Smith-

Topper model) in the range of defect size 10 µm < √area < 1000 µm, they must provide 

the same value of th ,SCK for a given material on which are known the HV, 
t hK

, and Δσ0. However,
t hK  in Eq. (5b) can be expressed by means of definition (3), 

and the effective plain material fatigue limit (excluding any influence of defects) can 
further be estimated as Δσ0/2 = 1.6·HV [12]. Therefore, by equalling Eq. (1) and (5b), 
the following expression can be obtained: 
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aHV6.12area)120HV(103.3




    (9) 

 
where the only unknown parameter is the a0.  
By using expression (9), a0 can be found with the method of least squares applied 

in the range 10 µm < √area < 1000 µm, where expression (1) is valid. 

The link between this fracture mechanics analyses and the main topics of the 
present dissertation was found in a technical note published by Lazzaring e Berto [20]. 

In particular [20] the Kitagawa and Atzori’s diagrams were derived by using the 
averaged Strain Energy Density (SED) in a circular control volume which is a material 
property.  The critical radius Rc, in plane strain condition, can be derived as follows: 

 

    t
c

2

h

0

1 5 8 K
R
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                 (10) 

 
where 

thK  and 
0  are the threshold range of the SIF for long cracks subjected 

to mode I, and the plain material fatigue limit in a defect-free condition, respectively. 
Therefore, by adopting the definition of a0 (Eq. (3)), the critical radius Rc can be 

re-written as follows: 
 

c 0R 0.845 a                    (11) 

  
In this work, the SED approach was not taken into account, but it will be subject 

of future investigations.  
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6.3 MATERIALS AND METHODS 

The material under investigation is a 18Ni-300 maraging steel produced by the 
following three different manufacturing technologies: 

 wrought maraging steel specimens (TM), machined from a hot rolled raw 
bars.  

 Direct Melting Laser Sintered (DLMSed) maraging steel specimens 
produced by an EOSINT M280 system (EOS GmbH)  

 Selective Laser Melted (SLMed) maraging steel specimens produced by an 

MYSINT 100 system (SISMA S.p.A.).  
 
The chemical compositions of the relevant materials as taken from datasheets 

are reported in Table (3). 
Plain specimen geometries adopted for fatigue testing of wrought and AMed 

maraging steels are shown in Fig. (9a) and (9b) respectively. In addition, cylindrical 
80-mm-long bars having a nominal diameter equal to 12 mm were SLMed within the 
SISMA batch and afterwards V-notched specimens were machined according to the 
geometry of Fig (9c).   

 

Table 6.3: Chemical composition of the powder adopted in the batch EOS and SISMA. 

 
a) b) 

c) 

 

Figure 6.9: Specimen’s geometries 

All process parameters available from the manufacturers were reported in Table 
(4). Regarding the scanning strategies, the EOS AM system adopts parallel scanning 

Batch Fe  
(wt-%) 

Ni  
(wt-%) 

Co 
(wt-%) 

Mo 
(wt-%) 

Ti 
(wt-%) 

Al 
(wt-%) 

Cr 
(wt-%) 

Cu 
(wt-%) 

C 
(wt-%) 

Mn 
(wt-%) 

Si 
(wt-%) 

P 
(wt-%) 

S 
(wt-%) 

wrought balance 18.5 9.0 5.3 0.6 0.1 / / ≤ 0.03 ≤ 0.1 ≤ 0.1  / /

EOS  balance 17-19 8.5-9.5 4.5-5.2 0.6-0.8 0.05-0.15 ≤ 0.5 ≤ 0.5 ≤ 0.03 ≤ 0.1 ≤ 0.1 ≤ 0.01 ≤ 0.01

SISMA balance 17-19 8.5-10 4.5-5.2 0.8-1.2 / ≤ 0.25 / ≤ 0.03 ≤ 0.15 ≤ 0.1 ≤ 0.01 ≤ 0.01
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paths to melt the powder of a single layer. In the subsequent layer, the scanning paths 
are rotated by 67.7°. This rotation ensures the minimum repeatability of layers having 
the same scanning direction. SISMA AM system adopts the so-called islands scanning 
strategy, but details on process parameters such as islands’ sizes and the scanning 
direction within the “islands” are not available for confidentiality reasons. 
Furthermore, SISMA provided two batches of plain specimens (Fig. (9b)), one 
produced adopting a proper set of unavailable process parameter in order to form large 
Lack of Fusion (LoF) defects and the second with optimized parameter to minimize 
LoFs.  

Table 6.4: Process parameters adopted to manufacture maraging steel specimens for fatigue testing. 

Batch Laser 
power 
[W] 

Layer 
thickness [μm] 

Laser spot 
diameter 
[μm] 

Laser scan 
rate 
[mm/s] 

Powder 
dimension  
[μm] 

Temperature of 
the platform  

Scanning 
strategy 

EOS+ 400 40 100 unknown 60 40 °C parallel 
vectors 

SISMA (S)* 120 20 55 500 15÷45  Not heated  island 

SISMA (SN)° 120 20 55 500 15÷45  Not heated  island 

+ set of parameters called “Performance 1.0”  
* further process parameter properly set to form large LoF defects (company know-how) 
° further process parameter properly set to minimize LoF defects (company know-how) 

 

 

Figure 6.10: building orientation of the specimens AMed. 

All SLMed specimens were manufactured with their axis oriented at 0° or 90° 
with respect to the build direction, i.e. the Z-axis of Fig. (10). Some specimens have 
been aged at 490°C for 6 hours while the remaining ones were tested in as-built 
condition. Regarding the wrought maraging steel (TM), all the specimens were first 
annealed at 820°C for 1 hour and then they were subjected to the aging heat treatment 
at 490°C for 3 hours, as reported in the technical datasheet.  

Micro-Vickers hardness (HV0.2) was measured as the mean ± 1 standard 
deviation of 5 measurements carried out at a distance of about 0.5 mm from the 
perimeter of the cross-section by using Leitz Vickers Microhardness indenter as shown 
in Fig. (11). The results were reported in Table (5) which also provides a nomenclature 
of the test series and summarizes all the previous information. 
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Table 6.5: Summary of the test series. 

Batch Technology N° of 
samples

Geometry Building 
direction

Heat treatment HV0.2 

TM_NT Wrought 12 Fig. 9a) / NT* (annealed 8200°C/1h) 318±9

TM_T  12  / T* (annealed 820°C/1h + 
aged 490°C/3h air cooled) 

652±29

EN_0°_T DMLS (EOS) 5 Fig. 9b) 0° T (aged 490°C/6h air cooled) 614±9

EN_90°_T  3 90° T (aged 490°C/6h air cooled) 623±5

S_0°_NT SLM (SISMA)* 15 0° NT (as-built) 367±28

S_90°_NT  18 90° NT (as-built) 370±25

SN_0°_NT SLM (SISMA)° 10 0° NT (as-built) 358±15

SN_90°_NT  8 90° NT (as-built) 358±18

SN_0°_T  8 0° T (aged 490°C/6h air cooled) 558±23

SN_90°_T  10 90° T (aged 490°C/6h air cooled) 553±20

SN_V_0°_NT 4 Fig. 9c) 0° NT (as-built) /

SN_V_90°_NT 3 90° NT (as-built) /

* parameter set to form large LoF defects  
° parameter set to minimize LoF defects  

 
 
 
 

 

 

Figure 6.11: Example of microhardness measurement (HV0.2) on a cross-section of the gross part of 
the specimens. The detailed view shows the indentation of a 90°-oriented specimens. 

 
 
 
 
 
a) 

50 m

specimen’s axis 
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b) 

 

Figure 6.12: Microstructure along a normal and parallel plane of the specimen’s axis of wrought 
maraging steel 300 in the annealed (a) and aged condition (b). (heat treatment parameters are reported 

in Table (5).  

 
 
The analyses of the microstructure along a normal and parallel plane with respect 

to the specimen’s axis (Z axis) of wrought maraging steel 300 both in the annealed and 
aged condition were reported in Fig. (12). The solution annealed one shows a 
microstructure constituted by soft, lath martensite in equiaxed grains in both planes 
(Fig. (12a)). The lath martensite structure is more visible in aged conditions (Fig. 
(12b)). Furthermore, aging heat treatment produces the precipitation of intermetallic 
compounds that strengthen the alloy.  

 
 

a) 
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b) 

 
c) 

 

Figure 6.13: Microstructure along a normal and parallel plane with respect to the building direction 
(Z) of the SISMA (S) as built (a),  SISMA (SN) in aged condition (b), and EOS in aged condition (c). 
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The microstructure analysis was also carried out on the AMed maraging steel. 
In Fig. (13a, b, and c) normal and parallel planes with respect to the building direction 
(Z-axis) were reported for SISMA batch in a-built condition (test series S, see table 5), 
SISMA batch in aged condition (test series SN, see table 5) and the EOS batch in the 
aged condition (test series EN, see table 5). Fig. (13a and b) show different scanning 
paths in the normal plane to the build direction due to the different sets of parameters 
adopted to form large LoF and to minimize them. Whereas, in the parallel plane the 
melting pools are similar having adopted the same laser power and layer thickness. 
Concerning the EOS batch (Fig 13c), deeper melting pools can be observed due to the 
higher value of the laser power and the layer thickness. The microstructure within the 
melting pools consists of fine columnar/dendritic grains, whose intercellular spacing 
is smaller than 1 μm, which formed due to the rapid solidification of the melting pools. 
Such microstructure is in agreement with those reported in the literature for as-built 
maraging steel produced by SLM [3,21]. 

Prior to testing, all specimens were polished by using progressively finer emery 
paper from grade 80 up to grade 800. Fig. (14) shows as an example the surface finish 
of a 90°-oriented, as-received specimen (which is also representative of 0°-oriented 
specimens) (a), the side of a 90°-oriented specimen where the support structure was 
attached (b) and the final surface condition after polishing the gauge portion and 
turning in a lathe the gross ends of all specimens, in order to remove misalignments 
between the specimen ends (c). Before turning the gross ends of the AMed specimens, 
deflection of the specimen’s axis fa (Fig. (15a)) was measured for all samples, by 
clamping one side of the specimen and by using a digital dial indicator in contact with 
the opposite end (see Fig. (15b)). The mean values of fa (±1 standard deviation) were 
reported in Fig. (16a). After machining the gross ends of the specimens the deflection 
fa was measured again and the resulting mean value of each test series was lower than 
0.05 mm.  

 
 

 

Figure 6.14: 90°-oriented as-built specimens (a), detailed view at the support side (b), surface finish of 
all specimens after polishing and turning the gross ends (c) 

machined

a) 

b) 

c) 
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The roughness parameter Ra was measured along four diametrically opposite paths 

parallel to the specimen axis. Measurements were performed on five specimens for 

each test series by using a surface roughness tester (Taylor Hobson precision – 

Surtronic 25) having a resolution of 0.01 µm. 

 

a) b) 

Figure 6.15: Deflection of the specimen’s axis fa (before turning the gross ends of the specimens) a). 
Measurements of fa. 

a)      b) 

  

Figure 6.16: Deflection fa before machining the gross parts of the AMed specimens (mean value ±1 
standard deviation) (a) and roughness Ra (The mean value ±1 standard deviation). 

The mean values of Ra (±1 standard deviation) were reported in Fig. (16b).  
Fully reversed (R = -1), load-controlled, axial fatigue tests were carried out by using a 
servo-hydraulic SCHENCK HYDROPULS PSA 100 machine having a 100 kN load 
cell and equipped with a TRIO Sistemi RT3 digital controller. The load frequency was 
set in the range between 10 Hz and 30 Hz, depending on the applied load level. The 
fatigue test was stopped either when the complete separation of the specimen occurred 
or at 2 million cycles. 
After fatigue testing, a subset of fracture surfaces (eight for 0°-oriented specimens and 
eleven for 90°-oriented specimens) were observed by means of Scanning Electron 
Microscope (SEM), in order to single out the crack initiation point and to evaluate the 

0

0.2

0.4

0.6

0.8

1

1.2

f a
[m

m
]

0

0.1

0.2

0.3

0.4

0.5

0.6

R
a 

[μ
m

]

digital dial 
indicator 



 

242 Chapter 6 

√area of either the single killer defect or the cluster of defects, which caused fatigue 

failure.  

6.4 FATIGUE TEST RESULTS 

Fig. (17) shows the overall fatigue test results of each test series relevant to plain 
Maraging Steel (MS) specimens in terms of nominal stress amplitude.  

Starting with the wrought (TM series) MS in the annealed and aged condition, 
fatigue curve relevant to 10%, 50% and 90% survival probabilities were obtained and 
referring to the 50% PS curve the fatigue strength of TM aged MS is 11% higher than 

the same material in the annealed condition at a number of cycle NA equal to 4·10
5
. 

Furthermore, the TM_T series is characterized by a higher scatter index Tσ due to the 

lack of fatigue results for a number of cycles starting from 10
4
 to 5·10

4
 which could 

have lead to a slightly higher inverse slope k as well. 
All the AMed fatigue results present a higher scatter and lower fatigue strength 

compared to the wrought MS, especially in the HCF regime.  
For the sake of clarity, the singles AMed test series characterised by the same 

heat treatment condition were compared to the wrought MS separately in Fig. (18a-d). 
Generally speaking, what emerges from Fig. (18a-d) is that the test series relevant to 
0°-oriented specimens presents higher fatigue strength than the 90°-ones except for the 
test series SN which does not seem to be affected by the building orientation (Fig. 
18c). It is worth noticing that most of AMed fatigue results present a knee between 

2·10
5
 and 2·10

6
 cycles therefore in figure of Fig. (18) the fatigue strengths relevant to 

the lowest knee was reported. 

 
Figure 6.17: Synthesis of the fatigue results expressed in terms of nominal stress amplitude.  
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a)            b) 

 

 
c)            d) 

 
Figure 6.18: Fatigue results comparison between wrought and the AMed maraging steel for each batch 

and same heat treatment condition. 

 
 
 

6.4.1 Fracture surface analysis 

Fig. (19-26) show a selection of fracture surfaces per each test series observed 

by SEM and the detailed views report the contours to evaluate the effective √area 

parameter, according to the recommendations in [12].  Fig. 19 shows that in some cases 
a cluster of sub-surface defects exists along the perimeter of the fracture surface. If the 
ratio l/c between the length of the defected area (l) and the depth perpendicular to the 
specimen’s surface  (c) is equal to or greater than 10 (see the fracture surfaces of the 
specimen S_0°_NT_15) or the cluster of defects involve the entire perimeter (see the 

fracture surfaces of the specimen S_0°_NT_2), then √area  is equal to √10·c [12].  
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 S_0°_NT_2, √10c= 503 μm 

 S_0°NT_6, √area = 449 μm 

  S_0°_NT_15, √10c = 367 μm 

 S_0°_NT_13, √area = 447 μm 

Figure 6.19: Examples of fracture surfaces relevant to the test series S_0°_NT and relevant	√area at 
the failure origin. 
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 S_90_NT_3, √area = 430 μm 

 S_90_NT_2, √area = 442 μm  

 S_90_NT_15, √area = 551 μm  

 S_90_NT_13, √area = 237 μm

Figure 6.20: Examples of fracture surfaces relevant to the test series S_90°_NT and relevant	√area at 
the failure origin. 
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 SN_0_NT_4, √area = 179 μm 

 SN_0_NT_2, √area = 161 μm  

 SN_0_NT_7, √area = 124 μm  
 

 

SN_90_NT_5, √area = 156 μm

Figure 6.21: Examples of fracture surfaces relevant to the test series SN_0°_NT and relevant	√area at 
the failure origin. 
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 SN_90_NT_1, √area = 408 μm 

 

 SN_90_NT_5, √area = 221 μm  

 SN_90_NT_3, √area = 203 μm  

 SN_90_NT_7, √area = 560 μm 

Figure 6.22: Examples of fracture surfaces relevant to the test series SN_90°_NT and relevant	√area 
at the failure origin. 
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 SN_0_T_2, √area = 78 μm 

 

 SN_0_T_3, √area = 159 μm  

 SN_0_T_4, √area = 130 μm  

 SN_0_NT_5, √area = 185 μm

Figure 6.23: Examples of fracture surfaces relevant to the test series SN_0°_T and relevant	√area at 
the failure origin. 
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 SN_90_T_6, √area = 373 μm 

 

 SN_90_T_2, √area = 269 μm  

 SN_90_T_1, √area = 152 μm  

 SN_90_T_3, √area = 381 μm 
 

Figure 6.24: Examples of fracture surfaces relevant to the test series SN_90°_T and relevant	√area at 
the failure origin. 
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 EN_0_T_2, √area = 39 μm 

 

 EN_0_T_4, √area = 104 μm  

 EN_0_T_3, √area = 79 μm  
 

 EN_0_T_5_5, √area = 83 μm 
 

Figure 6.25: Examples of fracture surfaces relevant to the test series EN_0°_T and relevant	√area at 
the failure origin. 
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 EN_90_T_4, √area = 207 μm 

 

 EN_90_T_5, √area = 127 μm  

 EN_90_T_3, √area = 98 μm  
 

 EN_90_T_6, √area = 206 μm 
 

Figure 6.26: Examples of fracture surfaces relevant to the test series EN_90°_T and relevant	√area at 
the failure origin. 
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Fig. (27) reports the boxplots of the √area per each test series in which it can be 

seen clearly that 90° oriented specimens present higher values than the 0° oriented 
ones. Only the series (S) present a median value approximately equal. Most of the 
failure in the 90°-oriented occurs at the surface where the support structures were 
removed. In this regard, Fig. 28 shows an example of the lateral surface where it can 
be appreciated the distribution of defects remained after polishing the specimens.   

 

 

Figure 6.27: Boxplots of the √area evaluation per each test series. 

 

Figure 6.28: Distribution of residual defects in 90° oriented specimens. 

 

killer defect 
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6.4.2 Evaluation of a0 

Figs (29-32) show the results of the least square method adopted to match the 
left and the right-hand sides of Eq. (9) by using a0 as calibration parameter per each 
test series for the same heat treatment condition. The mean hardness value between the 
0° an 90° oriented test series for the same heat treatment condition was given as input 
of Matlab® Curve Fitting tool. As output, the fitting provided a0= 50±1 µm for the test 
series S_0°/90°_NT and SN_0°/90°_NT (with 95% confidence bounds). Whereas, the 
a0 obtained for SN_0°/90°_T and SN_0°/90°_T was equal to 40±1 µm and 38±1 µm, 
respectively.  

  

 
Figure 6.29: Matching Eqs. (1) and (5b) according to expression (9) to estimate the El-Haddad-Smith-

Topper length parameter a0 of the test series S_0°/90°_NT  

 
Figure 6.30: Matching Eqs. (1) and (5b) according to expression (9) to estimate the El-Haddad-Smith-

Topper length parameter a0 of the test series SN_0°/90°_NT 
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Figure 6.31: Matching Eqs. (1) and (5b) according to expression (9) to estimate the El-Haddad-Smith-

Topper length parameter a0 of the test series SN_0°/90°_T 

 
Figure 6.32: Matching Eqs. (1) and (5b) according to expression (9) to estimate the El-Haddad-Smith-

Topper length parameter a0 of the test series EN_0°/90°_T 

Fig. (29-32) highlights the different functional form of Eq. (1) and Eq. (5b), the 

former having a constant slope of 1/3 in the range 10 µm<√area<1000 µm, while the 

latter covering the full range of slopes from ½ for very small cracks to 0 for long 
cracks. Previous Fig. (7b) illustrates this concept. 
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6.4.3 Fatigue test results expressed in terms of ΔKcorr 

Figs (33a)-(40a) reports the data results of each test series in terms of nominal 

stress amplitude: the colour bar reported in the figure represents the value of the √area 

for each specimen. Figs (33b)-(40b) report the results of Figs (33a)-(40a) adopting 
ΔKcorr from Eq. (2) as a damage parameter. ΔK-based scatter bands have been 
statistically calculated in agreement with Figs (33a)-(40a). It is worth noticing that all 
the ΔK-based scatter indexes are lower than the σ-based ones allowing a better fatigue 
life prediction. Furthermore, considering ΔKcorr in the HCF regime (i.e. at the fatigue 
limit), it might be possible to approximately evaluate the ΔKth. In a recent paper, the 
influence of the aging heat treatment on the fatigue crack growth of AMed MS (0°-
oriented) was experimentally documented. The ΔKth for a load ratio R= 0.05 was about 
equal to 3 MPa√m and 4 MPa√m for the as-built and aged condition, respectively. 
Analysing the ΔKcorr obtained for the 0°-oriented batches with a load ratio R = -1, the 
estimated ΔKth ranges from 7.9 to 8.4 MPa√m for the NT series whereas it ranges from 
7.7 to 8.8 MPa√m for the T test series.  

For the sake of completeness, all the fatigue data were reported in Table 6. 
 

a)      b) 

 

Figure 6.33: Fatigue test results in terms of nominal stress amplitude of the test series S_0_NT a). 
Fatigue test results in terms of ΔKcorr of the test series S_0_NT b)  

a)      b) 

 

Figure 6.34: Fatigue test results in terms of nominal stress amplitude of the test series S_90_NT a). 
Fatigue test results in terms of ΔKcorr of the test series S_90_NT b) 
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a)      b) 

  

Figure 6.35: Fatigue test results in terms of nominal stress amplitude of the test series EN_0_T a). 
Fatigue test results in terms of ΔKcorr of the test series EN_0_T b) 

a)      b) 

 

Figure 6.36: Fatigue test results in terms of nominal stress amplitude of the test series EN_90_T a). 
Fatigue test results in terms of ΔKcorr of the test series EN_90_T b) 

a)      b) 

 

Figure 6.37: Fatigue test results in terms of nominal stress amplitude of the test series SN_0_NT a). 
Fatigue test results in terms of ΔKcorr of the test series SN_0_NT b) 
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a)      b) 

 

Figure 6.38: Fatigue test results in terms of nominal stress amplitude of the test series SN_90_NT a). 
Fatigue test results in terms of ΔKcorr of the test series SN_90_NT b) 

a)      b) 

 

Figure 6.39: Fatigue test results in terms of nominal stress amplitude of the test series SN_0_T a). 
Fatigue test results in terms of ΔKcorr of the test series SN_0_T b) 

a)      b) 

 

Figure 6.40: Fatigue test results in terms of nominal stress amplitude of the test series SN_90_T a). 
Fatigue test results in terms of ΔKcorr of the test series SN_90_T b) 
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Table 6.6: Synthesis of fatigue test results. 

Batch building 
orientation 

Heat 
treatment 

a  area   aeff Kcorr Nf 

  [°]   [MPa] [m] [m] [MPa·m0.5] [cycles] 

S 0° NT 300 502.8 212.4 17.23 1.34E+05 
   270 358.2 151.4 13.58 3.01E+05 
   250 426.4 180.2 13.44 4.00E+05 
   230 449.4 112.4 10.39 9.59E+05 
   180 302.2 127.7 8.51 1.77E+06 
   290 652.1 163.0 15.00 2.02E+05 
   270 447.2 188.9 14.80 2.60E+05 
   220 367.3 155.2 11.17 6.69E+05 

S 90° NT 400 463.7 195.9 22.24 2.89E+04 
   300 442.3 186.9 16.37 8.33E+04 
   270 429.7 181.5 14.56 7.26E+04 
   200 362.8 153.3 10.11 3.11E+05 
   126 447.0° 188.9 6.90 2.00E+06 
   400 447.0 188.9 21.91 2.60E+04 
   400 509.9 215.4 23.10 2.77E+04 
   290 536.0 226.4 17.09 6.41E+04 
   270 237.2 100.2 11.73 1.56E+05 
   240 364.5 154.0 12.15 9.51E+04 
   230 551.0 232.8 13.71 1.38E+05 

      210 715.6 302.3 13.97 9.22E+04 

EN 0° T 400 60 25 11.3 1.59E+06 

   500 39 16 13.1 6.81E+04 

   450 79 34 13.5 8.60E+04 

   420 103 44 13.5 7.74E+04 

   400 83 35 12.1 1.09E+05 

   600 61 26 17.0 5.13E+04 

   750 40 17 19.7 2.18E+04 

   400 105 45 12.9 1.36E+05 

   380 32 14 9.7 2.00E+06 

   750 32 14 19.1 2.46E+04 

EN 90° T 500 119 50 16.7 5.39E+04 

   450 69 29 13.1 1.03E+05 

   420 98 42 13.3 1.04E+05 

   400 207 88 15.9 6.96E+04 

   350 127 53 11.9 1.30E+05 

   250 206 87 9.9 3.50E+05 

   170 131 55 5.8 2.00E+06 

   700 131 55 24.0 1.36E+04 

      200 202 85 7.9 2.00E+06 

   750 202 85 29.5 1.13E+04 
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Table 6.6 continued 

Batch building 
orientation 

Heat 
treatment 

a  area  aeff Kcorr Nf 

  [°]   [MPa] [m] [m] [MPa·m0.5] [cycles] 

SN 0° NT 400 96 41 13.5 4.30E+04 

   320 161 68 12.3 9.67E+04 

   280 32 14 7.9 2.00E+06 

   300 179 76 11.9 6.53E+04 

   290 156 66 11.1 9.44E+04 

   500 147 62 18.8 2.61E+04 

   285 124 52 10.2 1.47E+05 

   600 32 14 17.0 4.18E+04 

SN 90° NT 400 408 172 21.2 3.13E+04 

   320 479 203 18.0 3.96E+04 

   300 203 86 12.4 7.52E+04 

   280 93 39 9.4 8.88E+05 

   290 221 93 12.3 1.29E+05 

   270 470 198 15.1 7.13E+04 

      500 560 237 30.0 2.06E+04 

SN 0° T 400 124 52 13.6 1.03E+05 

   350 78 33 10.6 1.54E+05 

   320 159 67 11.8 1.75E+05 

   320 130 55 11.0 1.88E+05 

   300 185 78 11.6 1.19E+05 

   280 352 149 13.6 8.66E+04 

   500 105 44 16.3 4.60E+04 

   280 100 42 9.0 2.58E+05 

SN 90° T 400 152 400 14.5 5.30E+04 

   350 269 350 15.4 6.22E+04 

   300 381 300 15.1 1.02E+05 

   500 250 500 21.4 2.20E+04 

   300 347 300 14.5 7.26E+04 

   280 373 280 14.0 1.32E+05 

      450 165 450 16.7 4.42E+04 

   270 273 270 11.9 1.90E+05 

   250 378 250 12.5 1.70E+05 

   240 119 240 8.1 2.00E+06 

   550 119 550 18.5 4.28E+04 
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6.4.4 Sharp V-notch results 

Constant amplitude, load controlled fatigue tests were carried out on V-notched 
specimens of the test series SN_0°/90°_NT (Fig (9c) and table 5) both with and without 
pre-cracking.  

It is known from the literature that applying a compression pulsating cyclic load, 
a non-propagating crack having length theoretically equal to the radius of the plastic 
zone rp,ε can emanate from the notch[22]. Pre-cracking was carried out only for the test 
series VS_90°_NT by adopting a load ratio R equal to 20 and a minimum load ables 
to emanate a circumferential crack from the notch having a length equal to 0.13 mm 
according to the Dugdale Eq. (3) in plane strain condition [23] : 

 
2

min
p,

0

K
r

3 8

 
    

         (3) 

 

where the yield strength 0 was determined in a previous paper as 1100 MPa [1]. 

The resulting pre-crack was measured after fatigue failure, by analysing the fracture 
surfaces with an optical microscope. After measuring the notch-plus-pre-crack length 
ap, (Fig. 41) the initial elastic stress intensity factor range could be calculated by means 
of analytical expression of a circumferential crack in a cylindrical bar under tension 
from [24] according to the following equation. 

 

g pK (a a )                      (11) 

 
The precracking was effective in all the specimens except for the SN_V_0_NT_1 

as it can be observed in Fig. (42) and (43).   
The synthesis of the fatigue data relevant to V-notched MS was reported in table 

7. 
 

                 

Figure 6.41: pre-crack ap after fatigue failure. 

a
p
 a 

a
p
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a)    b)    c) 

   

Figure 6.42: precrack observed after fatigue failure of SN_V_0_NT_1 a) SN_V_0_NT_2 b) and 
SN_V_0_NT_3 c). 

a)    b)     c)  

   

Figure 6.43: precrack observed after fatigue failure of SN_V_90_NT_1 a) SN_V_90_NT_2 b) and 
SN_V_90_NT_3 c). 

Table 6.7: Synthesis of fatigue data relevant to V-notched AMed MS specimens. 

Specimen R D
g
 a   a

p
  α F

max
 F

min
 f

L
 ΔK N 

    [mm] [mm] [mm] [kN] [kN] [Hz] [MPa√m]  [cycles] 

SN_V_0_NT_1 -1 11.18 1.24 \ 1.290 6.32 -6.32 20.0 10.45 2.00E+06*

SN_V_0_NT_1_RETEST -1 11.18 1.24 \ 1.290 8.04 -8.04 30.0 13.25 2.36E+05 

SN_V_0_NT_2 -1 11.09 1.19 0.13 1.311 9.721 -9.721 30.0 16.98 9.78E+04 

SN_V_0_NT_3  -1 11.17 1.09 0.14 1.288 10.193 -10.193 30.0 16.81 1.75E+05 

SN_V_90_NT_1 -1 11.05 1.15 0.1 1.296 15.56 -15.56 20.0 26.30 2.26E+04 

SN_V_90_NT_2 -1 11.08 1.2 0.14 1.316 6.158 -6.16 30.0 10.95 1.24E+05 

SN_V_90_NT_3 -1 10.44 1.44 0.14 1.386 4.358 -4.358 30.0 10.10 2.22E+05 

 
 
In Fig. 44 and 45 the experimental results of the fatigue tests expressed in terms 

of applied ΔKI versus the observed number of cycles to failure relevant to the test 
series SN_V_0°/90°_NT  are reported with filled markers along with scatter band 
calibrated on experimental results generated from the natural defects (Fig. 37b and 
38b). Even though further experiments on crack-like notches would be necessary to 
validate the endurable stress intensity factors reported in Fig. (44) and (45), the same 
figures suggest that for the 0° and 90°-oriented specimens the difference between the 
estimated resistance of the material to long cracks/crack-like notches and the 

a
p
 a

p
 

a
p
 

a
p
 a

p
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experimental data is not that substantial to be revealed by just the reduced number of 
validation tests performed here. 

 

 

Figure 6.44: Fatigue test results of maraging steel specimens oriented at 0°  in terms of  ΔKcorr. 
Additional experimental results on V-notched, 0°-oriented specimens (see geometry in Fig. 9c) are 

reported. 

 

Figure 6.45: Fatigue test results of maraging steel specimens oriented at 90° in terms of  ΔKcorr. 
Additional experimental results on V-notched, 90°-oriented specimens (see geometry in Fig. 9c) are 

reported. 
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6.5 CONCLUSIONS 

Constant amplitude fatigue test results on wrought and AMed maraging steel 
specimens have been presented. In particular, three batches of AMed specimens were 
produced by two different AM systems (EOS Gmbh and SISMA Spa). Both 0°-
oriented and 90°-oriented specimens were tested. Two batches provided by SISMA 
were produced by adopting different process parameter in order to produced large Lack 
of Fusion defects in one (test series S) and minimize the size of them in the other one 
(test series SN). For the wrought and SN maraging steel, the influence of the aging 
heat treatment was also analysed. 

The fatigue strength of wrought (TM series) aged MS resulted in 11% higher 
than the same material in the annealed condition.  

All the AMed fatigue results present a higher scatter and lower fatigue strength 
compared to the wrought MS, especially in the HCF regime. The test series relevant 
to 0°-oriented specimens presents higher fatigue strength than the 90°-ones except for 
the test series SN which does not seem to be affected by the building orientation (Fig. 
18c). For the same building orientation, aged specimens have roughly 20%-30% 
higher fatigue strength than as-built specimens in the medium cycle fatigue range, 
while the few data available do not allow to draw a conclusion in the high cycle fatigue 
range, even if the experimental results seem to suggest a weak influence of the aging 
heat treatment on the fatigue limit. 

After failure, all the fracture surfaces were analysed by a SEM, and the √area 
parameter of the killer defects was evaluated. In parallel, the a0 material parameter was 
evaluated by fitting the Murakami and El Haddad -Smith-Topper models and the 
resulting values were 50 μm (for S batch and SN batch, not heat-treated), 40 μm ( for 
SN batch in aged condition) and 38 μm (for EN batch in aged condition). 

Stress intensity factor-based design curve for all the test series was then derived, 
by taking into account the short crack effect by means of the El-Haddad-Smith-Topper 
model. By adopting the latter parameter, the scatter indexes of the 10%-90% survival 
probability curves for all the test series were reduced as compared to the nominal 
stress-based curves. The relevant ratio TΔK/Tσ are the following  

- S_0°_NT, TΔK/Tσ = 0.91 
- S_90°_NT, TΔK/Tσ = 0.81 
- EN_0°_T, TΔK/Tσ = 0.59 
- EN_90°_T, TΔK/Tσ = 0.72 
- SN_0°_NT, TΔK/Tσ = 0.49 
- SN_90°_NT, TΔK/Tσ = 0.75 
- SN_0°_T, TΔK/Tσ = 0.42 
- SN_90°_T, TΔK/Tσ = 0.74 
 
Finally, the ΔKcorr-based scatter bands were compared to the fatigue test results 

relevant to V-notched and pre-cracked specimens of the SN not heat-treated batch. In 
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particular, results of V-notched 90° oriented specimens fit the ΔKcorr-based scatter 
band of SN 90° whereas the fatigue life obtained from V-notched 0° oriented 
specimens was underestimated by the relevant predicting scatter band 
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Conclusions 

This dissertation deals with fatigue assessment of metallic material and 
components by adopting local energy-based parameters which are widely proposed 
and adopted in the literature. More precisely, an extension of the applicability of three 
energy-based approaches to several factors that influence the fatigue strength of 
material and components, in addition to those already included on the relevant 
approach, was the aim of the present dissertation. 

Regarding the first one, the Peak Stress Method was extended to assess the 
fatigue strength of both steel and aluminum welded joints subjected to multiaxial 
loading conditions. A new scatter band expressed in terms of range of the equivalent 
peak stress has been proposed per each material. For validating the scatter bands, about 
420 multiaxial fatigue data taken from the literature relevant to both steel and 
aluminum welded joints were analysed by using the PSM. As regards steel welded 
joint (350 fatigue data), on about 50 fatigue results the theoretical predictions based 
on the PSM were extremely on the safe side. Most of those data were characterized by 
remarkable long crack propagation paths (up to 500 mm) developed during the 
experimental tests with applied torsional loading. Such a long fraction of the total 
fatigue life can hardly be rationalized by the PSM, because by nature the method 
captures the fatigue damage induced by the intense NSIF-dominated local stresses 
existing in the small volume of material surrounding the crack initiation point. Dealing 
with the remaining test data, a good agreement has been obtained from the comparison 
of theoretical estimations with the experimental fatigue results, 205 data among 298 
(i.e. 69%) falling within the 2.3-97.7% design scatter band. As regard aluminum 
welded joints, 70 among 72 experimental data (i.e. 97%) successfully falling inside 
the proposed 2.3-97.7% scatter band. Because of the simplicity of a point-like method 
combined with the robustness of the NSIF approach, the PSM might be useful in 
industrial applications. 

The second energy-based approach assumes the specific heat loss per cycle Q as 
a fatigue damage indicator. The specific heat loss per cycle (Q parameter) evaluated 
experimentally by means of the so-called cooling gradient technique was used in 
previous works to synthesise 140 experimental fatigue test results generated from plain 
and bluntly notched specimens made of AISI 304L stainless steel. In this work the 
cooling gradient was measured by means of a FLIR SC7600 infrared camera, equipped 
with proper lens and a spacer ring to achieve a 20 µm/pixel spatial resolution and fully 
reversed axial fatigue tests were carried out on 4-mm-thick, hot-rolled AISI 304L 
stainless steel specimens, characterized by 3, 1 and 0.5 mm notch tip radii. A good 
agreement between the new fatigue test results and the existing heat energy-based 
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scatter band previously calibrated was found. Finally, the analysis of the thermal 
energy distribution around the notch tip was performed and discussed 

Regarding the same approach, the specific heat loss was also measured in 
constant amplitude multiaxial fatigue tests on both AISI 304L stainless steel and C45 
steel specimens. Two phase-shift angle between the loads (0° and 90°) and two 
biaxiality ratios (1 and √3) were analysed. All the fatigue test results on both materials 
resulted in good agreements with the relevant scatter band previously calibrated except 
for the out of phase multiaxial fatigue results relevant to the AISI 304L steel. These 
results seem to be justified by the strain-induced martensitic transformation in 
metastable austenitic stainless steel, significantly present in out of phase cyclic loading 
condition. 

Finally, the influence of defects on fatigue behaviour of maraging steel 
specimens has been investigated. Axial fatigue tests were carried out on three batches 
of AMed maraging steel specimens produced by two different AM systems. 
Furthermore, axial fatigue tests were carried out on wrought maraging steel specimens 
both in annealed and in aged condition. After failure, the √area of the killer defects 
was examined by SEM observations of the fracture surfaces. A stress intensity factor-
based design curve for the all the test series was obtained taking into account the short 
crack effect by means of the El-Haddad-Smith-Topper model. The ΔKcorr-based 
scatter bands were characterized by a scatter index significantly lower than that one 
stress-based Due to the lack of expensive experimental data to determine the relevant 
material length parameter a0, a novel rapid method to approximately evaluate a0 has 
been proposed. In particular, it consists in matching El-Haddad-Smith-Topper model 
with Murakami’s expression of the threshold range of mechanically short cracks. The 
advantage of the adopted engineering approach is that only Vickers hardness of the 
material is necessary. Theoretically, this rapid method can be also adopted to estimate 
the size of the control volume of the averaged SED approach due to the analogy of the 
latter to the material length parameter a0. In the end, the stress intensity factor-based 
design curve was adopted to estimate the fatigue strength of sharp V-shaped notches 
characterized by a reduced notch opening angle. 
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