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 الملخص:

ذٌاجو انصناعاخ انينذسٍح، حٍث ٌؤدي إنى فشم يفاجئ ذعرثش يشكهح انرعة انًعذنً أحذ أىى انرحذٌاخ انرً 

-0202نهًكٌناخ انًعذنٍح ًذسثة خسائش الرصادٌح فادحح. ذيذف ىزه انذساسح إنى ذحسٍن أداء سثائك الأنٌينٌٍو 

T351 ( ين خلال ذمنٍح انًعانجح انسطحٍح تانمصف تانكشاخ انفٌلارٌحA10-8  ًA8-6  ًA6-4 حٍث ذى .)

إنى  0يٍما تاسكال نعذد دًساخ يرفاًذو ين  082يٍما تاسكال ً 072هفٍن ين الأحًال ذطثٍك يسرٌٌٍن يخر

دًسه. ًذعرًذ ىزه انرمنٍح عهى لصف سطح انًادج تكشاخ فٌلارٌح عانٍح انسشعح نرٌنٍذ إجياداخ يرثمٍح  02222

ٍى ذؤثٍش ىزه انرمنٍح عهى ذعٍك نًٌ انشمٌق ًذضٌذ ين يماًيح انرعة. ًذى إجشاء ذجاسب يعًهٍح ًيحاكاج عذدٌح نرمٍ

تناءً عهى انحذ  SNعًش انكلال نسثائك الأنٌينٌٍو انًذسًسح. ًًٌكن اسرنراج ذمذٌش عًش انرعة نهسثائك ين ينحنى 

أظيش عًش انكلال نهعٍناخ انًعانجو سطحٍا صٌادج فً عًش انكلال تنسثح . ًالألصى نهضغط انزي ذرعشض نو انعٍنح

 .تآنو ٌٌجذ ذٌافك ًثٍك يع اننرائج انرجشٌثٍح . ًأثثرد نرائج انًحاكاج08%

 .الاجياداخ انًرثمٍح ،انصلادج، عًش انكلال، انحًم انذًسي، انمصف تانكشاخ :الكلمات المفتاحية

Abstract: 

Surface treatments like shot peening are frequently employed to bolster the fatigue 

resistance of components. This study entails simulation and experimental investigations 

conducted on 2024-T351 aluminum alloy specimens subjected to three distinct shot peening 

treatments. The experiments involved subjecting specimens to varying intensities shot 

peening categorized as 4-6A, 6-8A, and 8-10A, followed by cyclic loading tests. Two 

different stress levels, 170MPa and 280MPa, were applied during cyclic tests for varying 

cycle counts ranging from 1 to 10,000 cycles. The enhanced fatigue life of peened specimens 

exhibited a notable increase of 28%, contingent upon the shot peening parameters. 

Specifically, employing higher shot peening parameters such as material of shot peen, 
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peening velocity, and size led to greater layer of residual stresses, thereby improving fatigue 

life. These beneficial effects serve to impede crack initiation and propagation on component 

surfaces, consequently retarding crack propagation rates. Fatigue life estimation for the 2024-

T351 aluminum alloy can be derived from the S-N curve based on the maximum stress 

experienced by the specimen. Notably, simulation results closely aligned with experimental 

findings. 

Keywords: Shot peen, Cyclic load, Fatigue life, intensity, Residual stress.  

 

1. Introduction: 

In the aerospace industry, 2024 T-351 aluminum alloys are extensively utilized due to 

their remarkable attributes including high strength [1-3], exceptional toughness [4-6] and 

superior corrosion resistance [7-8]. This particular alloy is categorized as a heat-treatable, 

precipitation-strengthened variant [9-10]. Wherein the morphology and dispersion of 

intermetallic phases play pivotal roles in determining its mechanical and corrosion properties 

[11-12]. Heat treatment emerges as a potent technique for modulating the morphology and 

distribution of these intermetallic phases, with solid solution treatment being a prevalent 

method. Notably, dissolution stands out as the primary phase transformation process during 

solid solution treatment. Coarse phases containing S and Fe are common in 2024 T-351 

aluminum alloys, and their presence significantly compromises both mechanical and 

corrosion properties [13].  

In a study conducted by Mattson & Coleman (1954) [14] the relationship between 

residual stress compressive layer and fatigue life was explored using leaf-spring samples 

subjected to shot peened. The findings elucidated a direct relationship between fatigue life 

and residual stress surface treatment induced by shot peening. Zaroog et al [15] examined the 

redistribution of residual stress surface in aluminum alloy during fatigue cyclic load. The 

process was observed to occur in stages: initial redistribution due to top layer surface yielding 

in the first cyclic load, followed by gradual redistribution in subsequent cycles. These stages 

demonstrated a significant decrease in residual stress related to samples undergoing no fatigue 

cycles, a result also corroborated [16]. The investigation focused on the 2024-T351 aluminum 

alloy, which serves as the standard material for manufacturing lower wing panels in 

contemporary large commercial aircraft. Renowned for its high strength and exceptional 

fatigue resistance, this alloy offers a superior strength-to-weight ratio, making it ideal for 

structures and components requiring such characteristics. Notably, it possesses excellent 

machinability, allowing for precision finishing, and can be easily formed in its annealed state 

before undergoing subsequent heat treatment [17]. 

2. The Aim of Study: 

This study is a simulation and validate with experimental and study on the effect of shot 

peening on fatigue life of 2024T351 Aluminum alloy. Moreover, to investigate the relaxation 

of compressive residual stresses as well as the reduction of the hardness and cold work in the 

same material. The axial fatigue test is done on hour glass specimens complying with ASTM 

E 384. The investigation of compressive residual stress experimentally of three shot peened 

intensity with tow loads under yield strength at certain number of cycles. 

3. Materials and Methods: 

Aluminum alloy (2024-T351) is classified as (a copper-magnesium) founded age-

hardenable alloy. The inclusion of copper facilitates strengthening through the age-hardening 

process, while magnesium mitigates the embrittlement effects caused by iron impurities [18]. 

This alloy is a combination of heat-treated, controlled stretched and naturally aged material. 

Wrought aluminium alloys comprise two principle groups known as non-heat-treatable alloys 
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and heat-treatable [19,20]. The first group of alloys cannot be strengthened by heat treatment. 

Achievement of the primary strength of these alloys is attributed to the hardening impact of 

the alloying components such on manganese, silicon (Si) and magnesium. ). Further 

hardening of these alloys is modify by cold work (strain hardening). Examples of such non-

heat-treatable alloys are 1xxx, 3xxx, and 4xxx and 5xxx series. These non-heat-treatable 

alloys are also described as ductile and moderately strong based on the alloying elements 

concentration [21]. Their common applications are found in industrial deep drawn 

components, wire, tubes, sheets, extruded parts, and pressure vessels. However, the second 

group, the heat-treatable alloys, can be strengthened by heat treatment. Achieving the initial 

strength of these alloys is due to the hardening influence of the alloying components such on 

copper (Cu), silicon (Si), magnesium [22,23] and zinc (Zn). Subsequently solubility of these 

elements (or intermetallic) compounds designed from these elements in solid aluminium 

relies on the temperature, there is a possibility for this group of alloys to get hardened by the 

heat treatment, a process called precipitation hardening (age hardening). Alloys of 2xxx series 

are described as heat-treatable alloys. Such alloys are also used for manufacturing airplanes 

components and structures, welded structures, automotive body panels, part of machines. 

The raw material, sourced as a sheet from Alcoa China, was 1 meter by 1 meter in size 

and 6.5 millimeters thick. It had a tensile strength of 484 MPa, a yield strength of 348 MPa, 

and an elongation of 15%. The chemical compositions of the tested material are listed in the 

attached Table 1. The fatigue samples were scaled according to Airbus standards [24]. The 

specimen was cut at SN Machinery Services using a slow cutting process with a dimension 

shown in Figure 1. The type of cutting machine used was a Mitsubishi RA9 CNC wire EDM 

machine with a diameter of 0.25 mm and a wire feed speed of 1.1 m/min. Wire cutting was 

used to reduce the temperature generated during the cutting process. The cutting temperature 

was kept in the range of room temperature ( C 3025 o ) by extensive cooling, and to ensure 

the temperature did not exceed the range a thermometer was used. In addition, the precision of 

the machining was maintained at mm 0.04 . 

 

Table 1: Specific chemical composition of Al alloy 2024-T351 (wt. %) 

Component 

Element 

Ratio        

wt.% 

Component w t.% Component wt.% 

Al  93.50 Si  0.50 Fe  0.50 

Cr 0.10 Ti  0.15 Mg  1.20-1.8 

Cu 3.80-4.90 Zn  0.25 Mn  0.030-0.9 

Ni 0.05 Zr  0.20 Pb  0.05 
 

 

Figure 1:  Shape of fatigue test sample   

The chosen technique for cyclic testing involved tension-tension loading using 

hourglass-shaped specimens, conforming to Airbus standards. Ensuring the smoothness of the 



327 
 

hourglass shape was imperative to avoid stress concentrations that could potentially affect test 

results adversely. At room temperature, a constant sinusoidal load at a frequency of 30 Hz 

was applied using an Instron 8874 unit with hydraulic grips, as shown in Figure 2. This unit, 

featuring a fully digital servo-hydraulic controller, offers automatic calibration for all 

compatible transducers.  

 

Figure 2:   Specimen loaded to the fatigue test machine 

The selection of the load source was contingent upon various factors including required 

frequency, magnitude of forces, and available control systems. A minimum to maximum load 

ratio of 0.1 was opted for primarily to maintain a consistent total tensile cyclic stress and to 

mitigate potential adverse effects. The mechanical system of the 8874 servo-hydraulic testing 

apparatus boasts advanced functionalities, incorporating software such as Bluehill for static 

and dynamic tests, along with WaveMatrixTM for cyclic block loading. Tests were conducted 

at ambient temperature to preempt any failure arising from undesired mechanisms. Specimens 

were subjected to cyclic loads of 1, 2, 10, 1000, and 10000 cycles, encompassing both high 

and low loads, across the three shot peening intensities. 

4. Fatigue Simulation: 

After extensive review of the literature, it has been identified that ANSYS Parametric 

Design Language (APDL) stands out as one of the solvers capable of predicting fatigue life in 

materials treated and untreated via shot peening processes. Utilizing a 3D finite element 

model, fatigue analysis is performed. Upon successful verification and validation of the 

APDL code, it becomes evident that APDL is an effective tool for conducting fatigue analysis 

within a 3D finite element framework. The fatigue analysis entails simulation using a 3D 

finite element model to assess the fatigue life of materials subjected to shot peening treatment 

and untreated materials under external loading. Mechanical properties of the fatigue 

specimens are kept consistent with those employed in the shot-peened section. In particular, 

different mesh sizes are used to examine mesh sensitivity in the treated area. With increasing 

mesh size, the obtained results exhibit increased stability, corresponding to an increased gap 

between experimental and numerical compressive residual stress profiles observed. 
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The specimen dimensions depicted in Figure 3 remain consistent throughout the analysis. 

A total of 6356 elements and 28762 nodes are generated for meshing purposes. Boundary 

conditions entail the application of varying loads on the surfaces of two specimens—one 

treated with shot peening at intensity 4-6A, and the other in an unpeened state. External loads 

are applied to the 3D finite element model (FEM), as illustrated in Figure 3 with red arrows 

denoting the direction of external pressure or load. The shot peening coverage is fixed at 

100%, aligning with standard practices. 

Parameters for the shot-peened specimen (4-6A) include a velocity of 60 m/s, shot radius 

of 0.356 mm, nozzle angle of 90°, and shot peening coverage of 100%. Cyclic loading is 

administered longitudinally, with a maximum applied stress of 72519 Ib/in² and a stress ratio 

of 0.1. The resulting maximum stress induced on the FEM surface is recorded for both the 

shot-peened and unpeened models. This process is iterated with different external loading 

conditions applied to the FEM. Determination of material strength is facilitated by correlating 

the maximum stress with the standard S-N curve corresponding to the specific material. 

 

Figure 3: 3D FEM Boundary Condition Applied 
 

5. Result and Discussion:   

The shot-peening treatments significantly improved the fatigue life of the samples, as 

shown in Figure 4, which shows the S-N curve of shot-peened 2024-T351 samples compared 

to untreated material. This graphical representation clearly shows the improvement in fatigue 

life achieved by shot peening. In particular, higher shot peening intensities lead to 

correspondingly higher levels of residual compressive stress. The observed improvement in 

the fatigue life of shot-peened samples can be attributed to the plastic deformation caused by 

shot-peening, which subsequently creates a layer of compressive residual stresses on the 

sample surface. This compressive stress has proven to be advantageous because it effectively 

reduces the alternating stress acting on the component. This increases the fatigue strength of 

the sample. The S-N curve that specifically evaluates the fatigue life of samples shot peened 

at an intensity of 8–10A is shown in Figure 4. This intensity results in the lowest residual 

stress, suggesting that other intensities have comparable effects on fatigue life due to their 

higher residual stress compared to the 8–10A intensity. This section presents the results of 

finite element simulation conducted to assess the effect of shot peening on the fatigue life of 

aluminum 2024-T351. 
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Figure 4:  S-N curves for experimental fatigue result for unpeened and shot peened intensity (8-10) specimens 

with maximum stress 430 MPa for 2024 T-351 aluminum alloy Aluminium Alloy. 
 

A comparative analysis between shot-peened and unpeened materials under identical 

loading conditions was performed to evaluate stress performance on the material surface. 

Various pressure levels were applied as external loading in the negative normal direction on 

the shot-peened surface. Figures 5 (a) and (b) show the simulation results of samples loaded 

with a maximum stress of 500 MPa. In particular, Figure 5 shows a significant improvement 

in the fatigue life of the 8-10A blasted component. The fatigue life of peened specimens 

showed a remarkable improvement of 28% compared to unpeened specimens. This result 

highlights the effectiveness of the shot peening process in improving material fatigue life by 

generating beneficial residual stresses throughout the specimen. This beneficial stress serves 

to impede and delay the initiation or propagation of crack growth on the component surface, 

consequently decelerating crack propagation rates. Furthermore, the fatigue life of aluminum 

alloy 2024-T351 can be determined from the S-N curve, which correlates fatigue life with the 

maximum stress developed on the specimen. 

Figure 6 illustrates a notable enhancement in the fatigue resistance of the 8-10A shot-

peened specimens compared to the untreated material. The influence of shot peening on the 

surface resulted in an improvement relative to the untreated material. Under applied cyclic 

loading, residual stress tends to decrease until failure, with a slight improvement observed in 

this regard. However, for medium and high cycles, shot peening treatment led to an increase 

in fatigue life. Overall, under the conditions examined, the shot peening process represents an 

improvement in the fatigue limit of more than 15% compared to the base material. This 

improvement is contingent upon the parameters of the shot peening process, with higher 

parameters such as blasting material, speed and size, which leads to higher compressive 

residual stress and thus an increase in fatigue life. 
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Figure5:  The maximum stress develops in the 3D FEM after applied stress of 72519 Ib/in
2
: (a) 3D 

FEM unpeened specimen and (b) 3D FEM peened specimen. 

(a) 

(b) 
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Figure 6:  S-N curves for simulation fatigue result for unpeened and shot peened intensity (8-10) 

specimens with maximum stress 470 MPa for 2024-T351 Aluminium Alloy. 

6. Conclusion: 

A three-dimensional finite element model was used to simulate the shot peening process, 

which takes multiple shot impacts into account. In this simulation, a shot peening material 

model was assigned to the workpiece material, which accounted for the differing shot peening 

behaviour during initial and cyclic deformation stages. Notably, fatigue crack initiation in 

unpeened coupons consistently manifested at the specimen surface, whereas in peened 

coupons, initiation sites were consistently subsurface, likely within regions experiencing 

compensatory tensile stress. The enhanced resistance to plastic deformation and the presence 

of residual stress profiles contributed to the closure of fatigue cracks. The compressive 

residual stress layer also caused the fatigue crack area to be driven deeper beneath the surface. 

This observation was supported by comparing residual stress profiles obtained from 

simulations using three different shot peening intensities and cycle load models with 

corresponding experimental values. Notably, this comparison revealed a high degree of 

agreement in residual stresses at the specimen surface, validating the simulation results. 
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