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Abstract 
 

 

Shot Peening and Ultrasonic Peening are widely used in mechanical treatment of surfaces 

in the aeronautical, aerospace and automotive industries to improve the fatigue life of metallic 

components. This work aims to study the mechanical properties of the Al 7475 T7531 aluminum 

alloy, applying different peening processes, such as Ultrasonic Peening (USP) and Microshot 

Peening. 

Shot Peening is a conventional technique that introduces residual compressive stresses to 

the surface and is widely used in the mechanical treatment of surfaces in these industries to 

improve the fatigue life of metallic components. 

While the benefit of shot peening for steel components is well known, the use of this shot 

peening process for aluminum alloys can be detrimental to fatigue performance if, for example, 

shot peening bead size and surface roughness are not the appropriate. 

Therefore, the present work aims to analyze the effects of shot peening in various aspects 

to fatigue life, among which are the effects on the propagation of fatigue cracks and the effects 

of the bead typology used in the fatigue behavior. It is also intended to understand which are the 

most suitable parameters for fatigue life to be benefited and, obviously, to understand the related 

mechanical properties. 

Systematic studies on roughness, surface hardening and uniaxial fatigue testing were 

carried out. X-ray diffraction was performed and the surface was observed by Scanning Electron 

Microscopy. The microstructure was analyzed through optical microscope and microhardness 

was analyzed through hardness testing. 

The tests were carried out on flat specimens and specimens with cylindrical geometry.  

In the study with specimens with plane geometry, two thicknesses were used, 4 and 8 mm, 

with stress ratios of 0.05 and 0.4. For the comparative analysis of fatigue behavior between the 

base material, Microshot Peening and Ultrasonic Peening processes, 4 and 8 mm specimens were 

used. 

To analyze the effect of shot peening on the propagation of fatigue cracks, 8 mm specimens 

were used. 
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In the test with cylindrical specimens, the effect of bead characteristics on fatigue life of 

the Al 7475-T7351 alloy was observed. 

The main contributions of the work carried out include: 

a) Determination and comparative analysis of the effect of Shot Peening and Ultrasonic 

Peening processes on fatigue life of Al 7475-T7351 alloy; 

b) Comparison of the results obtained with the Shot Peening treatment and the approach 

of the Molski-Glinka model analytical predictions; 

c) Evaluation of the Shot Peening effect on the propagation of fatigue cracks in the Al 

7475-T7351 alloy; 

d) Discussion of the effect of constant amplitude loads and the effect of periodic overload 

blocks, applied on the Al 7475-T7351 alloy; 

e) Understanding the effect of the different bead dimensions used in the surface treatment 

of Shot Peening in the Al 7475-T7351 alloy; 

f) Comparison between the different bead materials, glass and cast steel, used in Shot 

Peening treatment of the Al 7475-T7351 alloy. 

 

Keywords: Shot Peening, Fatigue life improvement, Aluminum alloys, Aeronautics. 
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Resumo 
 

 

O Shot Peening e o Ultrasonic Peening são amplamente utilizados no tratamento mecânico 

de superfícies nas indústrias aeronáutica, aeroespacial e automóvel para melhorar a vida à fadiga 

de componentes metálicos. Este trabalho visa estudar as propriedades mecânicas do Liga Al 

7475-T7351, aplicando processos diferentes de peening, tais como Ultrassonic Peening (USP) e 

Microshot Peening. 

O Shot Peening é uma técnica convencional que introduz tensões residuais de compressão 

à superfície e é amplamente utilizado no tratamento mecânico de superfícies nestas indústrias 

para melhorar a vida à fadiga de componentes metálicos. 

Enquanto que o benefício do shot peening para componentes de aço seja bem conhecido, a 

utilização deste processo de shot peening para ligas de alumínio pode ser prejudicial ao 

desempenho da fadiga se por exemplo o tamanho das esferas de shot peening e a rugosidade da 

superfície não forem adequados.  

Portanto, o presente trabalho tem como objetivo analisar os efeitos de shot peening em 

vários aspectos da vida de fadiga, entre os quais se destacam os efeitos na propagação de fendas 

de fadiga e os efeitos da tipologia das esferas utilizadas no comportamento à fadiga. Também se 

pretende perceber quais os parâmetros mais adequados para que a vida em fadiga seja beneficiada 

e obviamente as propriedades mecânicas. 

 

Foram realizados estudos sistemáticos sobre rugosidade, endurecimento superficial e 

realizados testes de fadiga uniaxial. Foi realizada difracção de raios-X e observada a superfície 

através de Microscopia Electrónica de Varrimento. Analisada a microestrutura através de 

microscópio óptico e microdureza através de ensaios de dureza. 

Os ensaios foram realizados em provetes com geometria plana e cilindrica.  

No estudo com provetes de geometria plana, utilizaram-se 2 espessuras, 4 e 8 mm, e razões 

de tensão 0,05 e 0,4. Para a análise comparativa de comportamento à fadiga entre o material base, 

e os processos de Microshot Peening e Ultrassonic Peening utilizaram-se provetes de 4 e 8 mm. 
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Para a análise do efeito do shot peening na propagação de fendas de fadiga, foram utilizados os 

provetes de 8 mm. 

No ensaio com provetes cilíndricos, foi analisado o efeito das características das esferas na 

vida à fadiga da liga Al 7475-T7351. 

As principais contribuições do trabalho realizado são: 

a) Determinação e análise comparativa do efeito dos processos de Shot Peening e 

Ultrassonic Peening na vida em fadiga da liga Al 7475-T7351; 

b) Comparação dos resultados obtidos com o tratamento de Shot Peening e a abordagem 

das previsões analíticas do modelo Molski-Glinka;   

c) Avaliação do efeito do Shot Peening na propagação de fendas de fadiga da liga Al 7475-

7351; 

d) Discussão do efeito de cargas de amplitude contante e blocos de sobrecarga periódicos, 

aplicados sobre a liga Al 7475-T7531;   

e) Compreensão do efeito das diferentes dimensões das esferas utilizadas no tratamento 

superficial de Shot Peening na liga Al 7475-T7531; 

f) Comparação entre os diferentes materiais, vidro e aço, utilizados nas esferas utilizadas 

no tratamento de shot peening na liga Al 7475-T7531; 

 

Palavras-chave: Shot Peening, Melhoria da vida à fadiga, Ligas de alumínio, Aeronáutica 
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Cu   Copper 
D   Diameter 
da/dN   Fatigue crack growth rate  
Dp   Surface profile 
E   Elasticity modulus or Young modulus 
Fe   Iron 
GPa   GigaPascal  
Hv   Vickers toughness 
Hz   Hertz 
𝐾′    Cyclic hardening coefficient 
Kcl   Stress intensity when the crack is fully close 
Kop   Stress intensity when the crack is fully open 
K1c   Critical stress intensity factor 
Kf   Dynamic stress concentration factor 
kHz   KiloHertz 
kg   Kilogram 

Kmax   Maximum stress intensity factor 
Kmin   Minimum stress intensity factor 
Kt   Static stress concentration factor 
𝑚   Material constant (Paris law expoent) 
Mg   Magnesium 
Mn   Manganese 
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n′   Cyclic hardening exponent 
Nd   Neodymium 
Nf   Number of cycles to failure 
Ni   Number of cycles to iniciate the crack 
Nint   Number of intervals of periodic overload blocks   
Np   Predicted life 
P   Load 
P௔   Axial load amplitude 
q   Notch sensitivity factor 
R   Stress ratio 
R௔   Roughness average 
R௤   Root mean square (RMS) roughness 

R௬   Maximum peak-to-valley height 

R௭   Mean roughness depth  
Si   Silicon 
t   Time  
Ti   Titanium 
u   Axial grip displacement 
U   Normalized load ratio parameter 
w   Mesure of the width of the curve 
W   Watt 
wt   Weight 
Y   Geometric factor 
δ   Displacement 
δ0   Residual displacement 
∆K   Stress intensity factor range 

∆Kef   Stress effective intensity factor range    

∆Kth   Stress threshold intensity factor range 
∆ε   Strain amplitude 
∆S   Stress nominal factor range 
σ   Stress 
σ′f   Cyclic resistance coefficient fatigue 
σa   Stress amplitude 
σop   Opening stress 
σcl   Stress closure 
σef   Efective stress 
σf0   Fatigue limit stress 
σav   Average stress  
σmax   Maximum stress 
σmin   Minimum stress 
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σn   Nominal stress 
σUTS   Tensile strength 
σres   Residual stress 
ε   Strain 
εav   Average strain 
εmax   Maximum strain 
εmin   Minimum strain 
Zn   Zinc 
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CHAPTER 1 – Introduction and Objectives 
 

With the development of increasingly innovative technologies, it has been possible to 

improve the performance of the materials used, as well as the components manufactured, thus 

increasing the life of the diverse existing equipment, as well as its safety. On the other hand, it is 

also possible to build lighter, more resistant equipment and with fewer natural resources, which 

contributes to less environmental pollution. The reasons described above and the relentless 

pursuit of technological evolution by man, made it possible to develop techniques to improve the 

fatigue life of materials, such as Shot Peening. 

This process and, more recently, its derivatives, Ultrasonic Peening, MicroShot Peening 

and Laser Peening, are increasingly used in industry in general, and in particular in branches of 

industry that represent a huge financial slice of the world economy. 

As previously mentioned, although these techniques are being implemented in some types 

of industries, they are still in full development, so their improvement in the mechanical behavior 

of the components represents an attractive research object. 

Aluminum is a material used in various industrial sectors such as the food, chemical, 

metallurgical and electrical industries, in structural applications, in particular in the transport 

industry, from automobiles to aeronautics and aerospace. The wide field of use for this material 

is due to the fact that it combines good mechanical strength and good corrosion resistance, with 

low density. 

This work focuses on the behavior of aluminum alloys with a view to aeronautical 

applications, due to the growing need to develop adequate techniques for the maintenance and 

life expansion of aeronautical fleets that use this type of materials. In response to these needs, 

various aluminum alloys have been developed, in particular the 7000 series alloys. This series 

combines a very high tensile strength with good fracture toughness and corrosion resistance. 

Despite these characteristics, long-term fatigue strenght is relatively low, around 140 MPa for 

more than 5 million cycles [1, 2]. 

It is known that crack initiation is a phenomenon that occurs preferentially on the surface 

and under the influence of the present surface state. That said, by introducing residual 

compressive stresses near the surface, component fatigue life can be increased. One of the ways 

to improve this aspect is to subject components to surface treatments. Shot peening, due to its 
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very positive results in improving the fatigue life of mechanical components, is one of the most 

commonly used treatments [2]. This work aims to analyze the benefits in fatigue life strenght and 

fatigue crack propagation by shot peening, microshot peening and ultrasonic peening, in the Al 

7475-T7351 alloy, considering the influences of thickness, stress ratio and the notch. As 

complementary parameters, the microstructure, microhardness and residual stresses were 

analyzed, in order to better understand the influence of shot peening.  Using numerical models 

and approaches based on local stresses, life at crack initiation can be predicted and subsequently 

compared with the experimental results obtained. 

To carry out this work, the following tasks were performed: 

 Specimen preparation; 

 Specimen hardness profile analysis; 

 Existing residual stresses analysis; 

 Experimental determination of fatigue strength curves; 

 Experimental determination of fatigue crack propagation curves; 

 Determination of fatigue life prediction curves; 

 Result analysis and discussion. 

Shot peening treatment was carried out using different parameters (material, bead size and 

intensity) in order to investigate lifetime consequences of fatigue in the alloy under study. 

For result discussion, the evaluation was also carried out through: fatigue testing, 

microhardness, roughness and nanohardness measurement, residual stress induced by the 

processes, microstructure observation; fracture surface evaluation and obtaining of fatigue 

resistance curves. 

The investigation results obtained were published in specialized bibliography, as indicated 

below: 

 

 Ferreira, N., Jesus, J., Ferreira, J.A.M., Ferreira, Capela, C.A., Costa, J.M., Baptista, A.C., 

“Effect of bead characteristics on the fatigue life of shot peened Al 7475-T7351 

specimens”, International Journal of Fatigue, Volume 134, May 2020. 



3 

 

 Ferreira, N., Jesus, J., Ferreira, J.A.M., Ferreira, Capela, C.A., Costa, J.M., “A Study of 

the Shot Peening Effect on the Fatigue Life Improvement of Al 7475-T7351 3PB 

Specimens”, Mechanical Fatigue of Metals, pages 335-341, January 2019. 

 

 Ferreira, N., Antunes, P.V., Ferreira, J.A.M., Costa, J. D. M., Capela, C.A., “Effects of 

Shot-Peening and Stress ratio on the Fatigue Crack Propagation of Al 7475-T7351 

Specimens”, Applied Sciences, March 2018. 

 

 Ferreira, N., Ferreira, J.A.M., Antunes, P.V., Costa, J. D. M., Capela, C.A., “Fatigue crack 

propagation in shot peened Al 7475-T3751 alloy specimens”, Procedia Engineering, 

volume 160, pages 254-261, December 2016. 

 

 Ramos, R., Ferreira, N., J.A.M., Ferreira, Capela, C.A., Baptista, A.C., “Improvement in 

fatigue life of Al 7475-T7351 alloy specimens by applying ultrasonic and microshot 

peening”, International Journal of Fatigue; Volume 92-Part1, pages 87-95, June 2016. 

 

The results obtained were also presented at the following conferences: 

 XVIII International Colloquium on Mechanical Fatigue of Metals – ICMFM XVIII- 

Gijón, Espanha; 6-8 September; 2016. 

 

 ICMFM XIX - 19th International Colloquium on Mechanical Fatigue of Metals - ICMFM 

XIX – Porto, Portugal; 5-7 September; 2018. 

 

 1st Virtual Iberian Conference on Structural Integrity; Coimbra; Portugal; 25 - 27 March; 

2020. 

 
 5th Iberian Conference on Structural Integrity 2022; Coimbra; Portugal; 30 March – 1 

April; 2022. 

 
 10ª Edição SETI – Seminário Embraer de Tecnologia e Inovação; S. Paulo; Brasil; 7-10 

June; 2022. 
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It should be noted that the author and supervisors were responsible for applying all the shot 

peening improvement processes used in this research study. The author was also responsible for 

the production of specimens at OGMA – Indústria Aeronáutica de Portugal, S.A., always under 

the supervision of the respective supervisors. This production of specimens included cutting raw 

materials, machining in CNC equipment and/or turning on CNC lathes and shot peening surface 

treatment. As for published articles, the author participated, namely, in writing, essays and/or 

result treatment. All experimental tests on specimens were carried out at the Mechanical 

Engineering Department of the University of Coimbra. 

 

As detailed below, this Thesis consists of six chapters, including the articles that have been 

published to date: 

 

 Chapter 1: Introduction and objectives 

 Chapter 2: Literature review 

 Chapter 3, 4 and 5: Published articles  

 Chapter 6: Discussion, Main Conclusions, Future Works 

 

Chapter 1 – Introduction and Objectives, includes the global presentation of this study and 

proposed objectives. 

Chapter 2 – Literature Review, provides a summary of the fundamental concepts for the 

understanding of this investigation. It essentially focuses on material, mechanical properties, 

fatigue parameters and technological processes used in the research work. 

Chapters 3, 4 and 5 – Include published articles that compose this dissertation. 

Chapter 6 – Discussion, Main Conclusions, Future Works, provides a summary of the 

conclusions inherent to this investigation, as well as some suggestions for future works within 

this scope. 
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CHAPTER 2 – Literature Review 
 

2.1 Introduction 

Aluminum is a metal of great abundance in the earth's crust, representing 8.1% of its 

composition. It is found, normally, combined with silicates and other oxides, as in igneous rocks, 

feldspars, micas and in other minerals. It is the most consumed non-ferrous metal in the world 

and its current production exceeds the sum of all other non-ferrous metals. 

 The variety of aluminum applications is related to its physicochemical characteristics, 

especially its low specific weight (2.7g/cm3), when compared to other high consumption metals, 

such as steel (7.83g/cm3), copper (8.93g/cm3) or bronze (8.53g/cm3), and for high corrosion 

resistance and high thermal and electrical conductivity [1]. 

It is a material of great application in multiple activities, with pure aluminum being more 

ductile than steel. However, its alloys, with small quantities of copper, manganese, silicon, 

magnesium and other elements, present a great amount of characteristics suitable for so many 

different applications. These alloys are the main material for the production of many components 

in the household goods industry, the automotive industry and the aeronautical industry. 

 

2.2  Aluminum alloys 

Specifications for aluminum alloy elements are defined in 3 categories: 

1. Major alloying elements: define the series of elements that control the fusibility and its 

properties; 

2. Secondary alloying elements: control solidification behavior, modify eutectic structure, 

promote refinement of primary phases, control grain size and shape, promote or limit phase 

formation and reduce oxidation; 

3. Impurities: influence the fusibility and formation of insoluble phases, which sometimes 

limit or promote desired properties [1]. 
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Such specifications are published through government agencies and technical associations 

that they reference according to nomenclature [2]. 

1xxx – commercially pure aluminum. 

2xxx – alloys in which copper is the main binding element, in addition to other elements, 
such as magnesium, mainly. 

3xxx – alloys in which manganese is the main binding element. 

4xxx – alloys in which silicon is the main binding element. 

5xxx – alloys in which magnesium is the main binding element. 

6xxx – alloys in which magnesium and silicon are the main binding elements. 

7xxx – alloys in which zinc is the main binding element, but that include other elements 
such as copper, magnesium, specified chromium and zirconium. 

8xxx – alloys that include some compositions with tin and lithium, featuring different 
compositions. 

9xxx – reserved for future use. 

As for the aeronautical industry, specific alloys whose factors, strength and weight, present 

particularly favorable values are used. They are normally heat-treated high-strength alloys, with 

copper (2xxx series) or zinc (7xxx series) as the main alloying elements. They are as strong as 

structural steels and generally require surface protection. 

2017, 2024, 2117 and 2219 alloys have high mechanical strength, high ductility, medium 

corrosion resistance and good cutting resistance, which makes them suitable for application in 

parts subject to milling and forging, and in the aeronautical industry, transport, machinery and 

equipment. 

Al-Zn alloys, when subjected to heat treatment, have high mechanical strength, good 

corrosion resistance and good formability. Some examples of these alloys are 7050, 7075, 7178 

and 7475 applied in parts subject to high mechanical stress in the aeronautical industry, in 

machinery and equipment, in plastic injection molds and structures [3]. 

Different types of heat treatment can be applied to these alloys, depending on material 

intended application: 
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F: as manufactured: applies to products resulting from mechanical forming (laminating, 
extrusion and others). 

O: annealed: applies to products initially worked and afterwards annealed to obtain the 
lowest mechanical strength, and to cast annealed products to increase ductility and dimensional 
stability. 

W: solubilized: unstable quenching applicable only to alloys that spontaneously age at room 
temperature (natural aging) after solubilization. This designation is specifically used when the 
natural aging period is indicated, for example when W is equal to 1 hour. 

T: heat treated to produce stable quenching other than F, O or W: applies to products that 
are heat treated, with or without further strain, to produce stable quenching. 

One or more digits always follow the letter T. A period of natural aging may occur between 

operations related to T quenching. 

T1: high temperature formed and naturally aged. 

T2: high temperature formed, cooled, cold deformed and naturally aged. 

T3: solubilized, cold worked and naturally aged. 

T4: solubilized and naturally aged. 

T5: high temperature formed and artificially aged. 

T6: solubilized and artificially aged. 

T7: solubilized and stabilized. 

T8: solubilized, cold deformed and artificially aged. 

T9: solubilized, artificially aged and cold worked. 

T10: high temperature formed, cooled, cold worked and artificially aged. 

 

2.2.1 The Al 7475-T7351 alloy 

The Al 7475-T7351 alloy is used in this study. T7351 treatment of the 7475 alloy aims to 

maximize corrosion resistance due to the mechanical properties and super aging of this alloy. 

This is an alloy used in the form of plates and sheets in aeronautical components, where 

high fracture toughness is one of the fundamental project requirements. It also combines high 
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mechanical strength and crack propagation resistance to fatigue, whether in open air or in 

aggressive environments, due to its high corrosion resistance [4] [5] [6]. 

The Al 7475-T7351 alloy has been carefully designed from another widely used alloy, the 

Al 7075 alloy, in which the percentages of iron, silicon and manganese have been significantly 

reduced and, in addition, the conditions of heat treatment [7]. This provided the fineness of both 

the grain and the size of precipitates (preferred point of crack initiation), which allows a more 

uniform dispersing in the metallic structure. The chemical composition of these two alloys can 

be compared in Table 2.1. 

 

Table 2.1 – Chemical composition of Al 7475 and Al 7075 alloys [8]. 

Alloy Si Fe Cu Mn Mg Cr Zn Ti Others Al 

Al 

7475 

0.1 0.12 1.2-1.9 0.06 1.9-2.6 0.18-0.25 5.2-6.2 0.06 0.15 remaining 

Al 

7075 

0.4 0.5 1.2-2 0.3 2.1-2.9 0.18-0.28 5.1-6.1 0,.0 0.15 remaining 

 

 

Heat treating of the Al 7475-T7351 alloy consists of heating it up to 470°C, a process called 

solubilization, to obtain a single phase. Subsequent rapid cooling, or quenching, in water (to 

reduce crystallinity and increase hardness), with a controlled extension of 1.5 to 3%, followed by 

artificial aging in two phases: the first at a temperature of 121°C for 25 hours, and the second at 

163°C for a period of 24 to 30 hours. Aging temperatures, appropriately conjugated with time, 

are chosen in order to produce a suitable precipitate size, which will, in turn, influence alloy 

strength and hardness [4][9]. 

Mechanical properties of the Al 7475-T7351 alloy can be summarized in the following 

Table 2.2. 
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Table 2.2 – Al 7475-T7351 alloy mechanical properties [8]. 

Thickness 

[mm] 

Tensile strength 

[MPa] 

Yield Strength 

[MPa] 

Elongation 

[%] 

K1c [MPa√m] 

Direction LT 

K1c [MPa√m] 

Direction TL 

25.43-38.10 490 414 9 55 45 

50.83-63.50 476 393 8 55 45 

76.25-88.90 448 365 8 55 45 

 

For comparison purposes, Table 2.3 shows the properties recorded for the same alloy 

composition with another heat treatment, T651, and also for the Al alloy 7075-T7351 (with the 

same treatment of the alloy under study). 

Table 2.3 – Mechanical properties of other aluminum alloys [8]. 

Alloy Thickness 

[mm] 

Tensile 

strength 

[MPa] 

Yield 

Strength 

[MPa] 

Elongation 

[%] 

K1c[MPa√m] 

Direction  

LT 

K1c [MPa√m] 

Direction 

 TL 

Al 7475 

T651 

25.43-38.10 538 469 9 46 41 

Al 7075 

T7351 

6.35-101.06 476-421 393-331 7-6 32 28.6 

 

The Al 7475-T651 alloy has, for the same thickness, higher yield strength, however it has 
lower K1c values. Effectively, parameter K1c, also known as fracture toughness, is very important 
in design and represents the critical value of the stress intensity factor that causes the material to 
fracture for a given existing crack length. 

The Al 7075-T7351 alloy has similar tensile strength, but has a much lower fracture 
toughness value. 

The subject of aeronautical component fatigue resistance has been evaluated in several 
studies due to its importance in aircraft integrity, high performance and cost optimization. 

Verma et al [5] obtained fatigue resistance curves in specimens with a 4 mm diameter 

section, previously diamond polished to a finish of 1 µm. The resistance curves for R=-1, obtained 

in several alloys, were superimposed in Figure 2.1. 
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It was concluded that, in general and in comparison with other commercial aluminum 

alloys, the alloy chosen for this work shows excellent values of fracture toughness, tensile 

strength and reasonable ductility, in addition to high fatigue strength [4, 5, 8]. 

 

 

Figure 2.1 – S-N curves for different aluminum alloys. 

 

From Figure 2.1 we can conclude that, for short-lived regions, Al 2024-T3 and Al 7475-

T7351 alloys have similar performances, and for long lives, the Al 7475-T7351 alloy has the best 

fatigue resistance. This can be explained by the delay of crack initiation due to the low 

concentration, small size and uniform distribution of precipitates throughout the metallic matrix 

[7]. 
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2.3   Fatigue 

 

2.3.1 General considerations 

 

Fatigue is defined as a phenomenon in which the progressive failure of materials occurs 

when subjected to repeated cycles of stress or strain. According to ASTM E1150 (1983) [9] it is 

a process of permanent, localized and progressive structural change that occurs in a material 

subjected to conditions that produce fluctuating stresses and strains at some point (or points), and 

which can culminate into cracks or complete fracture after a sufficient number of fluctuations. 

Also, according to Surish et al [10] fatigue is described as a failure or rupture that occurs after a 

component or structure has been subjected to repeated or fluctuating stress cycles, where the 

maximum rated stress is lower than the yield stress of the material. 

The importance of fatigue studies has advanced in the last century due to the large number 

of failures in service that occurred in industrial equipment, with high economic and human 

consequences. Failure is preceded by the initiation and propagation of a crack to an unstable 

condition, which leads to an instantaneous failure. This phenomenon can occur after a 

considerable time of the material in service. As technological development has incorporated new 

components and equipment that are continuously subjected to dynamic stresses and vibrations, 

the phenomenon of fatigue has come to represent the cause of more than 90% of primary failures 

of metallic material mechanical components under operating conditions, such as rims and wheels 

of trucks, aeronautical structures upon take-off, flight and landing, among others [11]. Fatigue 

failure is particularly unpredictable as it happens without any warning. 

The most common way of evaluating fatigue strength is the use of stress versus number of 

cycles to failure curves (S-N curves) [12]. This approach emerged from the first studies on the 

behavior of metallic materials, subjected to alternating and repetitive stresses, made by August 

Wöhler in the 1850s. For this reason, S-N curves are also named Wöhler curves. Normally, 

logarithmic scales are used and the stress used is the nominal stress (σa, σmax or σmin), without 

adjustment for stress concentration. 
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In Figure 2.2 we can see the fatigue process schematized, which can be characterized in 4 

stages: nucleation of the crack(s), microscope growth of the crack(s), propagation of the crack(s) 

and final failure [13] [14] [15]. 

 

Figure 2.2 – Scheme of the four stages of fatigue process. 

 

The nucleation of the crack is directly related to the existence of notches or other 

singularities, where there is a high value of stress concentration (Kt) [15]. In the absence of any 

surface defect, crack initiation will occur through the formation of inclusions or extrusions that 

are performed during cyclic loading. In microscopic growth, the orientation of the crack in the 

next grain is different from the previous one because the growth of the crack follows the planes 

where there are displacements and thus the resulting plastic strain gives rise to the formation of 

the crack [16]. The propagation phase begins when the crack is long enough to propagate 

perpendicularly to the direction of the load. It is common, for relatively low loads and ductile 

materials, to find stretch marks due to variation in frequency or load amplitude, each stretch mark 

being a fatigue cycle. Failure occurs when the crack is long enough for the cross section not to 

support the applied load, as the material's toughness value has been reached. 

Fatigue life (𝑁௙) can be expressed as the sum of two life segments, the number of cycles 

required to initiate the crack (𝑁௜) added to the number of crack propagation cycles (𝑁௣) [15] [17]. 

                                            𝑁௙ = 𝑁௜ + 𝑁௣                                                             (2.1) 

Fatigue in a material only appears if the applied stress varies with time. Stress cycles can 

be constant stress amplitude or a variable stress amplitude, described by a sinusoidal wave, square 

wave or trapezoidal wave. In Figure 2.3, a constant stress cycle with a sinusoidal wave can be 

observed. 
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Figure 2.3 – Representation of a fatigue load with constant amplitude [18]. 

 

Being 𝜎௠ୟ௫ and 𝜎௠୧௡ the maximun stress and minimum stress respectively, the nominal 

stress, 𝜎ୟ୴  can be given by: 

                                                𝜎௔௩ =
ఙ೘౗ೣା ఙ೘í೙

ଶ
                                                            (2.2) 

The stress amplitude 𝜎௔ is half of the apllied stress (∆𝜎), 

                                                 𝜎௔ =
ఙ೘౗ೣି ఙ೘í೙

ଶ
                                                             (2.3) 

Finally, the stress ratio R is obtained by: 

                                                        𝑅 =
ఙ೘í೙

ఙ೘౗ೣ
                                                                (2.4) 

2.3.2 Fatigue resistance curves 

Many engineering components are subjected to forces that vary in service, such as a rotating 

shaft, a bicycle pedal, the thermal expansion and contraction of machine components, the 

fuselage of aircraft, etc. A material subjected to repeated stress cycles undergoes microstructure 

modifications designated by the general term fatigue damage or simply fatigue. This damage is 

not taken by a detectable macroscopic change and failure can occur at low stress levels, often 

below the elastic limit, but whose repetition constitutes a hazard. Fatigue is caused by localized 

plasticities that appear at points of stress concentration where locally stress is greater than the 

yield point stress. 

Stress 

𝜎௠ୟ௫  

𝜎௠୧୬  

𝜎௔௩  
Time 

∆𝜎  

𝜎௔  
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The resistance of materials to fatigue is generally evaluated through the so-called basic S-

N curves of the material (Figure 2.4). In these curves, the ordinate axis represents the stress cycle 

amplitude and the abcissa axis represents the number of cycles until failure, N. 

The basic S-N curve is generally obtained in standardized specimens of the material, small 

in size, highly polished and with a negligible stress concentration, in order to assess the fatigue 

resistance, without the influence of these variables. 

The ordinate of the S-N curve constitutes the fatigue strength, which must always be 

specified for the corresponding number of cycles. The S-N curve shows that the fatigue strength, 

considered with the amplitude 𝜎௔ of the stress cycle applied to the specimen, decreases with the 

increase in the number of cycles until failure. For certain materials such as mild steel, there 

appears to be a stress below which fatigue failure does not occur (the material would last 

indefinitely without breaking). In other materials, this limit stress, called basic fatigue limit stress, 

𝜎௙଴ defined in Figure 2.4, does not exist or cannot be defined in good time.  

 

Figure 2.4 – Schematic representation of the S-N curves and fatigue limit stress [19]. 

In materials that do not present fatigue limit stress in the assymptote condition of the S-N 

curve (curve 2 of Figure 2.4), a fatigue limit stress is also defined, which is equal to the fatigue 

strength for 108 or 5x108 cycles. 

Nf 

Steel  

Curve 1  

Curve 2  

𝜎௙଴ - Fatigue limit stress 

Aluminium 
alloy 
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The S-N curves were obtained from the statistical treatment results of fatigue testing and, 

therefore, represented a certain probability of material fatigue curve. 

Upon the design phase, the designer can choose the S-N curve corresponding to the failure 

probability that he/she has defined. High failure probability reduces design reliability and safety, 

but leads to higher allowable stresses. By setting a low failure probability, reliability and safety 

are increased, but lower allowable stresses are estimated. The S-N curve equation generally has 

the form: 

                                           log 𝜎௔ =  log 𝐶 − 𝑐 log 𝑁௙                                                   (2.5) 
or 

                                                        𝜎௔ 𝑁௙ 
௖ = 𝐶                                                               (2.6) 

Where 𝜎௔ is the stress amplitude, 𝑁௙  is the number of cycles until failure, 𝑐  and  𝐶  are 

material constants and test conditions. 

Basic S-N curves are generally obtained for rotated cycles and for bending (rotative or flat) 
or tensile-compression stresses. The frequency of load application does not normally affect the 

results of fatigue tests, at least in the frequency range between 1 60ൗ  and 300 Hz. 

Equations 2.5 and 2.6, defined for a given failure probability, allow the designer to calculate 

the fatigue strength for a given specified duration. In order to have a theoretically infinite 

duration, only the fatigue limit stress is used, which constitutes the basis for the calculation of the 

allowable stress in the case under study. 

The S-N curve in Figure 2.4 only shows the zone of time greater than 105 cycles, commonly 

known as long-term fatigue or fatigue with a high number of cycles. In this zone, the nominal 

stresses are normally elastic (less than the yield stress of the material) and the failure occurs 

without visible plastic deformation. 

In the zone below 104 – 105 cycles, the stresses already enter the plastic domain and the 

elastic S-N curve can no longer characterize the material fatigue resistance. At this level, the 

extension amplitude of the stress cycle applied to the part should be analyzed. At this point, there 

is plastic fatigue, oligocyclic fatigue, low cycle fatigue or fatigue at a low number of cycles. 

Low cycle fatigue has specific behavior laws that were studied in the specialized texts and 

fatigue, cited in the reference list. This type of fatigue can occur in applications such as pressure 

vessels, pipelines, turbine blades, ovens, nuclear power plant reservoirs, rolling mill rolls, oil 

exploration platforms, etc. 
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Fatigue strength depends on many parameters, the most important of which are: 

- Surface finish 

- Residual stresses 

- Size 

- Environment 

- Medium stress 

- Stress concentration 

- Temperature 

- Material and heat treatment 

A brief analysis of the influence of such parameters is presented below. 

2.3.2.1 Surface finish influence  

Surface finish is a fundamental parameter in fatigue resistance. A part with poor surface 

finish will present a high number of surface defects that constitute areas of easy fatigue crack 

nucleation, and consequently, low fatigue resistance. It can be said that the worse the surface 

finish, the lower the fatigue strength. The mirror-polished finish of the specimens used to 

determine the basic S-N curve provides maximum fatigue strength and serves as a fatigue strength 

standard. 

2.3.2.2 Residual stress influence 

The existence of residual stresses varies the fatigue strength of the part. Residual 

compressive stresses are beneficial because they cause the closure of the cracks or microcracks 

that appear at the beginning of the fatigue process, thus delaying the appearance of failure. 

Residual tensile stresses are harmful and can be induced on part surface either by severe polishing 

or by certain types of electrolytic coating, such as chrome plating, cadmium plating and nickel 

plating. 

There are several techniques used to introduce compressive residual stresses to the surface 

that have produced a significant increase in fatigue strength. The most commonly used 

mechanical treatments are shot peening, surface hammering, shot blasting, and surface rolling. 
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Heat treatments that produce residual compressive stresses are carburizing, nitriding, 

carbonitriding and induction quenching. 
 

2.3.2.3 Size influence (geometric effect) 

Part size influences fatigue strength and essentially depends on three effects: 

- stress gradient in cross section; 

- volume of material; 

- part surface area. 

In this way, larger parts will have lower fatigue strength, because both the volume of 

material subjected to higher stress and the surface area are greater. Regarding the first factor, this 

is particularly important in parts that have tension gradients in cross section caused by bending 

or torsional stresses or by notches. In this case, for the same maximum stress, the greater the 

stress gradient, which decreases with increasing cross section, the greater the fatigue strength, 

because the volume of the material subjected to higher stress in the most extreme fibers of the 

section decreases. 

A larger surface area of the part increases the probability of surface defects, which also 

contributes to the reduction of fatigue resistance with the increase of part dimensions. 

 

2.3.2.4 Environment influence 

Fatigue resistance significantly depends on the environment surrounding the part. In 

environments considered relatively inert, such as dry air, fatigue resistance is generally 

maximum. In corrosive environments or with high percentages of water vapor (humid air), fatigue 

resistance is low, constituting the phenomenon of fatigue with corrosion, which can be defined 

as the application of dynamic loads to a part placed in a corrosive environment. 

Salt solutions, including seawater, are environments that cause high reductions in fatigue 

strength. Reductions of more than 100% are observed in certain types of steel. The fatigue limit 

stress, which would normally be obtained if the part were tested in air, does not exist in most 

cases if the material is susceptible to fatigue with corrosion in salt solutions. The S-N curve is 

then continuously decreasing and the fatigue strength becomes negligible for very high duration 

values (greater than 108 cycles). 
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Unlike fatigue in inert environments, corrosion fatigue resistance increases with load 

frequency due to the shorter contact time of the corrosive medium with the part surface that occurs 

at higher frequencies. 

The effect of size is also manifested in corrosion fatigue in a manner similar to that observed 

in air, i.e., corrosion fatigue resistance increases with part dimension. This aspect is the result of 

the longer path to failure that the crack has to travel in long pieces exposed to corrosive 

environments, in which the fatigue duration is primarily defined by the crack propagation period 

(shortest initiation period). 

To obtain a fatigue resistance similar to that obtained in air in a part exposed to a corrosive 

environment, part surface must be properly protected from the environmental chemical attack. 

For this purpose, several types of coating or protection techniques are used, for example, cathodic 

protection. 

Figure 2.5 schematically illustrates the effect of fatigue with corrosion, with a divergence 

between the curves in air and in a corrosive environment, which, for the reasons mentioned above, 

increases with part life. 

 

Figure 2.5 – Schematic representation of the environment effect in fatigue resistance [19]. 

 

As it becomes clear, the design of parts subjected to fatigue with corrosion requires special 

care, namely in regard to: 

(Corrosive environment)  

1 (Air) 

2 
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- choosing the material that has the maximum resistance to corrosion fatigue in the specified 

environment and in the absence of coating; 

- choosing the most suitable coating to guarantee maximum resistance to corrosion fatigue 

and that does not crack or lose adhesion due to repeated action of dynamic loads (prevents part 

direct contact with the environment); 

- choose the most convenient part shape, in order to prevent or reduce stress concentration 

zones, as much as possible. 

Generally, corrosion fatigue design is considered by means of a reduction coefficient in 

relation to fatigue in air, which assumes that part is in direct contact with environment. This 

procedure is used even if part is coated, unless there is an S-N curve obtained from the same 

material, environment and type of coating as the one used in service. 

2.3.2.5 Medium stress influence 

For the reasons explained above, medium compressive stresses or cycles with predominant 

compressive stresses are the most favorable from the point of view of fatigue strength. Fatigue 

strength or fatigue limit stress amplitude increases with decreasing cycle mean stress if it is 

tensile. Up to close to yield strength, if the medium stress is compressive, fatigue strength 

increases with the value of medium stress. 

The effect of medium stress on fatigue strength is quantified in several calculation 

equations, the best known being the Goodman equation (Equation 2.7): 

 

                                                𝜎௔ =𝜎௙଴(1 −
ఙೌೡ

ఙೆ೅ೄ
)                                                          (2.7) 

 

where  𝜎௔  is the stress amplitude (where for a non-zero medium stress), 𝜎௔௩ is the medium stress, 

𝜎௙଴ is the fatigue limit stress for 𝜎௔௩= 0 and 𝜎௎்ௌ is the tensile strenght. 

2.3.2.6 Stress concentration influence 

Stress concentration is one of the most important parameters of fatigue strength. The 

introduction of geometric discontinuities, such as holes, notches, weld seams and changes in 

diameter, among others, causes an increase in static or monotonous stresses, and so does dynamic 

stresses applied to a component, regardless of the material. 
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The theoretical or static stress concentration factor, Kt is defined by the ratio that exists 

between the maximum local stress σmax, and the nominal stress σn, (Equation 2.8). 

                                                        𝐾௧ =  
஢೘ೌೣ

஢೙
                                                               (2.8) 

The relationship between notched and not notched fatigue strength limits is designated as 

the dynamic stress concentration factor, Kf. Theoretically, Kf would be expected to be equal to 

the static stress concentration factor, Kt. Tests, however, show that Kf is often less than Kt. To 

quantify this phenomenon, the notch sensitivity index 𝑞 is commonly used (Equation 2.9), which 

diversify between 0 and 1. When a material is very sensitive to the presence of notches, Kf=Kt  is 

obtained, that is, the notch sensitivity factor is equal to 1. Metals with uniform and fine grain are 

sensitive to the presence of notch, so the notch sensitivity is high. On the other hand, Kf=1 for a 

material that has little notch sensitivity, so the presence of the notch does not affect component 

life, as it is the case with cast iron, where lamellar graphite acts as a microscopic notch, facilitating 

nucleation of cracks and significantly reducing the effect of macroscopic notches. Notch 

sensitivity is a complex parameter that depends on notch geometry (radius), loading nature 

(tensile/compression, bending and torsion) and material strength, which, in turn, depends on its 

hardness. Very small notch radi, approaching internal (microscopic) material imperfections, lead 

to a notch sensitivity index close to zero. Therefore, the difference between Kt and Kf increases 

the smaller the notch radius and the greater the material strength [20]. A hard and fragile material 

has a high notch sensitivity, so a softer, more ductile material has a lower notch sensitivity. That 

said, the change from a soft and more ductile material to a hard and fragile material in a given 

application, increases fatigue strength, but not as much as it would be supposed given the notch 

sensitivity phenomenon: 

                                                            𝑞 =  
௄೑ିଵ

௄೟ିଵ
                                                                  (2.9) 

Imperfections (scratches and others) on component surface that are greater than the 

microscopic material imperfections, as well as high material roughness, are factors that reduce 

fatigue strength. This effect is more pronounced in very hard and resistant materials compared to 

less hard and more ductile materials. Thus, smooth or polished surfaces are recommended for 

materials that are more resistant. 
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In a local approach, the dynamic or fatigue stress concentration factor, Kf, can be defined 

as the quotient between the effective stress, σ௘௙ from the fatigue strength point of view (Equation 

2.10), and the nominal stress, σ௡:  

                                                            𝐾௙ =  
஢೐೑

஢೙
                                                           (2.10) 

In general, it can be said that the theoretical or static stress concentration factor, Kt, is 

responsible for the amplification of the stresses that will initiate fatigue cracks, and the dynamic 

or fatigue stress concentration factor is responsible for the stress amplification, which ensures 

that the crack will continue to propagate beyond the critical distance. 

2.3.2.7 Temperature Influence 

Temperature influences fatigue strength in different ways, depending on whether it is below 

or much above room temperature. In the first case, the results indicate that fatigue strength 

increases when temperature drops. In the second case, creep phenomenon and low fatigue 

strength may arise with increasing temperature. 

For example, in heat-resistant alloy steels, creep is the main cause of failure at temperatures 

above 700°C. 

Contrary to what was considered in the previous paragraph, thermal fatigue is a failure 

mode, caused by thermal stresses, due only to temperature variations and in conditions in which 

stresses are not produced by mechanical means. Thermal fatigue analysis requires knowing, in 

addition to mechanical fatigue variables, the temperature variations that occur in the part and the 

thermal expansion characteristics of the specified material. 

For design purposes and outside the fatigue-creep interaction region, the temperature effect 

is considered by means of a reduction coefficient applied to the fatigue limit stress value, at 

ambient temperature. 

2.3.2.8 Material and heat treatment influence 

As expected, fatigue strength depends on the material metallurgical structure, that is, on the 

mechanical properties obtained in the conventional tensile test. 
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It is important for the designer or user to note that fatigue strength can be changed by the 

microstructure of material modifications. 

In general, and in particular in aluminum alloys, it seems that fatigue strength increases 

with material tensile strength, with the exception of carbons and untreated alloys that from 1400 

MPa of tensile strength the fatigue limit stress does not change. 

2.3.2.9 Microstructure effect 

Any change in the microstruture or surface condition has the potential of altering the S-N 

curve, especially at long fatigue lives. In metals, resistance to fatigue is generally enhanced by 

reducing the size of inclusions and voids, by small grain size, and by a dense network of 

dislocations. However, special processing aimed at improvements due to microstructure may not 

be successful unless it can be accomplished without substancially decreasing the ductility. In this 

material, a higher degree of cold work by drawing increases the dislocation density and hence the 

fatigue strength. Larger grain sizes are obtained by more thorough annealing, thus lowering the 

fatigue strength. 

Microstructures of materials often vary with direction, such as the elongation of grains and 

inclusions in the rolling direction of metal plates. Fatigue resistance may be lower in directions 

where the stress is normal to the long direction of such an elongated or layered grain structure. 

Similar effects are especially pronounced in fibrous composite materials, where the properties 

and structure are highly dependent on direction. Fatigue resistance is higher where larger numbers 

of fibers are parallel to the applied stress, and especially low for stresses normal to the plane of a 

laminated structure [21, 22]. 

2.3.3 Fatigue crack propagation 

The fatigue strength of a part is quite difficult to predict through an analytical expression 

obtained from a theoretical analysis. The main problem arises in determining the number of crack 

initiation cycles, since the number of cracking or crack propagation cycles can be calculated 

directly from the integration of the crack propagation law of the material that proves to be the 

most appropriate for the material and service conditions. 
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The integration of the crack propagation law, which uses the LEMF parameters, will thus 

provide a reliable prediction of the fatigue strength of the part. In cases where the crack initiation 

period is reduced, as in welded joints and in areas of high stress concentration, this method will 

even give an approximate prediction of fatigue strength. 

It is known that, in the crack, the nominal stresses are normally lower than the yield stress 

of the material. Given that the stress intensity factor controls the field of stresses and strains at 

the crack tip for static loads, it is logical to assume that this parameter will also control the crack 

propagation velocity, in the case of periodic stresses. The crack growth rate, 𝑑𝑎 𝑑𝑁⁄  is thus a 

function of the stress intensity factor in the load cycle, that is, 

                                                         
ௗ௔

ௗே
 = 𝑓 (𝛥𝐾, 𝑅)                                                                 (2.11) 

 

where 𝛥𝐾 = 𝐾௠௔௫ − 𝐾௠௜௡  with 𝐾௠௔௫ = 𝑌𝜎௠௔௫√𝜋𝑎  and  𝐾௠௜௡ = 𝑌𝜎௠௜௡√𝜋𝑎 , being 𝜎௠௔௫  and 

𝜎௠௜௡ the maximum and minimum stresses of stress cycle. 

The fatigue cracking characterized by the LEMF is, therefore, a process of slow growth of 

a crack (or defect), for values of the stress intensity factor below the critical value 𝐾ଵ௖ (𝐾௖) of 

unstable failure. This cracking process is the subcritical defect growth and covers the period of 

crack growth from a given initial dimension, 𝑎௜, to a critical dimension 𝑎௖. 

The 𝑑𝑎 𝑑𝑁 −  𝛥𝐾⁄  diagram, which is usually obtained in tests, has the progress indicated 

in Figure 2.6. In this diagram three propagation regimes identifies, designated as regimes I, II and 

III. 

The Paris diagram (Figure 2.6) also represents the variation of the crack growth ratio as a 

function of the stress intensity factor 𝛥𝐾: 
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Figure 2.6 – Paris Diagram. Three regions that identify the variation of the crack growth rate as a 
function of the stress intensity factor, ΔK [23]. 

 

2.3.3.1 Main parameters of 𝑑𝑎 𝑑𝑁 −  𝛥𝐾⁄  curves 

The three regions identified above depend on several parameters. 

In region I, the propagation speed strongly depends on the stress intensity factor, there being 

a value ΔK, that is the propagation threshold, ΔK௧௛, of stress intensity factor, below which the 

crack propagation is or is not or the propagation speed is less than 10-7 mm/cycle.  

In region II, the propagation velocity varies less sharply with 𝛥𝐾. 

In region III, in fragile or high-strength materials, an acceleration of crack propagation is 

verified, when  K௠௔௫ approaches the tenacity K௖, corresponding to the unstable fracture. 

Several analytical expressions describe the function  𝑑𝑎 𝑑𝑁,⁄ 𝛥𝐾 . For the purpose of 

approximate prediction of fatigue duration, the most commonly used equation is the so-called 

Law of Paris: 

                                              
ௗ௔

ௗே
= 𝐶(𝛥𝐾)௠                                                                (2.12)                

𝑙𝑜
𝑔

.𝑑
𝑎

𝑑
𝑁

,𝑚
𝑚

/𝑐
𝑦

𝑐𝑙
𝑒

⁄
 

𝑙𝑜𝑔 𝛥𝐾 

REGION I                              REGION II                                  REGION III         

Big influence 

 
(i) microstructure 
(ii) medium 
stress 
(iii) environment 

Small influence 

(i) microstructure 
(ii) medium stress 
(iii) environment 
(iv) thickness 

Big influence 

(i) microstructure 
(ii) medium stress 
(iii) thickness 
 
Small influence 

(iv) environment 

Final 
rupture 



27 

 

Where in 𝐶  and 𝑚  are material constants that depend on the material, medium stress, 

frequency, environment, etc. The Paris law is only strictly valid in region II but remains the most 

commonly used, due to predicting the results with a certain margin of safety and presenting a 

great mathematical simplicity 

The propagation threshold ΔK௧௛ is an important parameter because it relates the stress level 

with the dimension of a defect in the part, so that it does not propagate by fatigue. Thus, for a 

given defect of 𝑎 dimension the range of minimum stress Δσ௧௛ that would cause the propagation 

of this defect by fatigue, will be given by the equation             

                                                    Δσ௧௛ =  
୼୏೟೓

௒√గ௔
                                                                (2.13)                   

The  ΔK௧௛ value depends on the same parameters that affect the 𝑑𝑎 𝑑𝑁,⁄ 𝛥𝐾 diagram. ΔK௧௛ 

can be determined experimentally, carrying out tests that have the drawback of being quite time 

consuming in order to obtain very low crack propagation speeds. 

 

2.3.3.2 Crack closure concept  

The concept of crack closure it was introduced by Elber [24] to explain certain anomalies 

in the behavior of an unloaded crack, observed experimentally during the analysis of variations 

in the compliance of thin specimens of  2024-T3 alloy. While in the ideal situation of the 

application of MFLE a crack subjected to a tensile load closes, i.e. the crack faces contact, when 

the load is completely removed, a fatigue crack can close during unloading, even before it is 

reached the zero tension. Also during the load process, the gap can only open after the charge has 

reached a certain value. Thus, the propagation velocity is not only be influenced by the conditions 

existing in front of the crack tip, but also by the nature of the contact between the crack faces 

behind its tip. Elber's work provided a certain understanding of the dependence of propagation 

velocity on factors such as loading history, crack length, stress state, among others, as the 

conditions existing in the crack edge wake are the result of these parameters. 

Elber determined the remote loads for which the two faces of the slit closed and opened 

completely, respectively, during loading and unloading. This determination was carried out by 

measuring the evolution of displacement during a load cycle, between two points P and P' located 

above and below the crack plane and approximately 2 mm behind its tip (see Figure 2.7). Figure 

2.7 schematically shows the voltage-displacement record obtained during discharge. 
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Figure 2.7 – Schematic representation of the applied stress versus the displacement between P and P′ 
points measured by a displacement transducer [24]. 

Basically, three regions can be distinguished. In the region between A and B, the crack is 

completely open, the linear behavior and compliance being equal to that measured in an identical 

specimen with a thin notch (saw-cut) with a length equal to that of the fatigue crack. Between B 

and C, the crack closes with variation in compliance due to the change in geometry. In the final 

stage of the discharge below point C, the crack closed completely, the behavior being once again 

linear and the slope of CD equal to that observed in a similar specimen without a crack and 

represented in Figure 2.7 by the line E. The stress corresponding to point B, where the contact 

between crack faces starts, is the closing stress, 𝜎௖௟. With zero remote load, 𝛿଴ is the residual 

displacement produced by the plastic trail of the crack, that is, by the plasticized region on both 

sides of the crack. 

During loading, the 𝜎 − 𝛿 curve is very similar to the one seen in Figure 2.7. However, due 

to the plastic deformations produced in each cycle and the contact between the crack faces during 

its closing, the loading and unloading curves are not coincident completely, generally observing 

a certain hysteresis. The remote stress at which the full opening of the crack occurs is called the 

opening stress 𝜎௢௣. As already mentioned, during the contact between the crack faces, a certain 

plastic crushing occurs between the crack surfaces in the area close to its extremity, so the stresses 

𝜎௠௔௫ 

𝜎௖௟ 

crack 
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𝜎௖௟e 𝜎௢௣  differ slightly. However, in practical terms, is assumed in generally that the remote 

closing-to-opening stresses of the crack are identical. 

Elber considered that propagation can only occur during the part of the load cycle in which 

the crack is fully open, because while closed it can transmit compressive stresses between the 

two faces and, therefore, the remaining part of the cycle is relatively inefficient. Thus, he defined 

the driving force of crack propagation in fatigue through an effective range of the stress intensity 

factor, 𝛥𝐾௘௙, given by 

                                               𝛥𝐾௘௙ =  𝐾௠௔௫ − 𝐾௢௣                                                         (2.14) 

where 𝐾௢௣ is the stress intensity factor for which the crack is fully open, that is, the value of K 

corresponding to 𝐾  corresponding to 𝜎௢௣ . Figure 2.8 illustrates the definition of the 𝛥𝐾௘௙ 

parameter, schematizing the effect of crack closure by comparing the evolution of 𝐾 with the 

displacement of the crack opening during the load cycle. Thus, crack closure produces a 

protective effect at the crack end, as it reduces the driving force of propagation. 

 

Figure 2.8 – Variation of the crack opening displacement versus load showing the 𝜟𝑲𝒆𝒇 definition [25]. 

 

The 𝛥𝐾௘௙ and 𝛥𝐾 parameters can be related to each other through the following expression 

𝐾௖௟ 

time 
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                                                        𝛥𝐾௘௙ =  𝑈 𝛥𝐾                                                          (2.15) 

Being  𝑈 the normalized parameter of the stress ratio, 𝑈, definited by Elber [25] as  

                                                       𝑈 =  
௄೘ೌೣି௄೚೛

௄೘ೌೣି௄೘೔೙
                                                         (2.16) 

 

2.3.4 Fatigue life prediction 

 

Aeronautical components and structures are often subject to random multi-axial loads, in 

which cyclic loads are applied with different frequencies, and/or phase differences, in different 

directions [26]. Cyclic multiaxial stresses in regions with notch occur both for multiaxial cyclic 

loading and for uniaxial loading, and this is because the geometric constraint of the notch causes 

multiaxial stresses to occur at the root of the notch, even though the component is in a state of 

uniaxial tension [27]. 

As already mentioned, the fatigue process under multiaxial loads is quite complex, 

therefore, it is very important to accurately predict the behavior of components with this type of 

loading. Thus, in order to develop a universal model of multiaxial damage, several efforts have 

been developed. However, to date, it has not been successfully achieved. That said, the life of 

notched components could be analyzed through several models, which are divided into three 

categories: stress-based models; energy-based models and strain-based models. 

Next, the first 2 models are briefly presented and the model based on deformations is 

presented in more detail, as this is what will be used in this study. 

 

2.3.4.1 Models based on stresses  

Stress-based models are based on empirical relationships between applied stress and the 

number of cycles to failure (S-N curves). The presence of geometric discontinuities causes stress 

concentration, which, in turn, causes local stresses in the notch region, and in its vicinity, higher 

than the nominal stress. 

Even though this is a good approach for determining the fatigue strength reduction factor, 

the most reliable is the experimental approach. However, it is relatively expensive and time 

consuming. In order to overcome this obstacle, alternative approaches have been proposed, which 
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are grouped into different methods, such as: effective stress method, Fracture Mechanics method, 

and stress field strength method. The method based on effective voltage is the one that has been 

mostly used. This assumes that fatigue damage is not only controlled by the maximum local stress 

at the root of the notch, but also by the average of the local stresses evaluated along a small line, 

area or volume around the root of the notch. It is thus concluded that fatigue failure occurs when 

the average stress, at a critical distance from the notch root, is equal to or greater than the fatigue 

strength of a smooth component [27]. 

 

2.3.4.2 Models based on energy 

The energy supplied in a cyclic loading is stored in the material and emitted as heat, which 

in turn is generally divided into a reversible and an irreversible part, the latter being represented 

by the hysteresis circuit. When deformation is controlled, the area of the hysteresis loop is 

practically constant throughout the life of the material and represents the plastic deformation 

energy absorbed per cycle. This cyclic hysteresis loop can be used as a damage parameter to 

assess fatigue failure for the entire fatigue life spectrum. 

 

2.3.4.3  Models based on local deformation 

Cyclic strains with the presence of average strain result in an average component of acting 

stress. This stress component, in most cases, causes a “relaxation” of the material with the 

continuous application of deformation cycles. The relaxation induced in the material is a result 

of the presence of plastic deformation and, therefore, the rate of relaxation will depend on the 

magnitude of the amplitude of plastic deformation present [28]. Figure 2.9 illustrates this 

relaxation phenomenon due to the presence of mean strains. 
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Figure 2.9 – Material relaxation during the cyclic application of strain in the presence of medium 
strain [28]. 

Relaxation due to medium stress is different from the cyclic softening phenomenon and can 

occur in any material. Since higher mean relaxation stresses occur at larger strain amplitudes, due 

to large plastic strains, the effect of mean stress on fatigue life will be smaller in low-cycle fatigue 

regions and greater in high-cycle fatigue [29]. Different types of models that consider the effect 

of mean stress on fatigue life prediction are available in the literature. 

Models based on deformation are related to the plasticity existing at the notch root. This 

modeling assumes that notched and smooth specimens have the same life, and accumulate the 

same damage, if their stress-strain histories are similar at their crack initiation locations. There 

are different ways to determine the stress-strain fields, namely analytical methods, methods based 

on the finite element method or experimental methods Regardless of the method chosen, it is 

imperative to know precisely the stress-strain history at the root of the notch. 

The analytical methods based on local deformation used in this study were as follows: 

 Morrow’s method;  

 SWT method (Smith, Watson and Topper). 

 

2.3.4.3.1 Morrow’s method or local deformation model  

Morrow's method has a formulation as shown in Eq. (2.17). 

By this method, both the terms elastic and plastic consider situations where the average 

stress exists (eq. 2.17): 

                           
∆ఌ

ଶ
=  𝜀௔௩ =
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where, 
∆ఌ

ଶ
 is the total strain amplitude, 𝜎௙

ᇱ  is the fatigue strenght coefficient, 𝜎௔௩ , is the mean 

stress, 𝐸, is the elastic modulus, 𝑁௙, is the number cycles to failure, 𝑏 is the failure local, 𝜀௙
ᇱ  is the 

fatigue ductility coefficient and 𝑐 is the fatigue ductility exponent [30]. 

On the other hand, Morrow also describes an equation where he disregards the presence of 

the average stress in the plastic component of the deformation. 

Morrow [31] suggested that the elastic term of the total strain-life equation (eq. 2.18), can 

be modified by subtracting the mean stress,  𝜎௔௩ , from the fatigue strenght coefficient, 𝜎௙
ᇱ , to 

account for the mean stress effect as: 

                                         
∆ఌ

ଶ
=  𝜀௔௩ =

ఙ೑
ᇲ ିఙೌೡ

ா
൫2𝑁௙൯

௕
+ 𝜀௙

ᇱ ൫2𝑁௙൯
௕௖

                                      (2.18) 

The medium stress 𝜎av is the stress acting at the critical point of the part, usually at the root 

of the notch, thus being different from the average rated stress. 

The Morrow model predicts that mean stresses have larger effects at longer fatigue lives, 

where the elastic strain amplitude dominates the total strain amplitude. The model also predicts 

that the mean stress has much smaller effects at low fatigue lives, where the plastic strain is 

significant. The model predictions are consistent with experimental observations that the mean 

stresses have significant influences at high cycle fatigue than low cycle fatigue [31]. 

 

2.3.4.3.2 SWT – Smith, Watson and Topper 

The SWT – Smith, Watson and Topper model for life deformation can be evaluated in 

Equation 2.19: 
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                                 (2.19) 

This equation assumes that for different magnitudes of strain 𝜀𝑎v and different values of 

mean stress 𝜎av, the product 𝜎𝑚𝑎𝑥𝜀𝑎v remains constant for a given lifetime. If 𝜎𝑚𝑎𝑥 is zero, the 

above equation predicts infinite life, which indicates that stress must be present to populate 

fatigue fracture. The SWT method has been shown to be more efficient in the correlation of 

situations with the existence of average stresses for different types of materials and, therefore, 

this method has been more effective for general cases. Similar to the stress-life (S-N) method, in 
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addition to the presence of average stress, other factors can influence the strain-life behavior of 

the material. 

Smith, Watson and Topper (SWT) suggested that the function of the maximum tensile 
stress, 𝜎𝑚𝑎𝑥 and the strain amplitude, 𝜀𝑎v should control the influence of mean stress in the fatigue 
life analysis, equation 2.20: 

                     𝜎௠௔௫ 𝜀௔௩ = 𝜎௠௔௫ 
∆ఌ

ଶ
=

ቀఙ೑
ᇲ ቁ

మ

ா
 ൫2𝑁௙൯

ଶ௕

+ 𝜎௙
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                          (2.20) 

where, 𝜎௠௔௫ = 𝜎௔௩+ 𝜎௔ is the maximum stress of a given cycle.  

The SWT model can be classified as the stress- strain or energy type of damage parameter. 

The SWT model assumes that the damage parameter, 𝜎௠௔௫ 𝜀௔௩  remains constant for diferent 

values of the product of the maximum stress, 𝜎௠௔௫ and the strain amplitude, 𝜀௔௩ at a given life. 

The SWT model shows good predictions to account for the mean stress effects under tensile mean 

stress conditions at low and long fatigue lives [32, 33, 34, 35, 36]. However, it shows non-

conservative predictions for large compressive mean stresses [37] and predicts zero fatigue 

damage for compression-compression loadings where the maximum stress is 𝜎௠௔௫ < 0. A 

theorethical limitation of the SWT model can easily show that the damage function, 𝜎௠௔௫ 𝜀௔௩ is 

not defined if 𝜎௠௔௫ < 0. 

2.3.4.4 Life prediction of fatigue crack propagation 

The prediction of fatigue crack propagation life is generally performed using the criteria of 

Linear Elastic Fracture Mechanics. Through them, propagation laws are obtained, normally based 

on experimental results, which try to mathematically represent the evolution of the fatigue crack 

propagation velocity. Thus, the determination of the number of cycles spent in the propagation 

of a defect, from the initial dimension 𝑎௜ to the final dimension 𝑎௙, boils down to the integration, 

between these limits, of the corresponding propagation law. 

It is possible to determine critical loads, critical defect dimensions and inspection intervals, 

based on the capability of non-destructive inspection techniques or if the initial dimension of a 

crack is known, in order to be able to estimate the residual life of that component. 

The crack dimension increases with the number of cycles and with the voltage level [38]. 

This relationship is usually expressed through a relationship of the type da/dN versus the 
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amplitude of the stress intensity factor, 𝛥𝐾. The crack propagation speed, da/dN, is a function of 

several parameters, such as the stress intensity factor, 𝛥𝐾, the stress ratio, R, the temperature, the 

environment, the rolling direction, the thickness component and the stress cycle. 

The prediction of the fatigue life of a component in which it is assumed that there will be 

crack propagation is made by integrating the da/dN - 𝛥𝐾 curves. For example, integrating the 

Paris law, for constant stress amplitude, comes:  

                                                   𝑁௙ =
ଵ

஼(௱ఙ)೘
 𝑥 𝐼                                                                 (2.21) 

where 𝐼 is the propagation integral given by the equation: 

                                                    𝐼 =  ∫
ௗ௔

൫௒√గ௔൯
೘

௔೑

௔೔
                                                                (2.22) 

In the 2.22 equation 𝑎௜ e 𝑎௙ are, respectively, the initial and final dimensions of the crack 

considered in the part. 

To determine the number of cycles spent in the propagation of fatigue cracks, i tis necessary 

to know a set of data and parameters:  

1. The crack propagation law of the material obtained experimentally under the same 

service conditions as the structure (metallurgical state, thickness, environment, medium 

stress, frequency, temperature, etc.) or, through results obtained by other researchers; 

2. The equation of stress intensity factor is valid for the structure geometry and crack 

location; 

3. The size of the initial crack or defect that can correspond to the size of a defect or crack 

that has been detected in service of the structure. Another hypothesis is to consider that 

in the structure there are always defects with a dimension equal to the values of the 

detection limits of the non-destructive inspection technique that is being used; 

4. The nominal applied stress that is used in the stress intensity factor definition equation; 

5. The distribution of stresses in the neighborhood of the crack (stress concentration 

effect); 

6. The non-propagation threshold values, 𝛥𝐾௧௛ and 𝐾ଵ௖ under the conditions (1); 

Once these parameters are defined, the crack propagation law is integrated. 
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2.4 Fatigue improvement techniques 

 

2.4.1 Introduction 

A significant percentage of aeronautical structures currently in service (central fuselage 

supports, connecting joints, fuel tank support structures and wings) have already exceeded their 

design life. However, they are not being replaced by new structures not only due to the high costs 

involved in the manufacture of such structures, but also as a consequence of the time delay that 

would be required for the new construction, during which it would not be in service. Thus, there 

are additional losses of an economic nature, or other, in this subject area of aeronautics where 

costs regarding all processes are too high. 

However, on the other hand, keeping aged structures in service, without risk of loss of 

structural integrity, gives rise to additional maintenance costs, which can be classified into three 

different types: 

i) Inspection costs, to check the existence of cracks or other defects in the structure, 

especially in the welded joints; 

ii) Condition control costs, to assess the evolution, over time, of loads or stresses in the 

structure, and compare these values with the initial design parameters, (if these are available); 

iii) Repair costs in the damaged areas, to rehabilitate the structure, so that the repaired welds 

can accept an extension of life with sufficient safety. 

Miki et al [39] published a database of fatigue failure repair cases, which is available on 

the Internet. 

Nowadays, due to economic constraints, there is a tendency to use structures to the 

maximum of their life potential. To achieve this objective, must be carried out, inspection, 

condition control and repair. Life extension of fatigue-aged structures may be possible without 

jeopardizing structural integrity, if are introduced rehabilitation methods such as surface 

treatment methods. 

Rehabilitation is of the structure achieved when local treatment or repair provides greater 

fatigue strength in the identified area, at least equal to the fatigue strength of the original 

undamaged detail. If the treatment is properly applied, the rehabilitation of the detail can be 
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guaranteed, and the nature of the improvement methods can even produce, after repair, a higher 

fatigue strength and residual life than the initial detail, if this has not been initially subject to no 

ameliorating treatment. 

Improvement techniques to rehabilitate can be used structures damaged by fatigue. The 

damaged structure can be treated locally and very often with the structure in service. If the 

treatment is successfully applied, the damage can be quickly removed and after the treatment, the 

initial mechanical properties of the structure can be recovered or even improved, also achieving 

a significant life extension period. This procedure avoids much more costly repairs, which would 

be the case if the structure had to be removed, rebuilt and put into service. 

All fatigue improvement techniques are based on simple principles, which aim to increase 

the time to crack appearance, reintroducing a significant crack initiation period, and/or hamper 

its propagation [40]. These principles are: 

 Reduction of the stress concentration factor; 

 Reduction in the number of defects likely to give rise to a crack (roughness 

reduction); 

 Creation of a local state of compressive stresses. 

 

The fatigue improvement techniques, which are based on the modification and introduction 

of residual stresses, can be classified into two methods [41, 42]: 

 Mechanical methods; 

 Thermal methods. 

 

These two methods can still be reclassified, according to Table 2.4. 
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Table 2.4 – Reclassification of the two fatigue improvement methods. 

Mechanical methods Impact methods Shot blasting (shot peening) 

Hammering  

Impact with explosives 

Impact with ultrasound 

Overload methods Initial overload 

Local compression 

Thermal methods Relaxation of thermal stresses 

Local heating 

Gunnerts method 

 

Given the great variety of these processes, we will present the surface improvement 

treatment processes and essentially the peening processes studied here in this work 

 

2.4.2 Mechanical methods based on the introduction of 

residual stresses  

 

2.4.2.1 Shot peening 

The shot peening process consists of bombarding small beads (made of steel, ceramics, 

glass or other materials) into a target component (through an air jet or centrifugal force) at a speed 

between 20-100m/s in order to plastically deform the surface to create residual compressive 

stresses [43, 44]. The process schematization can be represented in Figure 2.10 [45]. 
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Figure 2.10 - Step-by-step schematic view of the shot peening process: a) Movement of the beads 

at high speed; b) Plastic deformation after impact, creating residual stresses; c) and d) Replication 

of the various “shots” in a target object; e) Creation of several small indentations [45]. 
 

Within this process, there may be several conditioning factors that will alter the distribution 

of residual stresses created. These differences may be due to the characteristics of the projectiles 

(diameter, hardness, density), the hardness of the workpiece or the process used (incidence angle, 

shooting speed, coverage, magnitude and depth) [43]. This method will have to be carefully 

controlled as the treated part will present a new roughness profile that will result in a new 

coefficient of surface stress concentration (Kt) which may have a more harmful than beneficial 

effect on material fatigue [43, 16], mainly in materials of low hardness. 

 
 

2.4.2.1.1 Beads type 

The particles used in the shot peening process can have different sizes as well as 

different materials. This selection is based on the material to be bombarded as hardness, intensity, 

iron contamination (in non-ferrous materials) and permissible surface roughness will be 

determined. The projectiles must have at least a hardness similar to the material to be shot so that 

in this way it is possible to induce plastic deformation [46]. 

Steel beads are the most commonly used, as in addition to being the most economical 

material, they have consistency, great durability and can be recycled. Beads from carbon steel cut 

various  
"shots" Compressed 

material  
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wire have the same characteristics as steel beads, but their manufacturing process results in more 

refined size control. Glass or ceramic particles are lighter and smaller than steel and are used 

where low intensities are required and where iron contamination is a design criterion. Basting by 

these beads, due to their smaller radius, results in a relatively smooth surface when compared to 

steel projectiles [47]. 

2.4.2.1.2 Coverage 

An appropriate process is obtained when the processed surface has a total shot peening 

coverage, that is, the entire observed area must include spherical cutouts from the projected 

material [43]. The 100% coverage appears only on the theoretical plane, because as the piece is 

shot, the coverage increases, as well as a phenomenon known as overlap. Figure 2.11 shows a 

phenomenon that occurs when a surface is shot by more than one bead. In this way, an overlap 

of material can occur and there is the possibility of the formation of folds that affect the roughness 

and the consequent decrease in the fatigue life [43] [48]. 

 

2.4.2.1.3 Intensity 

In 1944, John O. Almen proposed a model that allows the evaluation of the intensity of 

residual stresses introduced by the shot peening process [46]. This evaluation model is influenced 

by the beads size, hardness, shape, impact angle, exposure time, speed, etc., that is, all factors 

that influence the shot peening process, as the preliminary intensity measurement can be made 

with all the characteristics in which the shot blasting will be developed. Almen suggested bending 

and deforming a SAE 1070 spring steel plate with three different thicknesses that correspond to 

three intensities. By evaluating the arc height, it is possible to define the intensity of the method. 

Almen strips classified as “N”, “A”, “C” which only change in thickness. The N strip is 0.79mm 

thick, the A strip is 1.29mm and the C strip is 2.39mm where the greater the desired intensity, the 

Figure 2.11 – (left) Process of gradual coverage of shot blast areas from individual “shots” to their 
overlapping [48]. (right) Shaping due to the peening excess [48]. 
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greater the chosen thickness [46] [47] [49]. The major disadvantage of this method has to do with 

the fact that this method uses all the variables (incidence angle, speed, hardness, beads size and 

shape, etc.) possible in a single method, not specifying the parameters individually [50]. In Figure 

2.12 a representation of the evaluation process by Almen [49]. 

 

Figure 2.12 – Step-by-step scheme of the intensity evaluation process. [47]. 

Despite all the variables involved in the process, the time that a component is exposed to 

the shot peening treatment is one of the most critical factors involved in the process [47]. As can 

be seen in Figure 2.13, saturation occurs when twice the time of 𝑇, i.e., 2𝑇 does not provide an 

increase greater than or equal to 10% of the arc height. 

 

Figure 2.13 – Saturation point of the shot peening method calibration. 
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2.4.2.1.4 Shot peening effect on fatigue strength 

Gao, Y. K. [51] surface treated alloy 7050-T7451 through shot peening, changing the 

material and the average diameter of the beads. In this study, which you can see in Figure 2.14, 

he analyzed which beads produce the highest residual compressive stresses from the surface to 

275𝜇𝑚 depth. With the exception of the GB150 glass beads (which show their maximum on the 

surface), all the others obtain similar behavior. They reached their maximum (-375MPa) between 

30 and 100 𝜇𝑚 depth and then the values rise to zero [51]. 

 

 

Figure 2.14 – Residual compressive stresses introduced by shot peening [51]. 

 

Subsequently, he carried out fatigue tests in rotational bending with R= -1 and obtained 

results that are directly related to the values of residual stresses. Table 2.5 shows the percentage 

of improvement in fatigue life resistance in relation to the base material specimens. 
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Table 2.5 – Improved fatigue strength compared to base material specimens. 

Superficial 

treatment 

Fatigue limit stress [MPa] Improved fatigue strength to one 
million cycles [%] 

Machined base material 185 0 

GB150 190 2.7 

S110 223 20.5 

Z150 248 34.1 

S110 + Z150 245 32.4 

S110 + GB150 250 35 

 

Table 2.6 presents an excerpt from a table where Gao studied the roughness introduced by 

the different processes and the associated stress concentrations. 

Table 2.6 – Analysis of introduced roughness and associated stress concentrations [51]. 

Superficial  

treatment 

𝑹𝒂 

[𝒎𝒎] 

𝑲𝒕 

Machined base material 0.87 - 

GB150 1.29 1,09 

S110 4.15 1,14 

Z150 2.42 1,04 

S110 + Z150 2.81 1,08 

S110 + GB150 2.06 1,04 

 

To link the residual stress graph and the fatigue limit and roughness tables, it can be stated 

that the compressive residual stresses have a positive effect on the fatigue limit stress, while the 

roughness has a negative effect. 
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2.4.2.2 Ultrasonic peening 

O The mechanical surface treatment using ultrasound began to be developed around the 40s 

and 50s of the 20th century, and emerged from another technique already known, the Hammer 

Peening. Throughout the development of Ultrasonic Peening, this process has known several 

names such as: Ultrasonic Treatment (UT), Ultrasonic Impact Technique/Technology/Treatment 

(UIT) and Ultrasonic Impact Peening (UIP). 

 

2.4.2.2.1 Ultrasonic Impact technology (UIT) 

During the second half of the 20th century, this method was progressively improved, 

mainly by the Russian and Ukrainian scientific communities, and is currently a technique 

commercialized by the company Applied Ultrasonics. It is a widely known technique that stands 

out from other surface deformation techniques, as it is economically profitable, and allows the 

adjustment of operating parameters; it is simple and safe. 

The Ultrasonic Impact Technology technique reconciles ultrasonic oscillation and high 

frequency impacts from strikers or stops on the part or weld bead to be treated, and these impacts 

cause plastic deformation of the surface layers of the material. In this way, it is intended that the 

relaxation of residual tensile stresses and the introduction of compressive stresses occur, the 

reduction of the stress concentration of the weld seams, and the improvement of the mechanical 

properties of the material, which leads, in short, to improving fatigue life behavior and corrosion 

resistance [52, 53, 54]. 

The equipment used by this technique can be seen in Figure 2.15: 
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Figure 2.15 – Ultrasonic Impact Technology (Esonix®UIT) equipment [55]. 

Modern equipment basically consists of a portable computer, a generator and a hand tool. 

A computer program is installed on the portable computer that allows monitoring the quality of 

the UIT process. The ultrasonic generator, with a total consumption of 250W, varies the 

frequency of the input alternating current (50-60 Hz) to the operating frequency (20-27 KHz). 

Hence the explanation for the name that this technique adopts, since it works for frequencies 

equal to or higher for which the division between human audible sound and ultrasound is made, 

20 KHz. Finally, the hand tool, with an approximate weight of 3 kg, is internally constituted by 

a piezoelectric transducer, which converts the alternating electrical energy into mechanical 

energy through the piezoelectric effect. The working heads are attached to the end of the hand 

tool, which in turn support the strikers, which have axial freedom of movement, as they are not 

connected to the transducer. The diameter of these strikers varies between 3 and 5 mm, and a 

head can contain more than one striker, depending on the industrial application in focus. The final 

end of the transducer oscillates with an amplitude between 20 to 40 μm at the aforementioned 

operating frequency and strikes the striker at different stages of the oscillation cycle. The striker, 

in turn, oscillates in a small amplitude of 0.01 to 0.1 mm, periodically and at a lower frequency 

than the transducer. Strikers strike the material to be treated, causing plastic deformation and 

introducing compressive residual stresses [55, 56]. Figure 2.16 shows the different possibilities 

of work heads. 
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Figure 2.16 – Work heads used by UIT [57]. 

UIT can be applied to a wide range of materials such as medium strength carbon steel, high 

strength steel, high carbon steel, titanium alloys, aluminum alloys and bronze [58]. 

Togasaki et al [59] tested the improvements introduced by the UIT in a Web-Gusset weld 

bead in SM570Q steel with a tensile strength of 608 MPa, yield strength of 514 MPa and an 

elongation of 34%. The system used for surface treatment was an Applied Ultrasonic 

ESONIX®UIT trademarked device. The strikers had a radius of curvature of 3 mm and an 

operating range of 30 μm.  

First, the fatigue tests were carried out at controlled temperature, at a test frequency 

between 4 and 9 Hz and a stress ratio of 0.1. The tests were concluded for 10 million cycles. The 

aim was to compare two sets of identical specimens, one untreated by UIT and the other treated. 

The S-N curves obtained can be seen in Figure 2.17.  

              

 

Figure 2.17 – (left) UIT effect on fatigue life; 

Figure 2.18 – (right) Distribution of residual stresses before and after application of the UIT at weld 
bead. 
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Ensure that, the fatigue life of the weld bead improved very significantly with the 

application of the UIT, and, specifically, the fatigue limit stress increased from 53 MPa in the 

untreated specimens to 111 MPa in the treated specimens. Residual stresses were analyzed too 

using the X-ray diffraction method. The authors compared the residual stresses before and after 

application of the treatment at the weld bead area (Figure 2.18). 

As can be seen in Figure 2.18, residual stresses above  400 MPa before treatment in the 

weld bead area, and after the application of the UIT, these stresses dropped to -100 MPa, 

representing a decrease of approximately 500 MPa. The authors also used 3D laser microscopy 

technology to determine the geometry of the beads before and after the UIT treatment and, later, 

to determine the change in the stress concentration factor Kt. They concluded that the stress 

concentration factor after the application of the UIT decreased around 40% in relation to the 

original. The authors also studied the grain size from the impact surface of the treatment to a 

depth of 25 μm of the specimens with and without UIT (Figure 2.19). Electron diffraction 

technology was used and they concluded that there was a grain refinement after the application 

of UIT. 

 

Figure 2.19 – Specimens grain size. a) Without UIT, a) With UIT. 

 

Finally, they also analyzed the hardness as a function of the distance from the surface. A 

nanoindenter used with the application of a maximum load of 2000 mN, which corresponds to 

the Hv0,2 hardness test. The results obtained can be seen in Figure 2.20. 
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Figure 2.20 - Vickers hardness distribution. 

 
They concluded that the surface hardness increased by about 30% with the application of 

UIT, precisely in the area of refined grain, and that the hardness returned to common values when 

the grain was no longer refined. 

Statnikov et al [60] studied this and other plastic deformation treatments. The S-N curves 

were obtained by fatigue tests (4-point bending, using the CDM-10 hydro-pulsator machine, 

R=0.1; 7 Hz, test temperature varying between 20 and 28ºC) performed on Weldox 420 steel. 

The results obtained can be seen in Figure 2.21.  

 

Figure 2.21 – S-N curves for different superficial treatments. 
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It can be concluded that all the treatments used improve the fatigue life behavior of the 

weld seams. However, naturally, some exhibit better and others worse results. It appears, 

therefore, that Hammer Peening and Shot Peening introduce the same improvement. Next, with 

approximately the same slope as the regression line are the TIG results. It is noted that in the TIG 

treatment, with subsequent UIT it is still possible to slightly improve the results. Finally, 

regarding the UIT process, it is possible to verify a possible optimization of the parameters, since 

the results obtained by the process when using 3 mm diameter strikers are superior to the results 

when using 3 and 5 mm strikers. That is, from this it appears that the decrease in the diameter of 

the strikers leads to an increase in the UIT effectiveness. 

Yang et al [61] studied the influence of UIT on a Friction Stir Welding welded joint in 

7075-T651 aluminum alloy. The UIT generator operated at a frequency of 19,8 kHz and the 

strikers had an operating amplitude of 30 μm, which worked at a speed of 1,5-2m/min. The stress 

ratio used in the fatigue tests was R= 0,5. These authors concluded that the UIT could increase 

the fatigue limit stress by about 52%. Through SEM analysis of the fracture surface, zones of 

plastic deformation of the surface were identified up to a depth of about 300 μm, being below 

this value, in the superficial sublayers, the crack initiation site. On the other hand, through 

metallographic analysis, it was found that the grains on the surface were deformed and refined 

(Figure 2.22), an effect that is not felt up to a depth of 300 μm. The surface microhardness also 

increased significantly. For the determination of residual stresses, the X-ray diffraction method 

was used, having obtained a residual stress at the surface of -100 MPa, and a maximum of -217,3 

MPa for a depth of 300 μm. The change from compressive to tensile stress took place at 700 μm 

depth. 

 



50 

 

 

Figure 2.22 – Micrographs of Al 7075-T651 alloy microstructure: a) Before; b) After Ultrasonic 
Peening. 

Other authors [62, 63] also obtained relevant improvements to fatigue by using the UIT 

technique. They also concluded that the process can be used in structures or welded joints, where 

fatigue failure is more likely to occur, since there is only a short period for crack initiation. The 

process is able to close already initiated microscopic cracks and prolong the fatigue life of the 

structural element [64, 65, 66]. 

Grain refinement was also observed in the UIT application zone in Q345 steel [67]. 

 

2.4.2.2.2 Ultrasonic Peening (USP) variant 

 The “Ultrasonic Peening” is a cold surface treatment technique developed by SONATS 

(Stressonic® technology), which improves mechanical strength, fatigue life and corrosion 

resistance. It has great industrial applicability, such as in compressors, gears and reservoirs. As 

the name of the technique suggests, the process can be understood as a combination of “Ultrasonic 

Impact Technology” with “Shot Penning” or “Microshot Peening”. 

The induction of plastic deformation, and the consequent introduction of residual stresses, 

is also achieved by striking beads (from 1 to 2 mm in diameter) as in Shot Penning, but, while in 

Shot Peening the beads are accelerated by an airflow at a given pressure, in Ultrasonic Peening 

or USP the beads are accelerated by a vibrating surface at a frequency similar to that of Ultrasonic 

Impact Technology. The central unit where the generator is contained produces an electrical 

signal with an ultrasonic frequency. The emitter converts the electrical signal into mechanical 

displacement, and the intensifier and sonotrode amplify it. The amplitude and frequency of the 
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sonotrode give the steel beads a random displacement throughout the volume of the chamber and 

on the part to be treated (the chamber is therefore open), which gives it a uniform surface 

treatment with low roughness (less than in the conventional shot peening). The equipment is 

represented in Figure 2.23. 

The chambers can be designed specifically for each type of components to be treated. The 

process is entirely controlled by a computer and can even be automated. This treatment eliminates 

the use of compressed air, reduces the cycle time, the number of beads and the total energy 

consumed [68]. 

 

Figure 2.23 – Scheme of Ultrasonic Peening process (USP) [68]. 

Sanada et al [69] found, by optimizing certain parameters, an improvement in the fatigue 

life of specimens made of a magnesium alloy AZ61 treated by USP. The most significant 

improvements were noticed when using 1 and 2 mm diameter beads and 300% coverage. On the 

other hand, Xing et al [70] verified the existence of compressive residual stresses in a soft steel 
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with a maximum value at the surface of -309 MPa, with a gradual decrease of compressive 

stresses until a depth of 250 μm, where the residual stresses have positive values [68]. 

 

2.4.2.3 Microshot peening (MSP) 

A The “Microshot Peening” technique consists of projecting steel, glass or ceramic beads 

against the surface of the material to be treated with the aim of creating plastic deformation and, 

consequently, introducing residual stresses. The impact of the beads on the material produces 

indentations (some level of roughness) on the surface of the material, and, below this, 

compressive stresses are created. This process is easy to perform, safe and repeatable, and it can 

be automated using a CNC1 machine [69]. The beads diameter can diversify between 0.03 and 

0.5 mm [70]. The depth of the residual stresses depends on the intensity of the process, the relative 

hardness of the material of the spheres and the material to be treated, and the diameter of the 

beads themselves. 

Thus, the main operating parameters are: beads hardness and size, process intensity, 

exposure time, coverage, air pressure, impact angle and nozzle characteristics [72]. 

All parameters mentioned must be carefully selected to obtain the maximum possible 

improvement in the strength of the material. Markovina et al [71, 73] also reported the possible 

harmful effect of “overpenning”, i.e., coverage greater than 100%, when the material treatment 

parameters are poorly matched (covering effect). 

Lundberg et al [74] studied 12 different combinations of the Microshot Peening process. 

To change bead diameter (S170, S330 and S550, all with the same Rockwell class C hardness, 

equal to 56), for two types of materials to be treated (both cast irons: gray iron and compacted 

graphite iron, the first one with worse mechanical properties than the second one), and for 2 

different intensities (adjusting the Almen target type as the increase in beads density). The studied 

combinations are referred to in Table 2.7. 

                                                           

1  CNC machine – Computer Numerical Control Machine. 
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Table 2.7 - Lundberg et al tests parameters [74]. 

Bead diameter (mm) 0.43 (S170) 0.84 (S330) 1.40 (S 550) 

Almen  

Intensity  

Low 0.17 mmA 0.30 mmA 0.17 mmC 

High 0.37 mmA 0.16 mmC 0.29 mmC 

Coverage (%) 300 300 300 

 

In a study only focused on residual stresses, they concluded that: all possibilities introduced 

compressive residual stresses; the highest residual stresses were achieved when using the smallest 

beads (S170), low intensity (0,17 mmA) and 100% coverage; the lowest residual stresses were 

achieved when using the largest beads (S550), high intensity (0.29 mmC) and 300% coverage; 

for the same size of beads and cover, the greater the intensity of the process, the greater the value 

and dimension of the zone of compressive residual stresses; for low intensity, increasing the size 

of the beads increased the penetration depth of residual stresses more significantly than their 

value in the subsurface layer. 

Gao and Wu [75] studied the effect of applying Microshot Peening precisely on the alloy 

studied in this dissertation, Al7475-T7351, in a semicircular notch with a radius of 3.2 mm and 

a 5mm specimen thickness. The treatment was produced by a pneumatic machine at an intensity 

of Almen 0.20 mm (type A), 100% coverage and a 0.25 MPa air pressure. Steel S110 beads were 

used in this study. 

Residual stresses were measured by X-ray diffraction and their evolution can be seen in 

diagram in Figure 2.24. 
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Figure 2.24 - Residual stresses induced by Microshot Peening [75]. 

 

The residual stress at the surface has a value of -308 MPa and the maximum compressive 

stress occurs at a depth of 45 μm. From that point, the value gradually decreases until it becomes 

practically zero at a depth of 300 μm. 

 

2.4.2.4 Laser peening (LP) 

In the “Laser Peening” (LP) process, the material to be treated can be (or not) [76] coated 

with an ablative layer (which aims to increase the absorption of a laser beam that is emitted 

against the surface) and is involved by a transparent layer, usually water. When a pulse lasting a 

few nanoseconds strikes the material, the resulting energy is so intense that the material vaporizes 

and plasma is generated. This plasma, which is confined by the transparent layer, cannot expand 

due to the inertia of the layer, and instead exerts a great pressure on the material. If the pressure 

exerted by the plasma is greater than the yield stress of the material, this will result in a plastic 

deformation of the microstructure at depth. Schematized process by Figure 2.25. 

Laser Peening (LP) can be used in various applications in aerospace (crankshafts, gears), 

medical (orthopedic implants and surgical tools) [77]. 
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Figure 2.25 - Laser peening process scheme [77]. 

 

Sathyajith and Kalainathan [78] studied the effect of a low energy beam, Nd: YAG of 

300mJ/pulse, for an Aluminum 6061-T6 alloy and for two different densities (22 and 32 

pulses/mm2). They found that for a Ra and an Rq, 1.9 and 3.2 μm, respectively, the maximum 

pulse density; the greater the pulse density, the greater the roughness obtained. They also verified 

that increasing the number of pulses per mm2 does not increase the value of the induced residual 

stresses (-216.5 MPa, maximum value at the surface), due to the harmful thermal effect on the 

surface. They also verified that the hardness value increases for great depths the greater the beam 

pulse density (maximum difference at the surface of 8 Hv; Hv0,05 test for 10s).  

Gao [79] compared the effects produced by the “Laser Peening (LP)” and “Shot Peening 

(SP)” processes regarding the introduced compressive residual stresses, roughness, fatigue life 

and fracture surface in 7050-T7451 aluminum alloy, in specimens with circular shape. It used the 

Nd: glass laser with an intensity of 2x109 W/cm2, duration per pulse of 50ns, 50J/pulse at a 

frequency of 0.54 Hz and Almen intensity of 0.08 mmC. Four total times of application of the 

process were used: 120s, 240, 360s and 480s. Gao found that the highest and deepest residual 

stresses are obtained for the times of 240s and 360s, up to a depth of 2 mm, a depth that is about 
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10 times greater than that recorded in his best SP test (Double “Shot Peening”: S110+GB1502). 

The value of residual stresses at the surface of the two processes are practically similar. For a 

roughness evaluation length of 2 mm, the highest values obtained for the “Laser Peening” process 

were for LP-360s with Ra and Rz equal to 1,24 and 5,92 μm, respectively. The lowest SP 

roughness values were obtained for low intensities with the use of glass beads. All SP roughness 

values are higher than those obtained by LP.  

The fatigue tests were of the rotational bending type. The greatest improvement obtained 

for the SP was recorded for the S110+GB150 with an improvement factor over the untreated 

specimens of 3,667. The greatest improvement noted for the LP was registered for the time of 

240s with a factor of 6,608 also in relation to the untreated specimens. The roughness and residual 

stress values explain the different fatigue performance of the two processes. 

Finally, the authors observed that the fracture of the treated specimens occurred in the 

subsurface layer, below the region of compressive stresses introduced for the two surface 

treatments, while, for the untreated specimens, the fracture occurred on the surface. 

 

2.4.2.5 Jet Peening (JP) 

The “Jet Penning” technique consists of the impact of a large flow of drops or jet of water 

(“Water Jet Peening”, WJP, Figure 2.28) or oil (“Oil Jet Peening”, OJP) on the surface of the 

material to be treated, in order to cause plastic deformation and consequent introduction of 

compressive stresses on the surface, as in the before mentioned techniques. In the case of Water 

Jet Peening, if the treatment parameters are not optimized correctly there may be erosion or 

surface damage, thus impairing fatigue resistance. The fundamental parameters of the process 

are: velocity of impact of the treatment fluid, distance from the nozzle, number of passes and 

fluid pressure. 

                                                           

2 Double Shot Peening is a variant of Shot Peening in which two types of beads are used to treat the material. In this 
case, first type S110 (steel; 0.28mm diameter) was issued and later the glass beads GB150 (0.15mm diameter). Very 
briefly, the first type of beads is used with a high intensity to create a deep surface layer with compressive stresses, 
and the second type of beads is used at a lower intensity to also increase the value of compressive stresses, but mainly 
to modify the topography of the surface, namely to improve the roughness.   
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Figure 2.26 - Water Jet peening process scheme.. 

Boud et al [80] studied the effects of changing parameters in the WJP in a 7475 aluminum 

alloy, in the form of a 3 mm thick sheet. The authors varied the water impact speed between 

3000mm/min and 5000mm/min, the distance to the nozzle from 10 to 25 mm, the number of 

passes from 1 to 4, and the water pressure from 345 to 275 MPa. The roughness Ra that the 

different treatments imposed on the surface varied between 5.5 and 6.5 μm. The treatment that 

stood out in terms of maximum imposed compressive stresses (-125 MPa) was performed with 

the parameters of maximum fluid velocity, shorter distance from the nozzle to the treated 

material, higher number of passes and lower pressure. This treatment, with these specific 

characteristics, also had the lowest rates of material removed. The fatigue tests performed did not 

cover life spans that were too wide for it to be possible to say with certainty that the WJP is 

beneficial in improving fatigue life.  

Authors Grinspan and Gnanamoorthy reported [52], on the other hand, the low magnitudes 

and low depths reached by the residual stresses induced by WJP, as well as the localized erosion 

caused in the material to be treated (the aforementioned material removal). Thus, the authors refer 

that increasing the viscosity of the used fluid reduces the erosion caused by it and favors a 

smoother surface after treatment. Thus, the authors analyzed the residual stresses and hardness 

changes imposed on two types of aluminum (Al 6063-T6 and Al 6061-T4) using VG68 anti-wear 

oil as the treatment fluid. The researchers concluded that the maximum value of residual stresses 

decreased with increasing distance from the nozzle to the treated material and that the stresses 

were higher the greater the yield stress of the material. The maximum compressive stress recorded 

was -107.13 MPa at a depth of 40 μm for Al 6063-T6. The increase in hardness of the treated 

Nozzle 

Jet 
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surface, for the two aluminum, increased between 34 and 44% in relation to the untreated 

material. In a second part of the study [54], the authors conclude that the elastic limit stress of the 

material influences the roughness that the treatment is able to impose on the material. The Al 

6061-T4, with lower yield stress, recorded a Ra of 6 and 7 μm, if the nozzle was at a distance of 

25 or 40 mm, respectively, from the treated material, and a Rz of 45 and 40 μm, for the same 

distances. Al 6063-T6, with a higher yield strength, always kept its roughness values practically 

unchanged. In addition, erosion pits were recorded only on the surface of Al 6061-T4. They also 

concluded that the diameter and depth of the indentations and the roughness increase with the 

distance from the nozzle to the treated material. 
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Abstract  

Shot peening and ultrasonic peening are widely used mechanical surface treatment in the 

automotive and aerospace industries to improve the fatigue life of metallic components. This 

work aims to further improve the mechanical properties of the Al 7475-T7351 alloy by applying 

three different peening processes: Ultrasonic Peening (USP) and Microshot Peening with two 

different beads size (MSP). 

A systematic study was carried out on the roughness, surface hardening, residual stress 

profiles and fatigue life. Uniaxial fatigue tests were conducted. Residual stresses were evaluated 

by X Ray diffraction, and the fracture surface was observed and analyzed by Scanning Electron 

Microscope. The microstructures of the specimens were observed by optic microscope. 

Microhardness and roughness were also measured. All of the surface treatments enhanced the 

specimens fatigue lives, despite having created different superficial conditions. In addition, the 

experimental results and analytic predictions according to the Molski-Glinka approach were 

compared, and in general, agree well. 

Keywords: Aluminium Alloys, Ultrasonic Peening, Microshot Peening, Fatigue Life 

Enhancement. 
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3.1 Introduction 

Aluminium and its alloys are widely used in the aerospace and aeronautical industries due 

to the high strength-to-weight ratio, good mechanical properties and low densities at relatively 

good prices. The alloy in study, Al 7475-T7351, is an improved version of another available high 

strength aerospace aluminium alloys such as 7050 and 7075 alloys [1- 4]. Strengthened 

aluminium alloys, despite its high tensile strength, have a relatively low fatigue resistance: the 

fatigue endurance. Since the majority of fatigue cracks initiate on the surface, the conditioning of 

the surface to resist crack initiation and earlier crack growth is an attractive method of improving 

fatigue performance. It is well known that tensile residual stresses incorporated in the material 

and in welded joints decrease tensile load capacity and fatigue strength as well. Thus, several 

mechanical processes are being studied in order to reduce or even introduce compressive residual 

stresses on the material surface and deeper layers [5-11]. Shot peening is a widely used 

mechanical surface treatment to improve the fatigue life of metallic components. The indentation 

of each impact produces local plastic deformation (increase in hardness) whose expansion is 

constrained by the adjacent deeper material, given rise to a field of surface compressive stresses. 

Positive effect of shot peening was proven by many works of researchers [12-14], commonly 

accredited to the introduction of compression residual stresses in the subsurface layers of the 

material. The optimum fatigue strength improvement corresponds to a certain Almen intensity, 

which depends on the properties of the peened alloy. In this work, two different peening processes 

were used: Ultrasonic Peening and Microshot Peening. Both of them employ and bombard beads, 

in this case, made of steel, into the material surface in order to induce plastic deformation and 

increase the material density. This leads to the increase of hardness and strength of the material. 

In the case of Microshot Peening, the beads are bombarded into the material surface by a 

nozzle, and the main process parameters are the beads diameter, process intensity, exposure time, 

coverage, air pressure, impact angle and nozzle characteristics and all of them can be optimized 

[15-18]. Like in steels, literature shows that the major part of this improvement can be attributed 

to the compressive residual stresses in the surface region, which very often overcompensates the 

worsening of surface morphology [19-23].  

In some cases, the shot peening treatment can produce also microstructural transformations. 

The shot peening in aluminium alloys causes the work hardening that will be responsible for 
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enhanced resistance to crack initiation, but on the other side, it causes lower crack growth 

resistance due to material embrittlement. Like this, peening of aluminium alloys, with steel shot 

used for high-strength steel and titanium alloys, is quite detrimental to fatigue performance. Luo 

et al. [24] using rough peened surface of 7075-T6 aluminium specimens obtained only an increase 

of 7% in fatigue life, while, on the contrary, Sharp et al. [20] peening with lighter materials such 

as glass or ceramic beads decreased the surface roughness and improved significantly the fatigue 

strength. Benedetti et al. [25] studied the effect of the influence of the peening intensity on the 

reverse bending fatigue behavior of Al 7075-T651 and discussed accounting for the effects of 

surface modifications (roughness and strain hardening) and of residual stresses and it relaxation. 

No significant residual stress relaxation was observed in samples tested to a load levels 

approaching the high cycle. Summarizing, the parameters of controlled shot peening (CSP) in 

terms of fatigue damage, are: the surface roughening that accelerates the nucleation and early 

propagation of cracks, the strain hardening that retards the propagation of cracks, and the residual 

stress profile that provides crack closure stress reducing the driving force for crack propagation 

[23].   

The Ultrasonic Peening is a technique developed by the company SONATS (Stressonic® 

technology equipment) and derived from conventional shot peening. The material to be treated is 

in contact with a chamber that contains the beads inside. These beads are excited by a sonotrode 

at a frequency of 20 kHz. This process provides a low intensity and multidirectional treatment 

with low roughness [26-27]. USP produces a number of beneficial effects in metals and alloys. 

Foremost among these is increasing the resistance of materials to surface-related failures, such as 

fatigue and stress corrosion cracking. The results of fatigue testing showed that USP is one of the 

most efficient techniques for increasing the fatigue life of welded elements as compared to such 

existing improvement treatments as grinding, TIG-dressing, shot peening, hammer peening, etc. 

Until now, techniques such as shot peening and ultrasonic peening treatment have been studied 

and applied particularly for fatigue designs of welded structures in order to improvement of its 

fatigue performances by means induced compressive residual stress [28-31].  

The understanding of the improvement in fatigue strength due to surface peening, allowing 

the effectiveness of the in-service process on components, needs to be better studied in order to 

allow the development of less conservative designs based on more accurate fatigue life and 

prediction models. The objective of this paper is to evaluate the shot peening (using two different 
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bead diameter) and ultrasonic peening influence on the fatigue strength of aluminium 7475-

T7351 alloy. 

 

3.2  Materials and Experimental Procedures 

 

3.2.1 Base Material and Specimens 

In this research, the 7475-T7351 aluminium alloy was used. This alloy has an optimized 

precipitate dispersion due to its chemical composition and temper conditions. The alloy was heat 

treated at 470°C, then water quenching and controlled stretching from 1.5 to 3% followed by 

artificial aging in two phases: first at 121°C for 25h and second at 163°C in the range of 24–30 

h. The chemical composition and the principal mechanical properties of Al 7475-T7351 are given 

by ALCOA Company and are listed in Table 3.1 and 3.2, respectively. 

Table 3.1 – Chemical composition of Al 7475-T T7351 aluminium alloy (wt%), (according to 
ALCOA). 

Si Fe Cu Mn Mg Cr Zn Ti Other 

0,1 0.12 1.2-1.9 0.06 1.9-2.6 0.18-0.25 5.2-6.2 0.06 0.15 

 

Table 3.2 – Mechanical properties of Al 7475-T T7351 aluminium alloy (according to ALCOA). 

Young’s modulus [GPa] 71.7 

Tensile strength, 𝝈𝒖𝒕𝒔 [MPa] 490 

Yield strength, 𝝈𝒚𝒔 [MPa] 414 

Elongation, 𝜺𝒓 [%] 9 

 

Specimens were machined with 4mm and 8mm thickness. All the specimens have the same 

configuration and dimensions, which is shown in Fig. 3.1a), and only differ in thickness. Loading 

direction coincides with the rolling direction L. The surface treated specimens were peened along 

a contour with 12 mm width as shows Fig.3.1b). 
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Figure 3.1 – a) Geometry of the 4mm and 8mm thick specimen; b) Schematic view. 

 

3.2.2 Surface Treatments Conditions  

In this investigation, three different peening processes were studied: Ultrasonic Peening 

(USP) and Microshot Peening with two different bead sizes (MSP1 and MSP2). A reference batch 

of ground and polished specimens was also tested. MSP with two different bead sizes were used 

in order to relate surface roughness and fatigue strength improvement. Then, the specimens were 

divided into four series: one series was ground and polished with no further surface treatment, 

other two series were shot peened in contour region illustrated in Fig. 3.1b), and finally, one series 

with the region illustrated in Fig. 3.1b) ultrasonic peened after ground and polished. Shot peening 

was done in OGMA – Indústria Aeronáutica de Portugal S.A., in a SURFATEC machine, using 

an Almen strip type A. Table 3.3 summarizes the processing parameters. The batch of surface 

USP specimens was manufactured by SONATS ultrasonic peening technology in Carquefou, 

France, using an Almen intensity of F20A. Table 3.4 summarizes the processing parameters. 

Table 3.3 – Microshot peening processing parameters. 

Treatment Diameter of 
bead 

[mm] 

Material Pressure 

[bar] 

Coverage 

[%] 

Almen 
Intensity 

[mmA] 

Impact 

Angle 

MSP1 0.43 Steel 2.2 200 0.0074 90° 

MSP2 0.28 Steel 2.4 200 0.0077 90° 
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Table 3.4 – Ultrasonic peening processing parameters. 

Treatment Diameter of 
bead 

[mm] 

Material Sonotrode 
Frequency 

[kHz] 

Impact 

Angle 

USP From 1 to 2 Steel 20 Multidirection 

 

3.2.3 Fatigue Testing 

Fatigue tests were carried out in an Instron servo-hydraulic machine, applying a sinusoidal 

load wave, using a frequency of 20–30 Hz, depending upon the stress level, and stress ratio of 

R= 0 and R=-1. The load amplitude and mean load, required as input data for fatigue tests, were 

calculated taking into account the values of the nominal stresses, calculated at holed sections, 

according to the Eq. (3.1): 

𝜎௔ =  
௉ೌ

ௐ௫஻
                                                                           (3.1) 

where 𝜎௔  is the stress amplitude, 𝑃௔  is the axial load amplitude, 𝐵 is the thickness and 𝑊 the 

width of the specimen in holed section. 

Fatigue results were plotted as S–N curves, presenting the stress amplitude against the 

number of cycles to failure. Table 3.5 summarizes the fatigue tests conditions performed into the 

present work. 

Table 3.5 – Parameters of fatigue test series. 

Group Treatment Thickness [mm] Stress ratio R 

1 Base material 4 0 

2 Base material 8 0 

3 Base material 8 -1 

4 USP 4 0 

5 USP 8 0 

6 USP 8 -1 

7 MSP1 8 -1 

8 MSP2 8 -1 
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 3.2.4 Microstructure, Roughness, Hardness, Residual Stresses 
Testing and Fracture Analysis 

 

One specimen of each type of treated sample (USP, MSP1 and MSP2) was cut through the 

minimal cross section. Afterwards, the cut surfaces were gradually polished with smaller 

granulometry silicon carbide papers, and at the end diamond particles with a 1 μm diameter were 

used until it became a mirror-like surface. Then, those surfaces were etched with Keller reagent 

(2,5% HNO3; 1,5% HCl; 1% HF; 95% H2O [volume]). The optical microscope Leica DM 4000 

M LED was used to photograph the etched surfaces. 

The roughness evaluation was carried out according to DIN EN ISO 4288 standard using 

the Surftest SJ-500 Mitutoyo surface roughness measuring system. The parameters evaluated for 

each superficial treatment were: roughness average Ra, root mean square (RMS) roughness Rq 

and mean roughness depth Rz. 

Vickers hardness testing was performed according to ASTM E384-99 in the surfaces 

photographed before using a Struers Duramin 1 microhardness tester with a 0.1 Kg load for 15 

seconds. As shown in Fig. 3.2, the following measurement lines/surfaces were made: longitudinal 

surface, longitudinal mean line, notch surface and transversal mean line. All these parameters are 

constituted by various indentations (or punctual values of microhardness) which were spaced 0.5 

mm from each other. Then, the averages of those parameters were calculated. Longitudinal and 

notch surface measurements were collected along a line 0,05 mm from the plate surface as 

suggested by cited standard.  

 

Figure 3.2 – Schematic view of the hardness measurement. 

Residual stress analysis was performed by X-ray diffraction using a Proto iXRD equipment. 

Lattice deformations of the {222} diffraction planes were measured using Cr-Kα X-ray radiation. 
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The stress was evaluated with an elliptical regression of sin2ψ data and the X-ray elastic constants 

values of 18.56×10-6 MPa-1 for (1/2) ·S2 and -4.79×10-6 MPa-1 for S1. For the analyzed material 

and considering the radiation used, the average penetration depth of the X-rays was about 11 μm. 

Measurements were made for all studied treatments at 4 points along the surface of one specimen. 

Such points were: one point for each longitudinal surface and one point for each notch surface in 

the central position, as shows in Fig 3.3. The analysis of the in-depth evolution of the residual 

stresses in the longitudinal surface was performed by X-Ray diffraction, after successive layer 

removal by electro polishing.  

 

Figure 3.3 – Schematic view of the residual stresses measurement sites. 

 

Finally, the fracture surface analysis was performed with a scanning electron microscope 
(Philips XL30). 
 

3.3  Results 

3.3.1 Microstructure 

The microstructure after USP is presented in Fig. 3.4 and shows good surface finish. The 

upper layer of the longitudinal surface, until approximately 50 μm, suggests that the grain is 

compressed and that the phenomenon of grain refinement is not perfectly clear. In the deeper 

layers below the surface (from 250 μm), the microstructure consists of grains elongated in the 

rolling direction, and it can be considered the base material microstructure. On the other hand, 

the surface finish of the specimen treated by MSP1 (Fig. 3.5) is worse than USP and a slight grain 

refinement can be seen close to the surface. Severe defects acquired by the specimens’ fillet were 

noticed. The specimen treated by MSP2 (the smallest sphere used) displays a very similar 
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appearance as MSP1, while MSP2 shows a slight worse one. The deformation lines due to plastic 

deformation are the most accentuated. 

 

Figure 3.4 – Microstructure on a USP specimen: a) Longitudinal surface; b) Notch surface; c) Fillet. 

 

Figure 3.5 – Microstructure on a MSP1 specimen: a) Longitudinal surface; b) Notch surface; c) Fillet. 
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3.3.2 Roughness 

As noticed in 3.1, the roughness values created by the superficial treatments follow the 

same trend demonstrated in Table 3.6: USP produces the lowest values of surface roughness, 

whereas MSP2 produces the highest values. In fact, this can be mainly explained by the diameter 

of the bead used in each treatment. This is because, if the contact area of the bead increases, 

impact intensity reduces and therefore roughness reduces as well. 

Table 3.6 – Roughness values of all treatments. 
Treatment Ra + standard 

deviation 
[μm] 

Rq + standard 
deviation 

[μm] 

Rz + standard 
deviation 

[μm] 
Base Material 1.22+0.02 1.50+0.02 7.74+0.13 

USP 2.46+0.15 3.05+0.19 14.80+0.96 

MSP1 3.70+0.17 4.60+0.01 23.50+2.00 

MSP2 4.01+0.32 5.01+0.36 26.41+2.01 
 

3.3.3 Hardness 

Hardness results of all treatments according to Fig.3.2 are shown in Table 3.7. This table 

shows that all treatments, in longitudinal and notch surface, slightly increased the hardness in 

comparison with the Base Material (BM) due to the cold work and the ensuing plastic 

deformation induced by the beads impacts. More precisely, the longitudinal surface displays a 

higher value than notch surface for all treatments. That could be related to the shape of the treated 

material: flat shapes seem to be more treatable than curved shapes due to the beads impacts.  

Table 3.7 – Hardness values of all treatments. 

                          BM        Hardness [Hv0.1] 156,84+3,96  

 USP MSP1 MSP2 

Longitudinal Surface 161.02+5.97 166.63+4.77 163.86+7.20 

Notch surface 159.20+4.61 162.13+6.31 161.73+3.36 

Longitudinal Mean Line 157.54+3.67 157.68+4.29 156.72+5.23 

Transversal Mean Line 157.56+5.91 160.13+4.90 156.81+5.31 
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It is worthwhile to notice that, in both surfaces, the hardness imposed by the treatments 

appears in the same order: USP exhibits the less improvement, whereas MSP1 has the better one. 

MSP2 displays intermediate values. 

 

3.3.4 Residual Stresses 

The residual stresses measurements were carried out as explained in Fig. 3.3. Indepth 

distributions of residual stresses in the longitudinal surface are shown in Fig.3.6.  

 

 

Figure 3.6 – In-depth residual stress distribuitions in the longitudinal. 
 

All surface treatments increased the residual stress on the surface layer (which is the first 

measurable layer by X-Ray diffraction at a depth of 11 μm from the plate surface, due to X-Ray 

penetration. As displayed in Table 3.8, USP treatment shows the higher residual stress on the 

surface layer with an average of -253 MPa, followed by MSP1 with a value of -174 MPa, and 

finally, MSP2 with -164 MPa. Thus, higher values of compressive residual stresses on the surface 

layer and lower values of roughness are produced by higher values of bead diameters.  
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Table 3.8 – Residual stress values on the surface. 

Treatment Surface Real 
measurement 

depth [μm] 

Residual stress 
[MPa] 

Average 
[MPa] 

 
USP 

notch 1 11 -273  
-253 notch 2 11 -313 

face 2 11 -231 
face 1 11 -194 

 
MSP1 

notch 1 11 -167  
-174 notch 2 11 -153 

face 2 11 -194 

face 1 11 -182 

 
MSP2 

notch 1 11 -172  
-164 notch 2 11 -159 

face 2 11 -169 

face 1 11 -157 
 

USP treatment shows a minimum compressive stress of -117 MPa at 20 μm, which can be 

explained by the formation of a very thin compressed layer on the surface. It can also be 

concluded from Fig. 3.8 that the depth where the maximum of compressive residual stress is 

obtained varies according to bead diameter: larger diameters (USP) produce their maximum on 

the surface, intermediate diameters (MSP1) produce their maximum on the subsurface layer 

(from 50 μm to 100 μm). Finally, MSP2 exhibits the deeper and higher maximum compressive 

residual stress (from 130 μm). 

 

3.3.5 Fatigue Tests Results 

The Fig. 3.7 compares the S-N curves for USP series with different thicknesses (4 and 8 

mm) tested at R=0. Despite similar behaviors, the 8 mm USP series is plotted slightly above the 

4 mm series in the high-cycle region (N>106). The fatigue strength improvement in percentage 

(FSIP) was calculated by Eq. (3.2): 

 

𝐹𝑆𝐼𝑃 = ቀ
ఙ೘೚೏೔೑೔೐೏

ఙ್ೌೞ೐೗೔೙೐
− 1ቁ x 100%                                                       (3.2) 
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where 𝜎௠௢ௗ௜௙௜௘ௗ and 𝜎௕௔௦௘௟௜௡௘ are the stresses associated to a given fatigue life of one testing 

batch and the reference S-N curve, respectively. 

 

 

Figure 3.7 – S-N Curves on USP; 4 and 8 mm thickness, R=0. 

 

Figure 3.8 – S-N Curves on BM and USP; 4 mm thickness, R=0. 
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Figure 3.9 – S-N Curves on BM and USP; 8 mm thickness, R=0. 

 

Figure 3.10 – S-N Curves; 8 mm thickness, R=-1. 

The S-N curves were fitted using the Basquin´s law, Eq. (3.3): 

𝜎௔ = 𝜎′௙ x ൫𝑁௙൯
௕

                                                                    (3.3)  

 

Series of 8 mm thickness, as indicated in Table 3.9, shows a performance about 7% higher 

than the 4 mm series, which can be associated with a larger propagation region. Moreover, the m 
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value (obtained from the exponent of the Basquin function [b= -1/m]) for 8 mm is higher than for 

the 4 mm series, which implies that the crack initiation had been retarded.  

Table 3.9 – Analysis of the S-N Curves of USP, 4 and 8mm thickness. 

 σ′f 

[MPa] 

b Improvement [%] 

(in relation to 4mm USP for 2x106 cycles) 

4 mm 562.51 -0.128 - 

8 mm 425.79 -0.104 7.2 

 

For specimens of 4 mm and 8 mm thickness treated by USP, with R=0, USP series are 

plotted above BM (Fig. 3.8 and 3.9), and the FSIP ranges from 21.4% to 23.9 % (Table 3.10).  

Table 3.10 – Analysis of the S-N Curves of USP, 4 and 8mm thickness. 

  σ′f 
[MPa] 

b Improvement [%] 

(in relation to BM for 106 cycles) 

4 mm BM 483.02 -0.131 - 

USP 562.51 -0.128 21.4 

8 mm 

 

BM 353.52 -0.106 - 

USP 425.79 -0.104 23.9 

 

Table 3.11 – Analysis of the S-N Curves of all treatments, 8mm thickness. 

 σ′f  

[MPa] 

b Improvement [%] 

(in relation to BM for 
105 cycles) 

Improvement [%] 

(in relation to MSP2 for 
2x106 cycles) 

BM 428.27 -0.093 - - 

USP 586.58 -0.095 34 6.8 

MSP1 508.45 -0.082 35 11.8 

MSP2 789.04 -0.12 35 - 
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For the fatigue tests at R=-1, all superficial treatments increased approximately 35% of 

fatigue strength for 100000 cycles in relation to BM (Fig. 3.10). Furthermore, the treatments show 

slightly different behaviors in different regions of fatigue life. As demonstrated in Table 3.11, 

MSP2 induces a performance 6.5% better than MSP1 in the low-cycle region (N=2x104cycles), 

whereas, in the high-cycle region, MSP1 induces a performance 11.8% better than MSP2. In both 

regions, USP assumes an intermediate performance between MSP1 and MSP2. 

 

3.3.6 Fracture Surfaces 

The fracture surface analysis showed that the crack initiated on the specimens surface, in 

all treatments and specimens, and propagated through the cross section. It was observed that the 

crack growth occurred under two types. In the first one, under low nominal stress range (Fig. 

3.11a)), the micro cracks initiated along the surface plate in distinct points; they micro nucleated 

(stage I), and then gradually joined at a certain depth where the crack started to propagate (stage 

II). In the other case, under high nominal stress range, due to the low number of cycles, the cracks 

propagated from the surface plate, as shown in Fig 3.11b). In both cases, the propagation zone 

displays large radial striations, which characterizes the ductile fracture with plastic deformation. 
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Figure 3.11 – SEM images of fracture surfaces, USP treatment: a) Crack growth under low nominal 

stress range; b) Crack growth under high nominal stress range. 
 

3.4 Results Discussion 

 

Taking into account Fig. 3.6, the order of the higher and deeper values of compressive 

stresses induced by the treatments (in ascending order: MSP1, USP, MSP2) is inversely 
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correlated to the performance order in the high-cycle region shown in Fig. 3.10. Thus, this fact 

suggests that, in the high-cycle region, higher and deeper compressive stresses are not so relevant 

and that the process zone is the surface where fatigue cracks nucleate and grow. Thereby, MSP2 

exhibits the lowest performance in this region because it has the highest value of roughness and 

the lowest compressive stress on the surface. Although USP displays the better surface finish and 

the highest compressive residual stress, USP has a very low value of residual stress on the 

subsurface layer, whereas this is where MSP1 possesses the highest microhardness and 

compressive residual stress, which prevent the cracks growth.  

In addition to this, analytic predictions according to the Molski-Glinka approach (Eq. (3.4)) 

were made. The main objective of the whole process consists in the comparison of the 

experimental life obtained in the fatigue tests with the predicted life. This predicted life can be 

calculated in tree steps, as follows: first, to the same nominal stress range ∆𝑆 previously used on 

the fatigue tests (which led to the specimens failure), the maximum local stress 𝜎௠௔௫ was 

calculated using the Molski-Glinka function (Eq. (3.4)). Second, these different values of 

𝜎௠௔௫ (to each experimental ∆𝑆) can be introduced in Eq. (3.5), the Ramberg-Osgood function, in 

order to deduce a certain elongation range, ∆𝜀. 

∆𝑆 = 2 ඨቊ
ଶா

௄೟
మ ቈ

ఙ೘ೌೣ
మ

ଶா
+  

ఙ೘ೌೣ

(௡ᇲାଵ)
 ቀ

ఙ೘ೌೣ

௄ᇱ
ቁ

భ

೙ᇲ
቉ቋ                                          (3.4) 

where 𝑛ᇱ is the cyclic hardening exponent and assumes the value of 0.08 [32]; 𝐾௧, the stress 

concentration factor, which was calculated using the Peterson’s analytic expression for a 

tension strip with opposite semicircular edge notches and has the value of 2.1648. 

∆ఌ

ଶ
=

ఙ೘ೌೣ

ா
+  ቀ

ఙ೘ೌೣ

௄ᇱ
ቁ

భ

೙ᇲ                                                          (3.5) 

 

The parameter 𝐾′ is the cyclic hardening coefficient and can be deduced by Eq. (3.6): 

𝐾ᇱ =  
ఙᇱ೑

൫ఌᇱ೑൯
೙ᇲ  =  875.6 MPa                                                         (3.6) 

 

where 𝜎′௙  and 𝜀′௙ are the fatigue strength coefficient (983 MPa) and the fatigue ductility 

coefficient (4.246), respectively. These two values are securely assumed from the Al 7475-T761 
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alloy, which is an alloy with the same chemical composition of the alloy here in study, and the 

temper only differs residually [33].  

Lastly, using these values and according to the Morrow function (Eq. (3.7)), it is possible 

to calculate the predicted life, Np. 

∆ఌ

ଶ
=

ఙᇱ೑ି ఙೃ೐ೞ.  ೄ೟ೝ೐ೞೞ

ா
൫2𝑁௣൯

௕
+  𝜀′௙൫2𝑁௣൯

௖
                                            (3.7) 

 

where 𝑏 and 𝑐 are the fatigue strength exponent and the fatigue ductility exponent, respectively, 

and can be calculated by Eq. (3.8) and (3.9): 

𝑏 =  − 
௡ᇲ

ଵିହ௡ᇲ
= 0,1333                                                      (3.8) 

 

𝑐 =  − 
௕

௡ᇲ
= 1,6663                                                            (3.9) 

 

 

Moreover, the averages of each residual stress profile shown in Fig. 3.6 were also measured 

until the depth of 150 μm. This depth value was assumed from the typical values of the 

characteristic distance of the pre-fracture (process) zone, 𝑑*, found by Ostash et al [34] for 

aluminium alloys. Afterwards, these obtained residual stress values of each treatment were 

applied in Eq. (3.7) as 𝜎ோ௘௦.  ௌ௧௥௘௦௦.  
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Figure 3.12 – Comparison between predicted fatigue lives: a) USP, R=-1; b) MSP1, R=-1; c) MSP2, 

R=-1. 
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Figs 3.12a), b) and c) present, for each treatment, the comparisons between predicted 

fatigue lives, 𝑁௣ , obtained with the above-mentioned method with experimental lives, 𝑁௘ . 

Experimental fatigue lives were monitored until the specimen’s failure. In order to have a 

criterion of prediction exactness, two straight lines 𝑁௣=2𝑁௙ and 𝑁௣=0.5𝑁௙ were also plotted and 

used as limits. In general, for all treatments, the predictions agree well to the experimental results 

since the points are mainly between the two straight lines. 

In Fig 3.13, the overlapping of the USP SEM images with the USP residual stresses profile 

is shown, which indicates that micro cracks grow slowly (stage I) until the depth where the 

residual stress is near zero, and then, with unfavorable residual stresses, the propagation 

(macrocracks) starts (stage II). 

 

Figure 3.13 – Overlapping of the USP SEM images with the USP residual stresses profile. 

. 

3.5 Conclusions 

 

This work was focused in the study of the effect of the shot peening and ultrasonic peening 

on the fatigue strength of the aluminium 7475-T7351 alloy. The main conclusions are: 
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-  USP promotes better surface finish and lower roughness values than MSP. All three 

surface peening operations slightly increased the Base Material surface hardness, in 

ascending order: USP, MSP2 and MSP1; 

-  All he three surface peening were able to improve fatigue life. For 4 mm and 8 mm 

thickness USP specimens, the improvement on fatigue strength at R=0, to one million of 

cycles, was ranged from 21.4% to 23.9 %. For the test at R=-1, higher fatigue life 

enhancement was attained. For 105 cycles, all treatments increased fatigue strength in about 

35% in comparison with BM; 

-  Micro nucleation was observed in general cases and particularly for low nominal stress; 

- Analytic predictions according to the Molski-Glinka approach related well to the 

experimental results. 
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Abstract 

Shot peening is an attractive technique for fatigue enhanced performance of metallic 

components, because it increases fatigue crack initiation life prevention and retards early crack 

growth. Engineering design based on fatigue crack propagation predictions applying the 

principles of fracture mechanics is commonly used in aluminum structures for aerospace 

engineering. The main purpose of present work was to analyze the effect of shot peening on the 

fatigue crack propagation of the 7475 aluminum alloy, under both constant amplitude loading 

and periodical overload blocks. The tests were performed on 4 and 8 mm thickness specimens 

with stress ratios of 0.05 and 0.4. The analysis of the shot-peened surface showed a small increase 

of the micro-hardness values due to the plastic deformations imposed by shot peening. The 

surface peening beneficial effect on fatigue crack growth is very limited; its main effect is more 

noticeable near the threshold. The specimen’s thickness only has marginal influence on the crack 

propagation, in opposite to the stress ratio. Periodic overload blocks of 300 cycles promotes a 

reduction of the fatigue crack growth rate for both intervals of 7500 and 15000 cycles. 

 

Keywords: Aeronautical aluminium alloys; Fatigue crack propagation; Overloads; Shot Peening; 

Paris law  
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4.1 Introduction 
 

High-strength aluminum alloys are widely used in aerospace applications due to the high 

strength-to-weight ratio, good corrosion resistance and high toughness combined with good 

formability and weldability. High-strength aluminum alloys are broadly employed in aerospace 

applications owing to the high strength-to-weight ratio, excellent corrosion resistance and great 

toughness associated with good weldability capabilities and formability. On the other hand, one 

of the main issues for the contemporary aircraft industry is to ensure simultaneously reliability, 

high durability, minimum weight and economic efficiency of transport aircraft. To obtain such 

crafted aircraft characteristics, it is necessary to design structures that ensure high damage 

tolerance. The approach to engineering design based on the assumption that flaws can exist in 

any structure and cracks propagate in service, is commonly used in aerospace engineering. 

Therefore, the prediction of crack growth rates based on the application of fracture mechanics 

theory is an important aspect of a structural damage tolerant assessment. Many metal 

components, such as turbines blades, used in aerospace and power industries are subjected to 

dynamic mechanical loading, leading to the initiation of fatigue cracks. One way to reduce the 

risk of fatigue crack initiation is to introduce compressive stresses in the region of higher stresses 

concentration, for example by shot peening. At the industrial level, this is a well-established 

surface treatment technology, despite generating a meaningful rougher surface and therefore 

surface defects [1]. Considering that most fatigue cracks initiate at the surface, the conditioning 

of the surface to resist crack initiation and earlier crack growth is a convenient method to enhance 

fatigue performance. The indentation of each impact, in shot peening process, produces local 

plastic deformation given rise to a field of surface compressive stresses. Studies by many 

researchers have shown a positive shot peening effect [2–4], resulting from the introduction of 

residual compressive stresses in the subsurface layers of material. Depending on peened material, 

there is an Almen intensity for which the optimum fatigue strength is achieved, corresponding to 

a certain balance between residual compressive stress field and surface roughness damage. Paris’s 

law, which relates fatigue crack growth rate (da/dN) and stress intensity range (∆K) is the prime 

approach adopted for characterizing fatigue crack propagation in engineering structures. Fatigue 

crack growth of the aluminum alloys in the Paris’s law regime is affected by microstructure [5–

7] and by the crack closure induced by plasticity, oxidation and surface roughness, especially 
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near threshold regime. Paris law characterizes the rate of crack advance per cycle: da/dN = C∆Km. 

The rate of crack advance per cycle is related to the stress intensity factor range ∆K. C and m are 

constants that depend on the material, environment and stress ratio. Crack closure is considered 

a very good approach to explain the influence of mean stress on the fatigue crack growth rate 

[6,8]. Bergner and Zouhar [6] showed that crack growth rates of various aluminum alloys varied 

by a factor of about 20 for some ∆K values, suggesting that the main factor to explain that 

discrepancies was the crack closure effect and the environment. Fatigue cracks tends to grow into 

a material region that has experienced large plastic strains due to its location in the crack tip 

plastic zone. Typically, this material is deformed beyond its elastic domain in the direction 

normal to the crack flanks. The trace of the plastic deformation produced is left in the crack’s 

path. It acts in the same way to an additional wedge stick between flanks, thus pre-straining them 

and partly protecting the crack tip from the action of posterior loads. This phenomenon is called 

plasticity induced crack closure and tends to decrease the effective stress intensity range, thereby 

resulting in slower crack propagation rates [8]. In compact tension (CT) specimens, the crack 

progresses more rapidly in center than at the surface conducting to a crack tunneling effect, due 

to the prevailing tri-axial state of stress at the center, promoting plain strain in contrast with plain 

stress at surface. Striation spacing between beach marks on fatigue crack surfaces is also affected 

by shot and laser peening effect. Zhou et al. [9] have observed a decrease in striation spacing with 

increase in the number of laser peening impacts for Ti6Al4V specimens. For the same alloy, Pant 

et al. [10] studied the effect of shot peening and laser peening on the fatigue crack propagation 

and compared with the untreated one with respect to the striation spacing; this was done using R 

= 0.1 and R = 0.7. Both peening surfaces presented a reduction on the striation spacing when 

compared to the untreated specimens. Overloads can lead to significant interaction effects on 

crack propagation, as has been reported in many studies [11–22]. Crack growth retardation can 

be explained by many mechanisms, including models based on crack closure, residual stresses, 

crack tip blunting, strain hardening, reversed yielding and crack branching. The residual plastic 

deformation effect leads to compressive stresses in the wake of the crack and raises the crack 

opening load on subsequent crack growth (crack closure), becoming the most important 

phenomena for what concerns the explanation for the variation of characteristic features of post-

overload transients [19–23]. Donald and Paris [23] observed for 6061-T6 and 2024-T3 aluminum 

alloys that closure measurements produced good data correlation between distinct stress ratio 
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crack growths obtained in tests with increasingly K conditions. However, in the near-threshold 

regime with crack growth data obtained by the K-decreasing method, measured opening loads 

were excessive. This discrepancy was justified by Paris et al. [24], who suggested the “partial 

closure model”. Borrego et al. [25] concluded that crack closure explained the bias of stress ratio 

on the fatigue crack growth rate for the 6082-T6 aluminum alloy and the influence of several load 

parameters for overloads interactions if the partial crack closure model is included in the analyses. 

The present work analyzes the effect of shot peening, specimen thickness and stress ratio on the 

fatigue crack propagation of 7475 aluminum alloy with T7351 heat treatment. T7351 provides 

an aged material abler to resist to stress-corrosion, the heat-treatment produces stress-relieved by 

control stretching and after artificially overaged to achieve the best stress corrosion resistance. A 

more extensive analysis of the crack growth following periodical tensile overloads blocks is also 

evaluated. 

 

4.2 Materials and Experimental Procedures 

4.2.1 Material and Samples 

This research was conducted using the 7475 aluminum alloy with a T7351 heat treatment. 

These alloys are widely used in aeronautical applications where the combination of high strength, 

fracture toughness, good fatigue crack propagation and corrosion resistance are required. The 

chemical composition is shown in Table 4.1. The material bars from which the specimens were 

produced had following the dimensions in mm: 4000 x 1000 x 250. According to the material 

manufacturer, the ultimate tensile stress and yield stress are σUTS = 490 MPa and σYS = 414 MPa, 

respectively. 

Table 4.1 – Chemical composition of Al 7475-T T7351 aluminium alloy (% weight). 

Si Fe Cu Mn Mg Cr Zn Ti Other Al 

0.1 0.12 1.2-1.9 0.06 1.9-2.6 0.18-0.25 5.2-6.2 0.06 0.15 Remaining  

 

To study the surface shot peening effect on crack propagation, two CT specimen batches 

were prepared: one with shot peening (SP) and another without shot peening but with the lateral 

surfaces mechanically polished (MP). MP specimens were polished to ensure a good visualization 
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of crack propagation. Manual grinding was performed using a LaboPol-5—Struers A/S, DK-

2750 machine, passing progressively 240, 320, 600, 1000 and 2500-grit grinding paper. After 

specimen grinding, diamond paste of 3 µm and 1 µm were used to give the specimens a mirrored 

surface aspect. Shot peening was done at OGMA – Indústria Aeronáutica de Portugal S.A. 

Company (Alverca do Ribatejo, Portugal) with a large experience in producing components and 

aeronautics repair. Both sides of the specimen were subjected to a manual shot peening process, 

using a SURFATEC machine, as shown in Figure 4.1a), and an Almen strip type A, according to 

SAE J443 standard [26]. Coverage assessment was done by the surface visual inspection, using 

a 10× magnifying lens. One hundred-percent coverage was achieved when this analysis showed 

a completely attained surface by particles. The beads used in current study were of the type S170 

with 0.43 mm diameter and Almen type A with intensity 0.20 A (mm), according SAE AMS2430 

standard [27] for aluminum alloys. Figure 4.1b) shows one sample after the shot-peening process. 

The studies of fatigue crack propagation were performed using the standard Compact 

Tension (CT) specimen with the geometry shown in Figure 4.1c), according with ASTM E647 

standard [28]. For each batch of specimens, two different thickness (B) were manufactured: 4 

mm and 8 mm. The specimens were machined in the longitudinal transverse (LT) direction from 

laminated plates. The loading specimen’s direction coincides with bars lamination direction 

(Figure 1b, c). For each test condition, three specimens were used. 

 

Figure 4.1 – a) Shot peening machine; b) Shot peened specimen; and c) Dimensions of Compact 
Tension (CT) Specimens in mm. 

The surface roughness was evaluated according to DIN EN ISO 4288 standard [29] using 

a Surftest SJ-500 Mitutoyo surface roughness measuring system. The evaluated parameters for 
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each superficial treatment were: roughness average Ra, root mean square (RMS) roughness Rq 

and mean roughness depth Rz. Table 4.2 summarizes the roughness parameters showing an 

increasing of more than 300% in the three roughness parameters for the peened surfaces. 

 

Table 4.2 – Surface roughness parameters for Mechanically Polished (MP) and Shot Penned (SP) 
specimens. 

Specimen Parameter Mean 

value+standard 

deviation (μm) 

 

MP 

Ra 1.22+0.02 

Rq 1.50+0.02 

Rz 7.74+0.13 

 

SP 

Ra 3.70+0.17 

Rq 4.60+0.21 

Rz 23.50+2.00 

 

To analyze the material microstructure, some samples of the specimens were selected to 

observe their cross section. The specimen’s surface was gradually polished with several silicon 

carbide papers. The papers’ granulometry ranged from high to low. Afterwards, 1μm diameter 

diamond particles were used until specimen’s surface became mirror-like. Surfaces were then 

etched with Keller reagent (2.5% HNO3, 1.5% HCl, 1% HF, and 95% H2O (volume) (Coventry, 

UK)) and taken micrographs using an optical microscope Leica DM 4000 M LED (Wetzlar, 

Germany). Figure 4.2 shows typical micrographs indicating that base material microstructure 

(Figure 4.2 a)) with elongated grains in the rolling direction. The plane selected to take 

micrograph was normal to the loading direction to demonstrate the shot-peening effect. Around 

the shot peened surface (Figure 4.2 b)), an increasing of grain deformation and roughness was 

observed. 

Surface Vickers hardness tests were performed according to ASTM C1327-15 [30] using a 

Struers Duramin micro-hardness tester with 0.5N load for 15s. Micro-hardness measurements 

were done in the cross-section of the sample at 0.3 mm from the surface, and spaced out 0.5 mm, 
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for both specimen types, MP and SP. The average values obtained from twenty measurements 

were: Hv0.05 = 157 for MP surfaces and Hv0.05 = 167 for SP surfaces. Therefore, shot peening 

surface hardness increased is more than 6%. 

Residual stresses were measured, in-depth and on the longitudinal surface. Residual 

stresses analysis was performed by X-ray diffraction using a Proto iXRD equipment. Lattice 

deformations of the {222} diffraction planes were measured using Cr-Kα X-ray radiation, with 

22° ψ  angles, in the range +42°, an acquisition time of 30s by peak and +2° oscillations in ψ. For 

the analyzed material, and considering the radiation used, the average penetration depth of the X-

rays was about 11 μm. Measurements were made for all studied treatments at four points along 

the surface of one specimen: one point for each longitudinal surface and one point for each notch 

surface in the central position. Analysis of indepth evolution of residual stresses in the 

longitudinal surface was performed by X-Ray diffraction after successive layer removal by 

electro polishing. 

 

Figure 4.2 – Microstructure micrographs: a) Base material; and b) Shot peening (SP) sample. 

 

4.2.2  Fatigue Tests  

Fatigue crack propagation tests were carried out, in agreement with ASTM E647 standard 

[28], using 4 and 8 mm thick compact specimens (CT). The tests were performed under load 



98 

 

control at room temperature using a 100 kN capacity servo-hydraulic Instron 1341, with a 

frequency within the range 15–20Hz and stress ratios of R=0.05 and 0.4. The specimen’s 

geometry and dimensions are shown in Figure 4.1 c). For both specimens’ batches two types of 

tests were conducted: constant amplitude loading tests with the stress ratios R=0.05 and 0.4 and 

variable amplitude loading tests in which periodic overload blocks of 300 cycles are applied with 

intervals of Nint cycles, as shown schematically in Figure 4.3. The main purpose of these tests is 

to obtain the a-N and da/dN curves as a function of the stress intensity factor range ∆K, to analyze 

the effects of shot peening, specimen thickness and stress ratio. 

 

 

Figure 4.3 – Scheme of variable amplitude loadings with periodic overloading blocks. 

 

For the surface polished specimens, the surface crack length was measured using a 

travelling microscope (45x) with 10μm accuracy. Crack growth rates under constant amplitude 

loading were determined by the incremental polynomial method using five consecutive points 

[28]. For the surface peened specimens, the crack length was obtained by using experimental 

calibration curves based on the compliance variation, previously obtained with the polished 

specimen’s tests, considering the compliance (C) definition and ratio of displacement to load 

increment (Equation (4.1)). 

                                                C=
(umax-umin)

(Pmax-Pmin)
                                                                       (4.1) 
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where u and P are the axial grip displacement and the load, respectively, which were monitored 

during the test. From the non-peened specimen tests with constant amplitude loading, it was 

monitored a set of data for C calculation and the correspondent values of the crack length. The 

collected data are plotted in Figure 4.4, in terms of the crack length (a in mm) versus the 

compliance, and fitted by Equations (4.2) and (4.3) for specimens with 8 mm and 4 mm thickness, 

respectively, both with a 0.99 correlation factor. Equations (4.2) and (4.3) were afterwards used 

for the evaluation of the crack length in the tests with peened specimens and in the periodical 

overloading block tests. 

  a=39,515×C5- 53,199×C4+ 27,962×C3- 7278,2×C2+ 980,36×C - 23,559        (4.2) 

    a=2905,2×C5- 6399×C4+5393,9×C2+ 2275,3×C2+502,82×C - 16,62             (4.3) 

 

 
Figure 4.4 – Calibration curves based on the compliance, C, for 4 or 8 mm thick specimens. 

 

4.3 Results and Discussion 

 

Figures 4.5 and 4.6 highlight the effects of the specimen’s thickness and surface peening 

on the crack propagation curves, respectively. Figure 4.5a–d) shows the influence of the thickness 

on the da/dN-∆K curves. It is well known [31] that the thickness influence on the fatigue crack 
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propagation is related both to the microstructure and stress state. In the present study, specimens 

were machined from the same thickness bars, so there is no microstructure change between 4 and 

8 mm thickness specimens. Therefore, the effect of thickness is only caused by changes in stress 

distribution along cross section and consequent variation on crack closure level [31]. The analysis 

of Figure 4.5 shows a reduced thickness effect on da/dN for both surface treatments (MP and SP 

specimens), including in the near-threshold region. The higher thickness specimens have higher 

da/dN for the same ∆K values in all conditions analyzed in Figure 4.5. It is also possible to notice 

that, for R = 0.05, the increase in da/dN is higher with increasing ∆K. Specimen’s thickness effect 

is more noticeable for lower R-values and MP samples. As expected, independently of the surface 

treatment, the thicker specimens have higher crack growth rates over all the ∆K range analyzed. 

 

 

Figure 4.5 – Thickness effect on the da/dN-∆K curves for specimens: a) MP, R = 0.05; b) SP, R = 0.05; 
c) MP, R = 0.4; and d) SP, R = 0.4. 
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Figure 4.6 – Shot peening effect on da/dN-∆K curves for specimens: a) B = 4 mm, R = 0.05; b) B = 8 
mm, R = 0.05; c) B = 4 mm, R = 0.4; and d) B = 8 mm, R = 0.4. 

 

The main purpose of current work was the analysis of the surface peening effect on the 

crack propagation. Figure 4.6 a)–d) shows the influence of the shot peening on the da/dN-∆K 

curves for both thicknesses and stress ratios. Taking into account that shot peening has a much 

localized effect near the surface, which results in the introduction of compressive residual 

stresses, the propagation of cracks will be affected only in these areas. To analyze the retardation 

of crack propagation around the surface, the fractured specimens were observed by optical 

microscopy. 

Figure 4.7 a), b) presents exemplary photos showing the marks of crack growth shape for 

machined and shot peening specimens, with 8 mm thickness, respectively. These marks were 

produced during variable amplitude loading with periodic overload blocks tests. Although the 

specimen’s thickness is small to ensure tri-axial plain strain conditions in the center of the sample, 

the crack path presents a significant tunnel effect, as shown in Figure 4.7 a), b), and also according 
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to Zhou et al. [9]. The visual observation of the images does not show a clear evidence of the shot 

peening effect on the crack path. 

For a detailed analysis, a tunnel effect parameter was defined by the Equation (4.4): 

                               𝑡𝑢𝑛𝑛𝑒𝑙 𝑒𝑓𝑓𝑒𝑐𝑡 =
௔మିቀ

ೌభషೌయ
మ

ቁ

௔బ
                                                 (4.4) 

 

where 𝑎ଵ and 𝑎ଷ are the crack lengths at the specimen’s surfaces, 𝑎ଶ is the current crack length 

at the center and 𝑎଴ is the initial crack length. The tunnel effect is a well-studied manifestation in 

fatigue crack propagation. Specimens stress state affect fatigue crack propagation, thus 

propagation rate is distinct at the crack flanks front relatively to specimens’ central points. The 

effect of stress state is usually explained by crack closure mechanisms. Typically, a plane stress 

state occurs at the surface that promotes crack tip plastic deformation and accordingly plasticity 

induces crack closure [32]. In turn, inside the specimen, there is a tri-axial stress state that 

prevents plastic deformation. As fracture surface roughness may be different, promoting 

roughness induces crack closure, especially for low values of ∆K [33]. This stress state effect on 

fatigue crack propagation slows down crack growth at the surface and hence promotes the tunnel 

effect. Several different parameters are used to understand to what extend tunnel affects the 

specimens’ behavior. The simplest and most common parameter is 𝑑/𝐵 (Figure 4.7 c)). Other 

used parameters are presented in the literature [34, 35]. Note that the stable shape of crack front 

has a uniform distribution of effective stress intensity factor range. 

The tunnel effect parameter is plotted in Figure 4.7 d) against the fatigue crack length (𝑎ଶ-

𝑎଴). 

As expected, shot peening increases the retardation of the surface crack propagation observed by 

a higher tunnel effect parameter for crack length lesser than 10 mm. As mentioned above, tunnel 

effect can be caused by residual stresses profiles. 

For MP specimens, average residual stress in load direction obtained from four 

measurements at the surface was about +290 MPa, while for SP samples compressive residual 

stresses occur around the surface. Figure 4.8 shows the profile of residual stresses and X-ray 

diffraction peak breadth against the depth from surface. According to the diffraction peak breadth 

profiles, the thickness layer affected by all surface treatments is circa 200 μm. The average value 

of the compressive residual stresses occurring trough a layer below the free surface with a 150 
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μm depth is about 200 MPa. Regarding the MP specimens, the residual stress measurements, for 

the same depth of the SP specimens presented an average value of 180 MPa. The reduced 

thickness of this layer, justifies the reduced influence on the overall propagation of fatigue cracks 

observed, in accordance to He et al. [36]. 

 

 

Figure 4.7 – Impression marks of the crack path and tunnel effect: a) MP specimens; b) SP specimens;  
c) Schematic indication for tunnel effect parameters; and d) Tunnel effect value distribution for MP and 

SP specimens. 

 



104 

 

 

 

Figure 4.8 – Residual stresses profile and X-ray diffraction peak breadth against the depth from surface 
for SP specimens. “O” corresponds to the residual stress in rolling direction (MPa) and “□” to the 

diffraction peak breadth (°). 

 

Results obtained for both stress ratios R = 0.05 and R = 0.4 are compared in Figure 4.9, for 

both surface treatments and thicknesses. As expected, a meaningful influence of the stress ratio 

was noticed in both Paris law regime and near-threshold condition. As reported in the literature, 

this effect is mainly consequence of the significant reduction on crack closure level for higher 

stress ratio R = 0.4 [31]. 

This is why above 15 𝑀𝑃𝑎. √𝑚 the 𝑅 does not present any significate effect. 
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Figure 4.9 – R effect on da/dN-∆K curves for specimens: a) B=4mm, MP; b) B=8mm, MP; c) B=4mm, 
SP; and d) B=8mm, SP. 

 

Fatigue crack propagation resulting in the stable regime were modeled by Paris’ law 

equation. Table 4.3 summarizes the values of the coefficients and intervals of validity of Paris’ 

law and the correlation coefficients for all test conditions. 
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Table 4.3 – Paris’ law parameters, 𝑪 and 𝒎 determined from 𝒅𝒂/𝒅𝑵 vs. ∆𝑲curves  

(mm/cycle; MPa m1/2). 

B 

 [mm] 

Specimen R C m Validity 

[MPa m1/2] 

Correlation 

factor 

4 MP 0.05 1.41 x 10-8 3.94 7-13 0.995 

4 MP 0.4 2.42 x 10-6 2.04 12-24 0.996 

4 SP 0.05 2.95 x 10-7 2.94 8-14 0.970 

4 SP 0.4 2.70 x 10-7 3.05 5-10 0.982 

8 MP 0.05 2.72 x 10-8 3.89 7-12 0.996 

8 MP 0.4 1.96 x 10-6 2.16 13-22 0.998 

8 SP 0.05 2.53 x 10-7 2.97 9-16 0.991 

8 SP 0.4 2.63 x 10-7 3.25 5-17 0.973 

 

To analyze the transient effects after overloads, variable amplitude loading with R = 0.04 

were carried out, in which periodic overload blocks of 300 cycles were applied with intervals of 

Nint of 7500 and 15000 cycles, as shown in Figure 4.3. The results obtained were compared with 

the reference constant amplitude loading tests. Figure 4.10 a)–d) shows the collected results from 

the tests performed in specimens with 8 mm thick. The typical transient behavior after overloads 

is not detected in all blocks because of the reduced transient zone and the crack measuring 

method. The analysis of the figure shows that for MP specimens the fatigue crack growth rate 

reduction reaches the maximum value for Nint = 7500 cycles, while for the SP specimens the 

crack growth rate continues to decrease, although slightly, when Nint increases from 7500 to 

15000 cycles. For MP specimens, fatigue crack growth decreases more for 7500 cycles because 

induced plasticity of crack closure retardation is more critical (Figure 4.10 d). This behavior 

cannot be confirmed when crack closure is not measured. For the SP specimens with R = 0, the 

behavior is similar. This effect is more noticeable for Nint = 7500 cycles then for 15000 cycles. 
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Figure 4.10 – Block overload effect on effect on da/dN-∆K curves for curves for 8mm tick specimens: 
a) R=0.05, MP; b) R=0.05, SP; c) B=0.4, MP; and d) B=0.4, SP. 

 

To understand better the fatigue mechanisms processes, fracture surfaces of the samples 

were observed in a Philips XL30 scanning electron microscope. Figure 4.11 shows two 

exemplary photos with different magnification of the crack propagated region in Paris’ law 

regime, representative of various observations done during the study. Both images in Figure 4.11 

show that fatigue crack propagation occurs mainly by striation. 
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Figure 4.11 – Exemplary fracture surface morphology from SEM observations. 

 

4.4 Conclusions 

 

The present work studied the effects of the shot peening and the stress ratio on the fatigue 

crack propagation of the 7475 aluminum alloy with a T7351 heat treatment, using two specimens’ 

thickness: 4 and 8 mm. The analysis of the results draws the following conclusions: 

 

- As a result of its small influence depth, the beneficial effect of shot peening on 𝑑𝑎/𝑑𝑁 −

∆𝐾 curves is negligible, particularly for R = 0.4. However, this effect seems to increase 

near the threshold condition; 

- For both mechanically polished and shot-peened samples, a specimen’s thickness has only 

marginal influence on the stable crack propagation regime; 

- A significant effect of the mean stress was observed, particularly in near- threshold region; 

- Periodic overload blocks promote a reduction of the fatigue crack growth rate. For MP 

specimens, the reduction reaches the maximum value for the interval between blocks of 

7500 cycles, while, for SP specimens, the crack growth rate continues to decrease for 

intervals of 15000 cycles. 
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Abstract 

The present work aims to analyze the effect of shot peening processing parameters, material 

and size of beads on the fatigue behavior of aluminum alloy Al 7475-T7351. A systematic study 

was carried out under both three points bending (3PB) and tensile loadings. For 3PB tests it was 

concluded that shot peening does not introduce significant improvement on fatigue life and that 

the use of low size glass beads is potentially beneficial, with roughness being as or more 

important than residual stresses. All tensile treated specimens presented an improvement of 

fatigue life in comparison to the untreated specimens, particularly when the crack initiated 

internally. Internal crack propagation generates a conical fracture surface until transition to mode 

I propagation. 

 

Keywords: Aluminum alloys; Shot Peening; Fatigue Life Enhancement; Internal Crack Initiation 
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5.1 Introduction 

Aluminum alloys are widely used in the aerospace and aeronautical industries due to their 

high strength-to-weight ratio. Al 7475-T7351 alloy is a new aerospace material with improved 

mechanical properties compared to others, such as 7050 and 7075 alloys [1-3]. Fatigue cracks 

initiate mainly on the surface, which explains why the preparation of the surface to resist crack 

initiation and earlier crack growth is an attractive method of improving fatigue performance. Shot 

peening is a widely used mechanical surface treatment to improve the fatigue life of metallic 

components. During the shot peening process, the beads are bombarded into the material’s 

surface by a nozzle. The main process parameters are: the beads size and material, Almen 

intensity (Almen intensity is a measure of the shot peening intensity obtained by the “Almen” 

test [4]) exposure time, coverage, air pressure, impact angle and nozzle characteristics [5, 6]. 

Each impact produces local plastic deformation which expansion is constrained by the adjacent 

material, resulting in a field of surface compressive stresses. A positive effect of shot peening 

was observed in many researches [7-9], due to the introduction of compression residual stresses 

in the subsurface layers of the material.  

As with steels, most of the improvement in the fatigue life of an aluminum alloy may be 

attributed to the compressive residual stresses in the surface region, which often overcompensates 

the worsening of the surface’s morphology [10-14]. However, the increase of aluminum alloys’ 

fatigue resistance by shot peening is more difficult to achieve. The roughness of the peened 

surface is generally worse, which may cancel or reduce the beneficial effect of the compressive 

residual stress field. Therefore, shot peening in aluminum alloys produces both balancing 

beneficial and detrimental effects (residual stresses and surface roughness), with the 

determination of optimized process parameters becoming a difficult and time-consuming task to 

accomplish. In order to reduce the surface roughness and enlarge compressive residual stress 

field, new technologies have been developed, such as laser peening [15-17] and ultrasonic 

peening [18, 19]. 

In addition to the effect of surface roughness, shot peening in aluminum alloys causes the 

work hardening, which enhances resistance to crack initiation. On the other hand, it reduces 

fatigue crack propagation resistance during early crack growth due to the material’s 

embrittlement. In addition, the material of the shot bead plays an important role on the shot 
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peening of aluminum alloys. Using steel beads, which caused rough peened surface, Luo et al. 

[20], obtained only an increase of 7% in fatigue life while Sharp et al. [11], by peening with 

lighter materials (glass and ceramic beads), decreased surface roughness and improved the fatigue 

strength significantly.  

Recently, Benedetti et al. [21] studied the effect of shot peening treatments on the plain 

bending fatigue strength of aluminum alloy Al 7075-T651, concluding that shot peening 

conducted with small beads promotes a more effective improvement of the fatigue resistance, as 

it causes a lower surface roughness and induces the maximum compressive residual stress in the 

region closer to the surface. These authors also obtained additional improvement of fatigue 

strength by eliminating surface roughness by the tribo-finishing process. 

The improvement in fatigue strength due to surface peening on aluminum alloys needs to 

be more studied in order to enable the development of the curves’ designs based on more accurate 

fatigue life and prediction models. The main purpose of this paper is to evaluate the effect of shot 

peening parameters, bead diameter and material on fatigue design curves under both 3PB and 

tensile cyclic loadings in the aluminum alloy Al 7475-T7351.  

 

5.2   Materials and Experimental Procedures 

5.2.1 Material and Samples 

Test specimens were performed from Al 7475-T7351 aluminum alloy. This material was 

heat treated at 470°C, then subjected to water quenching and controlled stretching from 1.5% to 

3%, followed by artificial aging in two phases: first at 121°C for 25 hours and then at 163°C in 

the range of 24 to 30 hours. The chemical composition is indicated in Table 5.1, according with 

the specifications provided by supplier ALCOA Company. The main mechanical properties are 

yield stress of 414 MPa, tensile strength of 490 MPa and a maximum elongation of 9% (according 

to ALCOA Company). 

Table 5.1 – Chemical composition of Al 7475 - T7351 aluminum alloy (% weight). 

Si Fe Cu Mn Mg Cr Zn Ti Other Al 

0.1 0.12 1.2-1.9 0.06 1.9-2.6 0.18-0.25 5.2-6.2 0.06 0.15 Remaining  



116 

 

Five batches of samples were prepared for each loading mode: an untreated reference batch 

was grounded with 1000 grit SiC paper and additionally polished with diamond pastes up to 1μm; 

in the other four batches, the specimens’ surface was submitted to shot peening treatments. Table 

5.2 indicates the diameters and materials of the beads used in the different batches. It was assumed 

that the particles have spherical shape. Bead sizes are in accordance with the standard 

specifications and recommendations on ASM 2430 [4] for the shot peening of aluminum alloys. 

Table 5.2 – Parameters for the different shot peening batches. 

Code Bead material Mean bead size 

(μm) 

Standard deviation size 

(μm) 

Polished - - - 

GB 8 Glass 166 28 

GB 35 Glass 377 32 

SB 110 Steel 348 21 

SB 170 Steel 670 75 

 

Shot peening was done in OGMA - Indústria Aeronáutica de Portugal S.A., a company 

with great experience in surface treatment of components for the aeronautical industry, using a 

SURFATEC machine and with a type A Almen strip. The samples were rotated in order to 

promote an approximate impact angle of the beads on surfaces of 90º in all zones. The coverage 

of the shot peening was 100% for an Almen intensity of 0.20 A (mm), according to the ASM 

2430 standard [4]. 

Fatigue tests were carried out using round dog bone specimens with 6 mm diameter in the 

center region and tested in three points bending (3PB) under tensile loadings with the stress axis 

parallel to the microstructure’s longitudinal direction. All tests were conducted in load control 

mode, at air and room temperature and at a frequency ranging from 10 - 20 Hz. Bending tests 

were carried out using an Instron EletroPuls E10000 machine, while for the tensile tests a 100kN 

capacity Instron servo hydraulic machine was used. Tensile fatigue tests were performed at the 

load ratio R=0 and the 3PB tests at R=0.1.  
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Figures 5.1 a) to c) show the geometry of the tensile tests, a schematic view of the apparatus 

for 3PB tests and the geometry of the 3PB test specimens, respectively. For the tensile tests, the 

load amplitude and mean load required as input data were calculated as P௔= P௠= σaA, while for 

3PB tests the amplitude load was calculated taking into account the values of the nominal bending 

stresses, according to Equation (5.1): 

                       P௔ =
஠ୈయఙೌ

ଵ଺୐
                (5.1) 

where σa is the stress amplitude, Pa is the bending or axial load amplitude, L is the specimen span, 

D is the diameter of the specimen and A the cross section area.  

 

 

Figure 5.1 – a) Geometry of the tensile test specimens; b) 3PB testing apparatus; c) Geometry of 3PB 
tests specimens. (Dimensions in mm). 

One specimen of each batch was cut through a plane containing longitudinal axle and 

afterwards the surface was gradually polished with smaller granulometry silicon carbide papers, 
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while at the end diamond particles with a 1μm diameter were used until the surface became 

mirror-like. Afterwards, said surfaces were etched with Keller reagent (2.5% HNO3; 1.5% HCl; 

1% HF; 95% H2O) and observed with an optical microscope Leica DM 4000 M LED.  

Roughness evaluation was carried out in accordance with the DIN EN ISO 4288 [22] 

standard, using the Mitutoyo, Surftest SJ-500, surface roughness measuring system. Vickers 

nanohardness measurements were performed in cross section specimens using a Berkovich three-

sided diamond pyramid indenter with a half angle of 65.35⁰. The maximum load applied was 30 

mN. The equipment has a load and displacement resolution of 0.5 mN and 80 nm, respectively. 

The wait time was 5 seconds while the loading and unloading time was 10 seconds. 

Measurements started at a distance from surface of 5μm with increments of 20μm up to 185μm 

depth. An additional test was also performed at the center of the specimen to estimate the base 

material’s nanohardness value.  

The residual stress analysis was performed by X-ray diffraction using a Proto iXRD 

equipment in the longitudinal direction of the samples. Lattice deformations of the {222} 

diffraction planes (2θ ≈ 157°) were measured using Cr-Kα X-ray radiation, with 21 β angles in 

the range ±30° (42 ψ angles in the range ±42°), an acquisition time of 60 seconds by peak and 

±2° oscillations in ψ. The stress was evaluated with an elliptical regression of sin2ψ data and the 

X-Ray elastic constants values of 18.56×10-6 MPa-1 for (1/2)·S2 and -4.79×10-6 MPa-1 for S1. For 

the analyzed material, and considering the radiation used, the average penetration depth of the X-

Rays was about 11 μm. The analysis of the in-depth evolution of the residual stresses was 

performed step-by-step, by removing successive thin layers of material by electrolytic polishing. 

For some of the deeper layers both ψ and φ oscillations were used, to get better diffraction peak 

profiles. 

Finally, the fatigue fractured surfaces of the broken specimens were analyzed with a 

scanning electron microscope (SEM), Philips® XL30 TMP. 

 

 

5.3 Results and Discussion 
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5.3.1 Metallographic analysis 

The region near the surface was observed by optical microscopy, in order to study shot 

peening effect on microstructure. Figure 5.2 a) to e) shows exemplary photos. Figure 5.2 a) shows 

the microstructure of the aluminum alloy, presenting the grains elongated in the rolling direction, 

typical of extruded rods. Figures 5.2 b) and c) highlight the surface area where the shot peening 

occurred in the cases of steel beads, SB170 and SB110, respectively. It was noticed that SB170 

and SB110 steel beads, which have a much higher mass than glass beads, promote a larger 

damaged area (presenting a surface damaged layer with about 100μm depth). A visual analysis 

of Figures 5.2 c) and d) seems to indicate that SB110 and GB35 beads have similar roughness, 

lower than SB170 series, and a few surface defects, with a significantly lower depth than the 

plastically deformed layer created by the shot peening treatment, which may promote the onset 

of fatigue cracking. Figure 5.2 e) shows that GB8 beads reduced significantly the plastic 

deformed layer and the roughness in comparison with the other shot peening series. On the other 

hand, a visual analysis of Figure 5.2 d) did not reveal the presence of surface defects in the GB8 

specimens. 
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Figure 5.2 – Microstructures: a) Aluminum alloy; b) Peened with SB170; c) Peened with SB110, d) 
Peened with GB35; e) Peened with GB8. 

5.3.2 Roughness Evaluation 

The roughness parameters evaluated for each superficial treatment are summarized in Table 

5.3: roughness average Ra, maximum peak-to-valley height Ry, the average maximum peak to 

valley of five consecutive sampling lengths within the measuring length Rz, the average spacing 
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of adjacent peaks in the surface profile Dp, the elastic stress concentration factor Kt and the notch 

factor Kf. The elastic stress concentration factor Kt, introduced by multiple micro-notches after 

shot peening, according to Li et al. [23] is given by Equation (5.2): 

                              𝐾௧ = 1 + 2.1 ൬
ோ೥

஽೛
൰    (5.2) 

and the notch factor Kf can be calculated by the Peterson formulation, Equation (5.3): 

                          𝐾௙ = 1 +
௄೟ିଵ

ଵା
ೌ

ೝ

                 (5.3) 

where a and r are a material characteristic length of the crack initiation processing zone and the 

mean radius of beads indicated in Table 5.2, respectively. For aluminum alloys a is estimated as 

0.51mm. 

 

Table 5.3 – Roughness parameters for the treated and untreated series. 
Series Roughness Average Standard Deviation Kt Kf 

GB8 

Ra [µm] 1.35 0.096 
 

Ry [µm] 11.78 0.994 
 

Rz [µm] 9.54 0.524 
  

Dp [µm] 98.10 2.686 1.204 1.028 

GB35 

Ra [µm] 3.16 0.155 
  

Ry [µm] 26.21 1.976 
  

Rz [µm] 20.78 1.816 
  

Dp [µm] 221.95 9.218 1.197 1.053 

SB110 

Ra [µm] 3.21 0.350 
  

Ry [µm] 25.69 3.642 
  

Rz [µm] 18.92 2.390 
  

Dp [µm] 162.67 5.104 1.244 1.062 

SB170 

Ra [µm] 3.78 0.277 
  

Ry [µm] 30.78 3.512 
  

Rz [µm] 22.64 2.342 
  

Dp [µm] 367.62 7.761 1.129 1.051 

Non treated 

Ra [µm] 0.06 0.011 
  

Ry [µm] 0.49 0.131 
  

Rz [µm] 0.41 0.080 
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Figure 5.3 shows the average of roughness parameters for the different batches used in 3PB 

and tensile tests. The roughness values indicated in Figure 5.3, along with the images shown in 

Figure 5.2, indicate that even the higher roughness caused by SB170 beads presents a smoother 

surface profile with fewer localized notches when compared to GB35 and SB110 beads. 

 

 

Figure 5.3 – Average roughness parameters for the different batches. 

Table 5.3 and Figure 5.3 show that the shot peening treatments increase the surface 

roughness relatively to the untreated specimens and that the steel SB110 and SB170 beads and 

glass GB35 beads produce similar and significantly higher levels of roughness than GB8 beads. 

In all cases, it can be said that the layer treated by shot peening is very shallow, affecting only a 

few surface grains with a depth of generally less than 100μm.  

 

5.3.3 Hardness analysis 

Shot peening promotes surface densification, the increase of hardness and the accumulation 

of compressive residual stresses. Figure 5.4 presents the averages of hardness of all indentions 

performed around the surface for the different samples batches. All series show a similar trend, 

with a slight increase (lesser than 10%) in surface hardness and a progressive attenuation of the 
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effect of the impact of the beads until they converge to the hardness of the base material of about 

246 Hv to about 200 µm depth. The GB8 series presents the lower values of hardness for depths 

until 60µm. These results partially coincide with those obtained by Ramos et al. [19] for the same 

material, which also found only a slight increase of hardness in the shot peened surface in 

comparison with the base material, due to the cold work and the consequent plastic deformation 

induced by the beads’ impact. 

 
Figure 5.4 – In depth hardness distribution for the different beads. 

 
 

5.3.4 Residual Stress Evaluation 

The surface and in-depth measurements of residual stresses in the longitudinal direction are 

shown in Figure 5.5. Fitted residual stress profiles of the shot peened series using the Robertson 

formula [24] are also superimposed, as seen in Equation (5.4): 

         𝜎௥௘௦ = 𝐴 ∙ 𝑒𝑥𝑝 ቀ
ିଶ(௫ି௫೏)మ

ௐమ
ቁ + 𝐵                             (5.4) 

 

where σres is the residual stress, x, the depth below the surface, A+B, the maximum residual stress, 

W, a measure of the width of the curve and xd, is the depth to the maximum residual stress. 
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All surface treatments induce compressive residual stresses on the surface layer, which is 

the first measurable layer by X-Ray diffraction at a depth of 11 μm. The values obtained for the 

surface residual stresses are indicated in Table 5.4.  

Table 5.4 – Residual stress values on the surface. 

Treatment Residual Stress [MPa] 

Polished -66±14 

GB8 -210±9 

GB35 -206±6 

SB110 -271±6 

SB170 -181±3 

 

Shot peening treatments increased the surface residual compressive stresses to values in the 

range 180-270 MPa. However, it was not possible to establish a direct connection between the 

residual stress values and the diameter of the beads or the impact energy.  

 

 

Figure 5.5 – In depth residual stresses for the different beads. 
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A more detailed observation of the results plotted in Figure 5.5 indicated that they agree 

with those obtained by Gao [17], showing that the maximum compressive residual stresses did 

not occur at the surface but at inner layers with about 25-60 μm depth, depending of the beads’ 

type. Regardless of the bead type used in shot peening, the residual stresses caused by the impacts 

tends to zero for about 150µm depth.  

 

5.3.5 Fatigue Tests Results 

The results of the fatigue tests are shown in Figures 5.6 a) to b) in terms of the stress 

amplitude against the number of cycles to failure, comparing the S-N curves for shot peened 

series with polished specimens for 3PB tests and tensile tests, respectively. As is well known, 

fatigue crack initiation is a localized process, causing a significant dispersion of results by the 

combined effect of the residual stresses, hardness and roughness.  
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Figure 5.6 – S-N curves for the batches with different shot peening beads and the reference polished 
samples: a) 3PB tests; b) Tensile tests. 

 

The S-N curves were fitted using Basquin’s law, Equation (5.5): 

                              σ௔ = σ௙
ᇱ

 
× ൫N௙൯

ୠ
      (5.5) 
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where: σ୤
ᇱ
 
 is the cyclic resistance coefficient, b is the cyclic resistance exponent and Nf the 

number of cycles to failure. The values of σ୤
ᇱ
 
 and b are summarized in Table 5.5 for all the series 

tested. Table 5.5 also presents the fatigue resistance improvement of the different treatments, for 

a fatigue life of 5x105 cycles, in comparison with simply polished specimens.  

Table 5.5 – Analysis of the S-N Curves for all treatments. 
      Treatment 𝝈𝒇

ᇱ  [MPa]            b Loading mode  Improvement [%]* 

 Non treated 457 -0.058 3PB - 

GB8 718 -0.091 3PB 2 

-4 GB35 668 -0.09 3PB -4 

SB110 528 -0.072 3PB 

3PB 

-4 

SB170 632 -0.086 3PB 

3PB 

-4 

Non treated 1169 -0170 Tensile - 

GB8 1987 -0.184 Tensile 42 

GB35 2459 -0.204 Tensile 35 

SB110 896 -0.130 Tensile 30 

SB170 1968 -0.189 Tensile 31 

* (in relation to polish specimens for 5x105 cycles) 

For a fatigue life of 5x105 cycles, the 3PB fatigue resistance of GB8 series is similar of the 

untreated series, while the other treated series present slightly lower resistances to fatigue. As 

expected, in all specimens tested in 3PB loading the crack initiation occurs from the surface, due 

to the high stress gradient created by the bending loading. For lower lives the GB8 series show 

better fatigue performance than untreated series. The only parameter where GB8 series present 

better results than the other series is the roughness (see Figure 5.3 and Table 5.3). In what 

concerns the residual stresses and hardness profile, all series present similar values. The S-N 

curves obtained for the other treated series present lower resistance than the untreated series for 

fatigue lives above 105 cycles. Despite the increase of surface hardness and the introduction of 

compressive residual stresses in a surface layer with 150μm depth, the shot peening treatment did 

not produce a beneficial effect with GB35, SB110 and SB170 beads. It seems that with 3PB tests 

the roughness has a detrimental effect, equivalent to the potential beneficial effect of the 

compressive residual stresses resulting from the shot peening. Therefore, it can be concluded that 
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the shot peening treatment does not introduce significant improvement on fatigue life and that 

the use of small glass beads is potentially beneficial for specimens tested in 3PB. 

Table 5.6 summarizes the fatigue results obtained in the tensile tests. The number of cycles 

Nest was calculated from Equation 5.5 for each value of the stress range. For the majority of the 

specimens, crack initiation occurs internally at the depth f indicated in this table. For the GB8 

series internal crack initiation occurs 92% of times, for the GB35 series 80%, and for SB110 and 

SB170 series 55%.  

Table 5.6 – S-N curves parameters. 

Ref. 
 [MPa] 

f  
[mm] 

Nf  

[cycles] 
Nest 

 [cycles] 
Nf/Nest Ref. 

 [MPa] 
f 

 [mm] 
Nf  

[cycles] 
Nest  

[cycles] 
Nf/Nest 

GB8_1 300 1.18 1261038 1275635 0.989 SB110_1* 300 0.00 293943 939865 0.313 

GB8_2 340 0.93 695965 645628 1.078 SB110_2* 340 0.00 171484 358716 0.478 

GB8_3 380 0.23 371161 352510 1.053 SB110_3* 380 0.00 77102 152411 0.506 

GB8_4 280 2.25 1783084 1856724 0.960 SB110_4 275 0.45 2050486 1835994 1.117 

GB8_5 380 0.22 315074 352510 0.894 SB110_5 300 1.30 741971 939865 0.789 

GB8_6 340 0.79 609907 645628 0.945 SB110_6 275 0.90 1627259 1835994 0.886 

GB8_7 300 1.33 1466090 1275635 1.149 SB110_7* 340 0.00 230404 358716 0.642 

GB8_8* 380 0.00 227562 352510 0.646 SB110_8* 380 0.00 106510 152411 0.699 

GB8_9 340 0.90 673857 645628 1.044 SB110_9 300 1.68 1003861 939865 1.068 

GB8_10 300 1.29 1256335 1275635 0.985 SB110_10 340 0.25 356328 358716 0.993 

GB8_11 280 2.31 1862700 1856724 1.003 SB110_11 300 1.12 1126466 939865 1.199 

GB8_12 280 2.12 1736114 1856724 0.935 SB170_1 300 0.99 858755 815102 1.054 

GB35_2 340 1.06 455600 492120 0.926 SB170_2 340 0.93 407785 420550 0.970 

GB35_3 340 1.13 516811 492120 1.050 SB170_3 280 2.22 999830 1173899 0.852 

GB35_4* 380 0.00 123869 285166 0.434 SB170_4* 380 0.00 90803 233575 0.389 

GB35_5* 380 0.00 154602 285166 0.542 SB170_5* 340 0.00 113763 420550 0.271 

GB35_6 300 0.91 878902 909366 0.967 SB170_6* 340 0.00 97062 420550 0.231 

GB35_7 300 1.00 1019929 909366 1.122 SB170_7 280 2.90 1178237 1173899 1.004 

GB35_8 280 1.73 1248000 1275652 0.978 SB170_8* 380 0.00 108165 233575 0.463 

GB35_9 280 1.59 1191270 1275652 0.934 SB170_9 300 1.04 857158 815102 1.052 

GB35_10 280 1.94 1328353 1275652 1.041 SB170_10 275 0.58 1437863 1291232 1.114 

GB35_11 340 1.10 492775 492120 1.001 SB170_11 275 0.39 1253275 1291232 0.971 

*  Surface crack initiation 
  SB170_12* 300 0.00 204174 815102 0.250 
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In the case of fatigue tensile tests, the S-N curves, presented in Table 5.5 and plotted in 

Figure 5.7, were fitted using only the fatigue results obtained with the specimens with internal 

crack initiation.  

 

Figure 5.7 – S-N curves for the batches with different shot peening beads. Tensile tested specimens with 
internal crack initiation. 

 

A very good coefficient of correlation of R above 0.98 was obtained, except for the SB110 

series. The GB8 series present the higher fatigue lives (about 7.3x higher than untreated material 

for a stress range of 300 MPa), while the other treated series present similar fatigue resistances 

with fatigue lives about 5x also higher than untreated material. For a fatigue life of 5x105 cycles, 

the GB8 series has an increase of fatigue resistance of 42% relatively to the untreated series. The 

others treated series present a lower increase of fatigue resistance between 30 and 35%. 

Therefore, in the case of tensile fatigue tests, all shot peening treatments lead to an important 

increase of fatigue life in the range of stresses used in the tests, 275-380 MPa, when the crack 

initiation occurs internally. The GB8 series present the lowest value of roughness and Table 5.3 

shows that this series also presents the lower value of Kf, although the same is not very different 

from the values obtained for the other treated series. This agrees with the higher fatigue 

performance presented by the GB8 series. In addition, the very low values obtained for the notch 
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factor Kf, the presence of compressive residual stresses on the surface layer and the uniform stress 

distribution in tensile loadings justify the higher percentage of specimens that fail from internally 

initiated cracks under tensile loading. The stress intensity factor ∆KI, considering an internal 

defect as a crack, may be calculated by an approximate equation from Murakami [25], Equation 

(5.6): 

                             ∆𝐾ூ = 𝛽∆𝜎ඥ𝜋√𝐴      (5.6) 

where A is the area of the defect projected in the plane normal to the tensile stress, β=0.5 for an 

internal defect and β=0.65 for a surface defect. Therefore, for a given applied stress range, ∆KI 

is about 1.3 higher for a surface defect than for an internal defect with the same size. The 

difference between β values for internal and surface defects and the usually accepted idea that 

vacuum makes crack growth slower and the threshold higher agree with the results obtained in 

tensile fatigue tests in Table 5.4, which shows an increase of fatigue resistance between 1.3 and 

1.42 for treated specimens that failed from internal crack initiation relatively to untreated 

specimens which failed from surface crack initiation. 

The ratio between the experimental number of cycles Nf and Nest (Table 5.6) is used to 

quantify the deviation between the total fatigue lives of specimens with surface crack initiation 

and the total fatigue lives of specimens with internal crack initiation, for the same stress range. 

Figure 5.8 shows the ratio Nf/Nest against the ratio f/d, where d is the specimen diameter. For 

internal crack initiation, Nf/Nest has an average value near unity and a standard deviation of 0.088, 

while for surface initiation these parameters change to 0.45 and 0.166, respectively. It can be 

concluded that fatigue life increases in average 2.2x when crack initiation occurs internally in 

comparison to surface crack initiation. However, even in the case of specimens with surface crack 

initiation there is an increase of fatigue resistance relatively to the untreated series, as can be 

observed in Figure 5.6 b).  

The improvement difference introduced by the shot peening process on bending and tensile 

test results is caused by the different stress distributions created by bending and tension loadings, 

leading to different fatigue resistances.  
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The fatigue strength obtained in the 3PB tests was higher than that obtained in tensile tests, 

particularly for long lives where the initiation phase is predominant. The strong stress gradient 

and the restricted volume subjected to higher stresses in specimens tested under 3PB loading are 

the main causes for its higher fatigue resistance and also explain that crack initiation always 

occurred on the specimen surface. As indicated in Table 5.5, the slope of S-N curves for 3PB 

tests is very low (-0.058 to -0.09), indicating that the crack initiation phase is predominant in the 

total fatigue life. Moreover, the maximum stress applied in 3PB tests ranged from 385 to 600MPa, 

which is typically greater than the microscopic yield strength (the microscopic yield strength of 

the material surface is lower than the global yield strength of 414 MPa) and reduces or eliminates 

the residual stress field with a maximum depth of 140μm. Consequently, in 3PB tests the 

favorable effect of the compressive residual stresses on fatigue strength was canceled or reduced, 

leading to surface roughness and the slight increase of hardness became the main parameter that 

may influence the fatigue strength. For longer lives, the increase of surface roughness effect leads 

to a reduction in fatigue strength of some treated series compared to the untreated series. 

In the case of tensile tests, a uniform stress distribution over the entire specimen volume 

reduced both crack initiation and propagation phases compared to 3PB tests, leading to a 

reduction of the fatigue strength. Moreover, the slope of S-N curves obtained in tensile tests, 

being higher than in 3PB tests (-0.13 to -0.204), indicates that the crack initiation period is lower.  

The uniform distribution of stresses over the entire specimen volume makes it possible to 

initiate the crack superficially or internally, depending on the superficial parameters: residual 

stresses and roughness. As the fatigue strength was lower in tensile tests, the applied stress ranges 

were also smaller; the maximum stress ranged from 275 to 380 MPa, always lower than the yield 

stress of 414 MPa. Therefore, in the case of fatigue tensile tests the compressive residual stresses 

and eventually the increase of hardness near surface have a higher beneficial effect in the fatigue 

lives of treated series than the detrimental effect of the roughness. In spite of this, the fatigue 

strength in tensile tests was significantly lower than in 3PB tests, for both treated and untreated 

specimens.  

Dong et al [26] also achieved an extension in fatigue lifetime due to the failure mode 

transition from surface crack initiation to internal crack initiation on the FSW joint of the 7075-

T651 aluminum alloy, by performing uniaxial fatigue tests in specimens with near-polished, 

gradient nanostructured surface and high compressive residual stresses provided by a surface 
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mechanical rolling treatment. He et al [27] studied the effect of ultrasonic peening treatment on 

the high and very high cycle fatigue resistance of an Al 7075 friction stir welded joint. They also 

observed a fatigue strength improvement through application of ultrasonic peening treatment and 

that fatigue cracks can initiate from the interior of the specimen due to the compressive residual 

stress profile in the surface layers. 

 

 

Figure 5.8 – Nf/Nest against normalized crack initiation depth f/d for the batches with different shot 
peening beads. Tensile tests. 

 

Figure 5.9 presents the crack initiation dimensionless depth f/d, where d is also the 

specimen diameter, against the stress range for all treated series. With exception of the results for 

the stress range of 275 MPa, a clear trend of an increase of the crack initiation depth with the 

decrease of the applied stress range may be observed. The cause for the different behavior of 

specimens tested with the lowest stress range (275 MPa) was not understood. 
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Figure 5.9 – Normalized crack initiation depth f/d against stress range for the batches with different shot 
peening beads. Tensile tests. 

 

5.3.6 Fracture Surface Analysis 

Figure 5.10 shows two macro images of both surface crack initiation (Figure 5.10 a)) and 

internal crack initiation (Figure 5.10 b)) in treated series. Internal crack initiation occurs due to 

the increase of surface crack initiation resistance promoted by the compressive residual stresses, 

for fatigue lives above 3.5x105 cycles.  
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Figure 5.10 – Macro images of fracture surfaces in treated series: a) Crack initiation in S110_11 
specimen, b) Internal crack initiation in GB8_11 specimen and c) A lateral image of the conical crack 

growth surface of GB8_11 specimen. 

 

For fatigue lives below 3.5x105 cycles crack initiation always occurs at surface. Internal 

crack initiation occurs at the vertices of the conical surface located internally, marked by an arrow 

in Figure 5.10 b). Figure 5.10 c) shows a lateral image of this conical shape evolution of the crack 

with internal initiation for the tensile tested specimens. The angle of the cones ranged between 

61º and 76º. After the internal crack initiation period, the crack propagates forming the conical 

shape surface, which size depends on the location of the start point of the crack: the farther the 

starting point of the crack was from the specimen surface, the larger the conical surface. 

Therefore, the height of the cones tends to increase with the initial crack distance to surface. The 

transition from the conical surface to a flat surface, corresponding to mode I crack propagation, 
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occurs when the point of the base of the cone closest to the specimen surface reaches it. The crack 

shape evolution shown in Figure 5.10c) is completely different from the usually reported in 

literature for internal cracks that propagate in mode I with the typical eye of fish aspect. A 

description of this phenomenon was not found in literature, neither in aluminum alloys nor in 

other metallic materials. 

The surface fracture analysis by SEM was performed only for the fatigue tensile specimens, 

where both surface and internal crack initiation occurred. In all 3PB treated specimens the crack 

always initiated on the surface and propagated through the cross section. Figures 5.11 and 5.12 

show SEM images of fatigue fractured specimens with surface crack initiation and internal crack 

initiation, respectively. Figure 5.11a) shows a macrograph of the fracture surface for the SB110_2 

tensile specimen with a total fatigue life of 171484 cycles for a stress range of 340 MPa. The 

white square identifies the crack initiation site from where radial marks following the direction 

of crack propagation are clearly visible. Figure 5.11b) shows a detail of the crack initiation site. 

The red arrow indicates the crack initiation origin identified by the convergence of the radial 

marks. Figure 5.11c) shows a macrograph of the fracture surface for the tensile specimen Al-3 of 

the untreated series. Crack initiation in untreated series occurs always at the specimen surface. 

The fracture surface aspect is similar to the one obtained with the treated series S110, but the 

fatigue life was lower (86833 cycles). Although the field of compressive residual stresses 

introduced by shot peening in the S110 series is insufficient to prevent surface cracking initiation, 

it has a favorable effect on fatigue life of this treated series, increasing the initiation period. 
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Figure 5.11 – SEM images of a surface crack initiation in SB110_2 tensile specimen. Δσ = 340 MPa: a) 
Macrograph of fracture surface, b) Detail of the crack initiation zone and c) SEM images of a surface 

crack initiation in Al_3 non treated tensile specimen. Δσ =340 MPa. 

 

Figure 5.12 a) to b) show macrographs of the fracture surface of two different treated series 

(S110 and GB8), showing internal crack initiation on a conical shape surface. The overall 

appearance of both fracture surfaces is similar as well the micromechanisms, which will be 

analyzed further below. In figure 5.12 a) the black arrow indicates the contour of the specimen 

cross section. The white square identifies the crack initiation site from where the crack 

propagates, generating a conical fracture surface which boundary is marked by the dashed red 

line. This line also defines the transition between the crack propagation along the conical surface 

and the propagation in mode I in a plane approximately normal regarding the tensile stress. Figure 

5.12 c) shows a detail of the crack initiation site corresponding to the cone vertices. It was not 
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possible to identify precisely the crack initiation site. It seems that early crack growth occurs on 

a small plateau before changing to the conical surface shape. Figure 5.12 d) shows a detail, near 

the surface of the specimen, of the transition zone between conical crack growth shape and 

propagation in mode I. As previously mentioned, this transition occurs when the nearest zone of 

the base of the cone approximates to the surface of the specimen allowing the contact with 

external environment. The multiplane aspect of crack propagation in mode I is a consequence of 

the irregularity of the cone base at the moment of the transition.   

 

Figure 5.12 – SEM images of an internal crack initiation in treated series showing internal crack 
initiation on a conical shape surface: a) Macrography of the fracture surface of SB110_9 tensile 
specimen. Δσ=300 MPa; b) Macrography of the fracture surface of GB8_11 tensile specimen. 

Δσ=280MPa; c) Detail of the internal crack initiation zone of b) and d) Detail of transition zone between 
conical crack growth shape and propagation in mode I of image b). 

Figure 5.13 shows SEM images of the fractured surface of the GB8-11 specimen with 

internal crack initiation, showing the crack propagation micromechanisms. Figure 5.13 a) shows 

that crack propagation on the conical surface occurs by micro cleavage, while Figure 5.13 b) 
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shows a macrography and a detail of the subsequent mode I fracture zone of crack propagation, 

showing ductile striations and secondary cracks. 

 

Figure 5.13 – SEM images showing the fatigue crack propagation micromechanisms of specimen GB8-
11 with internal crack initiation: a) Micrograph of the conical surface fracture and b) Macrograph and a 

detail of fracture on mode I crack propagation. 
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5.4 Conclusions 

 

A systematic study was carried out regarding the roughness, surface hardening and residual 

stress effects on fatigue life of round specimens of Al 7475-T7351 aluminum alloy tested under 

3PB and tensile-tensile. The main conclusions drawn were the following: 

 

- No significant hardening near surface caused by shot peening was observed;  

- For 3PB specimens, the surface roughness plays a role as or more important than the 

residual stresses resulting from shot peening resulting in a surface crack initiation, while 

for tensile specimens the combination of these factors and the uniform stress distribution 

in tensile loading leads to a predominant internal crack initiation;   

- Shot peening does not introduce significant improvement on fatigue life in 3PB 

specimens, but the use of small glass beads is potentially beneficial. All tensile treated 

specimens present an improvement of fatigue life in comparison with the untreated 

specimens, particularly when the crack initiates internally; 

- The internal cracks propagate generating a conical fracture surface until transition to 

mode I propagation.  
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CHAPTER 6 – Discussion, Main conclusions, Future Works  
 

 

This investigation studied the behavior of aeronautical alloy Al 7475 with T7351 treatment, 

which is one of the most recent aluminum alloys used in the aeronautical industry, and 

specifically in parts of the KC390 aircraft, currently produced in Portugal, at OGMA – Indústria 

Aeronáutica de Portugal, S.A. 

This study aimed to assess fatigue improvement of surface treatments on fatigue strength 

and crack propagation. 

For the study of fatigue improvement of surface treatments, notched and flat specimens 

were used and also cylindrical specimens without notch. 

For the study of crack propagation, CT specimens were used. 

Tests were carried out on specimens subjected to shot peening, ultrasonic peening and 

microshot peening, and using two bead materials: steel and glass. As for bead materials, two 

different diameters were used. 

After shot peening surface treatments, all specimens were subjected to tensile testing, 

microstructure analysis, hardness analysis, etc. 

The study here carried out provides further conclusions, which will be shown after the 

discussion of each article. 

 

 

6.1 Discussion 

 

6.1.1 Article: Improvement in fatigue life of Al 7475-

T7351 alloy specimens by apllying ultrassonic and 

microshot peening 

 

This work aimed to evaluate the benefits on the mechanical properties of the Al 7475-

T7351 alloy by applying three different peening processes: Ultrasonic Peening (USP) and 
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Microshot Peening, with two different bead sizes (MSP1 and MSP2), using notched flat 

specimens, with a thickness of 4 and 8mm. 

The USP process allows for a better surface appearance compared to MSP. 

All surface treatments increase material microhardness. The treatment that provides greater 

microhardness is MSP1, followed by MSP2, and finally by USP. A decrease in microhardness 

from the longitudinal surface to the notch surface is verified in all treatments, but the values are 

always higher than those of base material. 

The highest residual surface stresses are achieved by USP, followed by MSP1, and then by 

MSP2. In the subsurface layer, USP reaches lower compressive stress values than MSP. USP also 

shows the lowest maximum compressive stress value at depth. However, it ranges between the 

MSPs regarding the change from compressive to tensile stresses. MSP2 achieves the highest and 

the deepest compressive stresses. It can be concluded that for MSP, smaller bead diameters 

provide higher and deeper residual stresses. A relationship is found between bead diameter and 

contact area, as a result of maximum stress depth. MSP2 smallest diameter beads produce the 

largest and deepest residual stresses. USP generates the highest residual surface stresses. 

For both 4 and 8mm, USP improves fatigue life between 19.7 and 23.9% over the base 

material at R=0. It is also found that all treatments improve the fatigue life in comparison with 

the base material to R=-1, by about 33 and 34.2% for 200,000 cycles. MSP2 is the treatment that 

shows the best performance for short lives compared to USP and MSP1, 1.5% and 6.5% 

improvement, respectively. As for long lives, MSP1 shows the best performance, standing out at 

11.9% of MSP2 and 6.7% of USP. The USP treatment has shown intermediate performances 

between MSPs. MSP1 better performance for long lives can be explained by the higher average 

values of microhardness and residual stresses in the subsurface zone. MSP2 better performance 

for short lives can be explained by the higher value of the residual stress whole area in the rolling 

direction. 

In general, good correlations were obtained between the experimental results and the 

predictions of fatigue life according to the Glinka Method, taking into account the residual 

stresses determined by X-ray diffraction. 

From the SEM analysis, it can be concluded that the specimens start their fracture on the 

surface, including the specimens with the best surface USP finish. Depending on the applied 

stress, there may or may not be formation of a micronucleation zone. It was not possible to detect 
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precipitates or second-phase particles, because they were too fine and dispersed for appropriate 

analysis conditions. 

A very recent study [1] related to another aluminum alloy, compared the application of 

conventional shot peening (CSP) and micro-shot peening (MSP) processes to 6086-T6 aluminum 

alloy. This study reveals that on this aluminum alloy the results are similar for Al 7475-T7351 

aluminum alloy, because the results for MSP are higher than for CSP for in regard to surface anti-

fatigue strengthening of bare alloys, due to its inhibiting effect on crack initiation. This study 

brings about another interesting concept and process, the micro-arc oxidation coat (MAO), that 

when applied on these materials, with CSP and MSP, changes the tendency. For MAO coated 

alloys with strict requirements for the resistance to corrosion and abrasion, CSP is more effective 

for enhancing their fatigue properties, due to its inhibiting effect on crack propagation. 

Shot peening treatment generally increases the fatigue strenght of aeronautical components 

by around 35% and the this study shows such improvement tendency. 

 

 

6.1.2  Article: Effects of shot peening and stress ratio 

on fatigue crack propagation of Al 7475-T7351 

specimens  

 

The main purpose of this work was to analyze the effect of shot peening on fatigue crack 

propagation of the 7475 aluminum alloy, under both constant amplitude loading and periodic 

overload blocks. 

In this particular study, notched flat compact tension (CT) specimens were used, with a 

thickness of 4 and 8mm, and with 0.05 and 0.4 stress ratios. Analysis of the shot-peened surface 

showed a small increase of micro-hardness values due to the plastic deformations caused by shot 

peening. The surface peening beneficial effect on fatigue crack growth is very limited; its main 

effect is more noticeable near the threshold. Specimen’s thickness only has marginal influence 

on crack propagation, in opposition to stress ratio. Periodic overload blocks of 300 cycles reduce 

the fatigue crack growth rate for both intervals of 7,500 and 15,000 cycles. 
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As studied before, and as it could be expected, the physical parameters, namely thickness 

and geometry, also affect the plane strain values [2, 3].  

Another study [4], observed that surface propagation occurs in transgranular mode. 

Therefore, the plane stress state inhibits time dependent crack propagation (intergranular). These 

results may explain the crack shapes on corner cracks. When the crack propagation mode is the 

same inside the specimen and near the surface, the crack adopts an almost quarter-circular shape 

because the fatigue crack growth rate (FCGR) is not greatly affected by stress state. However, 

when the crack propagation modes are different, a quarter-circular crack has a lower FCGR near 

the surface, and so a tunneling effect is observed. This agrees with findings of Tong et al. [5] in 

Waspaloy3 at 650°C. In fact, a greater tunneling effect of the crack front (i.e. a higher influence 

of stress state) was observed when the interior crack growth was time-dependent. 

 

A recent study in 7B50-T7751 aluminum alloy [6], shows that the shot peening coverage 

has a quite limited effect on the crack growth rate during the early stages of fatigue crack growth. 

However, when the shot peening coverage is 300%, this is the best for improving fatigue crack 

growth properties for the 7B50-T7751 alloy treated with 0.1–0.2mmA shot peening intensity. 

With the increase in shot peening coverage from 100% to 300%, the compressive resisual stress 

increased significantly. 

Other study [7], using other process and other material, Laser Peening (LP), on the Ti-6Al-

4V titanium alloy, shows that using different coverage rates, LP can decrease the fatigue crack 

growth rate, with results of 80% coverage rate, instead of 20% or 40%. So, this study shows that 

it be could be possible to improve the fatigue life on Al 7475 T7351, if the shot peening coverage 

is greater than 100%. This is a possibility for a future work. 

 

Shot peening do not has an important effect on crack propagation and the author could not 

find a large number of studies regarding this subject. As for the thickness effect, the tunnel effect 

is also verified, as it is in other articles that are used as a reference. 

                                                           

3  Waspaloy is a precipitation hardening, nickel-based alloy which has been used in elevated temperature 
applications. The alloy has been used for gas turbine engine parts which require considerable strength and corrosion 
resistance at temperatures up to 1600°F (871°C). 
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6.1.3  Article: Effect of bead characteristics on the 

fatigue life of shot peened Al 7475-T7351 

specimens 

 

This work aimed to analyze the effect of shot peening processing parameters, material and 

size of beads on the fatigue behavior of aluminum alloy Al 7475-T7351. 

This particular study used unnotched cylindrical specimens and two different bead 

materials: glass and steel. Additionally, two different diameters were also used in each material, 

glass and steel. 

It was verified that SB170 and SB110 steel beads, which have a much higher mass than 

glass beads, produce a larger damaged area in comparison with glass beads. The SB110 and GB35 

beads seam to have similar roughness, lower than that of SB170 series, and a few surface defects, 

with a significantly lower depth than the plastically deformed layer created by the shot peening 

treatment, which may cause the onset of fatigue cracking. GB8 beads reduced the plastic 

deformed layer and roughness significantly, in comparison with all the other shot peening beads.   

Analysis of roughness values indicates that even the higher roughness caused by SB170 

steel beads presents a smoother surface profile, with fewer localized notches, when compared to 

GB35 and SB110 beads. In all cases the layer treated by shot peening has a little depth, less than 

100μm, affecting only a few surface grains. 

Shot peening does not produce significant improvement of fatigue life of 3PB specimens, 

but the use of small glass beads is potentially beneficial. All tensile treated specimens present an 

improvement of fatigue life in comparison with the untreated specimens, particularly when the 

crack initiates internally. 

From the analysis of the fracture surface, it seems that the internal cracks propagate 

generating a conical fracture surface until transition to mode I propagation.  

The use of glass beads in surface treatment is generally more beneficial than the use of steel 

beads. 

Other study [8] using ceramic beads, on Ti-6Al-4V titanium alloy, and wet shot peening 

instead of the usual dry shot peening, reveals that severe plastic deformation is induced on 

material surface by this process. Residual stress and depth of stress field also increased with 



148 

 

increased peening intensity and, at the same time, surface roughness resulting from wet shot 

peening is lower than that resulting from dry shot peening. 

Therefore, where the application of wet shot peening, with glass beads, is practicable on Al 

7475-T7351 aluminum alloy, the best results for improvement of fatigue life will probably be 

achieved.  

According to literature studies, ceramic beads always provide better results in improvement 

of fatigue life. However, during the tests performed at OGMA – Indústria Aeronáutica de 

Portugal, such beads were not available. It is the author's intention to perform such tests in the 

future using ceramic beads. 

 

 

6.2 Main Conclusions 

 

These three articles provided important insights into the behavior of the Al 7475T7351 

aluminum alloy when treated with different shot peening processes. 

In general, it can be concluded that: 

- USP provides better surface finish and lower roughness values than MSP. All three-

surface peening processes slightly increased the surface hardness of Base Material, in 

ascending order: USP, MSP2 and MSP1. No significant hardening near surface, caused by 

shot peening, was observed;  

-  All three surface peening processes were capable of improving fatigue life. Micro 

nucleation was observed in general cases and particularly for low nominal stress; 

- Analytic predictions according to the Molski-Glinka approach related well to the 

experimental results; 

- As a result of its small influence depth, the beneficial effect of shot peening on 𝑑𝑎/𝑑𝑁 −

∆𝐾 curves is negligible, particularly for R = 0,4. However, this effect seems to increase 

near the threshold condition; 

- For both mechanically polished and shot-peened samples, a specimen’s thickness has only 

marginal influence on the stable crack propagation regime; 

- A significant effect of the mean stress was observed, particularly in near- threshold region; 
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- Periodic overload blocks provide a reduction of the fatigue crack growth rate. For MP 

specimens, the reduction reaches the maximum value of 7500 cycles, for the interval 

between blocks, while for SP specimens, the crack growth rate continues to decrease for 

intervals of 15,000 cycles; 

- For 3PB specimens, surface roughness plays a role as much or even more important than 

the residual stresses resulting from shot peening and that produce surface crack initiation, 

while for tensile specimens, the combination of these factors and the uniform stress 

distribution in tensile loading leads to a predominant internal crack initiation. Internal 

cracks propagate generating a conical fracture surface up to transition to mode I 

propagation;  

- Shot peening does not provide significant improvement of fatigue life of 3PB specimens, 

but the use of small glass beads is potentially beneficial. All tensile treated specimens 

present an improvement of fatigue life in comparison with untreated specimens, particularly 

when the crack initiates internally. 

 

6.3 Future Works 

 

From the exposition above, and in terms of future work, the author is in a position to state 

that several possibilities are presented to further knowledge on the advantages of using this 

technology. In literature, a large number of other technologies and/or parameters can be tested. 

For example: 

 

- It is suggested that an optimization of MSP parameters be carried out, so that the 

beneficial effects of residual compressive stresses outweigh the harmful effects of 

required surface roughness, thus providing improvements of fatigue strength of the Al 

7475-T7351 alloy; 

- Also a similar analysis for laser peening treatments is proposed, in order to compare 

the potential of more recent treatments in relation to more traditional ones such as shot 

peening. 
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It is also suggested that shot peening tests be carried out with the new fully automatic 

equipment existing at OGMA – Indústria Aeronáutica de Portugal, S.A., in order  to understand 

the impact of more stable parameter control. This new equipment will provide for the 

improvement of several aspects related to the shot peening process. Technical data of the new 

automatic shot peening equipment available at OGMA are indicated in Table 6.1. Process 

reliability increases substantially, as well as the typology and size of aeronautical components 

that can be subjected to surface treatment. 

 

Table 6.1 – Technical data of the automatic shot peening equipment available at OGMA. 
 

Equipment Automatic  
equipment 

Model ROSLER SP 1500 LR G1 

Application mode Robotized 

Shot changing process Automatic 

Sieving  Automatic 

Flow control (kg/min) Automatic 

Process monitoring Computerized 

AMS 2432 standard compliance Yes  

AMS 2430 standard compliance Total 

Noise (db) <80 

Cabin capacity (m) Parts up to 2.5 

 

 

In addition, other studies suggest that still other types of materials can be used for shot 

peening, to assess whether better results can be obtained. As, in general, better results were 

obtained with glass beads, compared to the use of steel beads, the idea of using ceramic beads 

may be practicable to obtain better results in improving fatigue resistance. Ceramic beads are 

spheres known to provide the best surface finish and therefore better behavior in fatigue 

resistance. 

Another opportunity arises in using a different process called cavitation peening (CP), 

because according to studies already carried out on the Al 7075 alloy, the use of this process 
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provided improvements of fatigue life compared to those of the shot peening process. Cavitation 

peening (CP), which does not use shots, has attracted attention as studies have shown that it can 

improve fatigue strength. CP is a process that causes plastic deformation of a surface layer of the 

treated substrate via impact of cavitation bubbles. CP introduces compressive residual stresses 

without increasing surface roughness significantly, as it does not involve contact between solids. 

[9] 

Another idea that emerges as a future work is the application of shot peening to materials 

whose manufacturing process is the recent 3D printed technology. This part manufacturing 

process is carried out using 3D technology. Studies carried out on steels reveal a surface 

hardening of approximately 119% using steel and ceramic particles, thus allowing increased wear 

and corrosion resistance. [10] 
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