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Abstract

:

Cold expansion technology has been widely used in aviation industries as an effective method of improving the fatigue performance of fastener holes. It can improve the fatigue life several times over without adding weight, meeting the growing demand for lightweight and durable aircraft structures. In recent years, it has been extensively studied through extensive experiments and finite element simulations to analyze the residual stresses around the fastener hole. Appropriate process parameters lead to the generation of beneficial residual stresses that influence the material microstructure, thereby improving the fatigue life of the component. This paper summarized factors influencing residual stresses in cold expansion and their effects on fatigue life, and the strengthening mechanism, parameter optimization, and effect of anti-fatigue are discussed from the point of view of the residual stress and microstructure. The development of new cold expansion technologies and the research directions that can realize anti-fatigue technology efficiently are proposed.
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1. Introduction


Bolting and riveting are the most widely used assembly techniques in aerospace industry due to their its advantages of light weight, reliable connection and easy maintenance [1]. However, geometric discontinuity in the vicinity of the fastener holes easily leads to stress concentrations around the holes and makes the joints susceptible to failure [2]. The safety, dependability, and service life of the entire aircraft are directly correlated with the fastener hole fatigue life [3]. According to the literature, 50%–90% of structural fractures in aging airplanes are caused by fatigue fractures of fastener holes [4,5]. Therefore, improving the fatigue life of fasteners is becoming the most critical research direction in the aerospace industry [6].



The Boeing Company invented a widely utilized method for cold expansion (CE) fastener holes and employed it for the first time in the F/A-18 and other aircraft structural components in the early 1970s [7]. The CE process entails inserting a mandrel of the proper size through the fastener hole to cause extensive plastic deformation around the hole and subsequently compressive residual stress [8]. This stress reduces the stress concentration and prevents fatigue crack initiation and propagation [9]. A self-compensating annular residual compressive stress zone moves around the fastener hole after the mandrel is removed, favorably reducing the negative effects of stress concentrations on the fatigue performance of the hole structure, and the elastic zone of the material tends to return to its initial state [10]. Split-sleeve cold expansion (SCE) has been employed using elastic split sleeve to create a separation between the mandrel and the hole wall. This approach effectively enhances the extent of expansion deformation while mitigating the damage inflicted upon the hole wall by the mandrel [11]. The process needs to be one-sided, which also provides radial expansion to yield the area surrounding the hole in a repeatable and controlled manner [12,13]. SCE technology is characterized by simpler operation and a better strengthening effect. Statistically, SCE can increase the fatigue life to failure by a factor of 3 to 10, depending on the intensity of the fatigue stress [14]. SCE technology has become a widely accepted method of improving the fatigue strength of pore structures. Based on the above advantages, SCE technology has been widely used for the strong treatment of wing-to-fuselage joint holes, as well as bolt holes on the underside of wings and other major aircraft structural components.



Numerous scholarly researchers assert that the enhancement of fatigue resistance in fastener holes primarily stems from the presence of residual compressive stress [15,16], and the residual stress around the fastener hole after CE has been studied through a combination of experiments and finite element simulation techniques based on existing theories. Fu et al. [7] proposed the development trend and new research direction of anti-fatigue effect based on the research of CE technology in the past two decades and the needs of the new generation of aircraft manufacturing. However, the main factors influencing the residual stress and fatigue life were not summarized in detail. This paper reviews the current state of research on CE processes, including the methods of measuring residual stresses around fastener holes, and the effects of CE processes on material microstructure and cracking. Residual stresses are influenced by various factors and are controlled by variables to limit them and improve the fatigue life of the component. The content of this paper can elucidate the CE process from the perspective of microstructure and fatigue crack rate, and elucidate the reinforcement mechanism of the CE process. Finally, the state of development of the new CE process for the height requirements of modern aircraft is summarized and three new research directions for CE technology are proposed.




2. Measurement Methods for Residual Stresses


The material surrounding the fastener hole is plastically deformed by the CE process, which increases the number of stress cycles before a part fails and produces compressive residual stresses [17]. Appropriate residual stresses can be a beneficial factor in strengthening the material, whereas inappropriate residual stresses can lead to fastener fracture. This means that there is usually an optimum range of beneficial residual stresses, beyond which material properties deteriorate and fastener life is reduced. Similarly, the delay in crack propagation is significantly impacted by the drop in stress intensity factor brought on by residual compressive stresses. It is essential for preventing crack initiation and propagation [18,19,20]. Both the magnitude and distribution of residual stresses affect the fatigue resistance of the fastener. Therefore, residual stresses are important in the study of CE technology.



2.1. Experimental Measurement Methods


Due to the increased stress concentration at the hole brought about by the CE process, the accurate determination of the compressive residual stress field has been the subject of numerous experimental investigations. Research on residual stress testing methods dates back to the 1930s, and in the earliest studies, residual stresses were not measured explicitly [21]. As technology advanced, measurement methods gradually improved and diversified into a variety of test procedures [22]. Traditional testing methods can be broadly divided into two categories: mechanical release testing methods and non-destructive testing (NDT) methods [23,24]. Standard mechanical release test methods include drilling, the ring core method, indentation, etc. [25,26]. Standard NDT methods refer to physical methods including X-ray diffraction, neutron diffraction, the Garcia–Sachs method, etc. [27,28]. X-ray measurements mainly measure residual stresses at the surface of the material [29,30]. The tensions in the irradiated volume are inevitably averaged out by the experimental X-ray approach. Therefore, it is impossible to eliminate the significant stress gradients near the hole. The Garcia–Sachs method is used to determine the residual stress by measuring the relaxation of the material around the hole using strain gauges [31]. NDT methods have been shown to be applicable to residual stresses introduced by selected manufacturing processes and to monitor the distribution of residual stresses induced by fatigue loading [32,33]. Matvienko et al. [34] proposed a new destructive method to quantitatively assess the accumulation of fatigue damage in the stress concentration zone near CE holes accompanied by the effect of residual stresses. Veticheti et al. [35] proposed a new method based on hall coefficient measurements, a type of electromagnetic non-destructive testing technique, for assessing residual stresses on treated material surfaces. Schajer et al. [36] introduced five different residual stress measurement methods and their measurement principles, advantages and disadvantages. Five difficulties encountered during the measurement process are also suggested. The standard distribution of residual stresses around the CE fastener hole, as determined by these methods, is generally consistent even though the precision and measuring techniques differ. Figure 1 depicts the typical distribution of tangential residual stresses at the CE fastening hole. The graph shows that the peak compressive stress is situated at the hole edge and is close to the material compressive yield strength. Compressive stresses are balanced by residual tensile stresses that are between 10% and 15% of the material tensile yield strength and are located far from the hole.




2.2. Numerical Simulation Method


In the CE process, the fastener hole undergoes a plastic deformation process. The further away from the hole, the greater thfe tendency towards elastic deformation, and with the increase in time, all of it turns into plastic deformation. As a result of the plastic deformation caused by pressing into the specimen, the unloading of the specimen at the end of the test will inevitably leave pits around the hole, and residual stresses will inevitably be present in the pits. None of the aforementioned techniques can be used to assess the residual stresses in the crater due to the local character and complexity of the hole. The finite element method (FEM) can be used to investigate the residual stresses around the fastener hole, which allows the visual observation of the distribution of and variation in stress clouds during CE [38]. Numerical simulations can produce precise residual stress distributions by using logical mesh design, material attributes, contact circumstances, boundary conditions, etc. There is a distinct difference between the findings of the numerical simulation of the circumferential residual stresses and the actual results, as shown in Figure 2, which compares the results of the circumferential residual stress calculations with those of the experiments. There are two reasons for this discrepancy. Firstly, based on the CE technique, the fastener hole is enlarged to its final size after CE, causing the release and redistribution of residual stresses around the hole; unfortunately, the effect of this process is neglected in the FEM. Secondly, the FEM-estimated loading and boundary conditions are closer to the ideal. In comparison, the non-axisymmetric residual stress distribution around the hole indicates that the actual loading and boundary conditions are more complicated [39].



FEM is usually performed using 2D and 3D models to simulate the CE process, which is analyzed using the numerical code ABAQUS. The 2D models agree with the experimentally measured mean through-thickness residual stresses, but no significant through-thickness variation can be calculated [31]. The choice of mesh size and layout is critical in finite element analysis. Unfortunately, this kind of analysis would take a lot of computer time. The closer the mesh is to the fastener hole, the better the outcomes will be without consuming an excessive amount of computer time. Prior to running the simulation, each material’s characteristics, including its ultimate yield strength, Young’s modulus, and Poisson’s ratio, must be determined. The simulation results show that the tangential residual stresses at the edges of holes of different thicknesses are not uniformly distributed. The residual compressive stress at the hole edge changes throughout the thickness direction, with the entry face having the lowest residual compressive stress and the hole edge towards the mid-plane having the highest residual compressive stress [37].



Both experimental measurement methods and numerical simulation methods can detect residual stresses in components. Both methods have a focus, and it is desirable to combine them to verify the measurements against each other. The main factors influencing residual stresses are the parameters of the process itself. Section 3 mainly discusses the influence of the process parameters on residual stress.





3. Factors Influencing Residual Stresses


Understanding the variables that determine residual stresses is crucial to prolonging the service life of components since residual stresses can shorten their lifespan [40]. Essentially, the causes of residual stresses can probably be divided into three categories; the first is non-uniform plastic deformation, the second is temperature variation, and the third is non-uniform phase change [41]. The strengthening effect of the CE process depends on reasonable process parameters, mainly including the degree of expansion, mandrel speed, initial hole diameter, thickness, edge distance ratio, reaming degree, etc.



3.1. Expansion Degree


The expansion degree is one of the most critical process parameters in the CE process, and directly affects the amount of fatigue gain achieved by this process. If the degree of expansion is too small, the tightening of the hole around the formation of a certain depth of residual compressive stress layer will not strengthen the effect; The degree of expansion is too large and will cause many problems, such as SCE being used to cause an increase in the flow of metal in the direction of the axis of the hole, so that the expansion exit surface has a significant bump. The expansion between the hole diameter and the mandrel maximum diameter is referred to as the expansion degree:


   E a  =    (  D + 2  t 0   )  −  D 0     D 0     



(1)




where D is major mandrel diameter, t0 is sleeve thickness and    D 0    is beginning hole size.



Liu et al. [42] determined the residual stresses by finding that mandrels of different radii produce different expansion degrees for the aluminum alloy LY12-CZ. Geometric non-linearities were taken into account to determine residual stresses for mandrels without frictional contact with the hole surface. The simulation findings demonstrate that when the quantity of extrusion increases, the maximum values of tensile and compressive stresses in the radial and circumferential residual stresses steadily rise. According to the residual stress distribution curve for 2024-T3 aluminum alloy that Kumar et al. [38] obtained using finite element analysis, the tangential residual stress at the hole edge that corresponds to the 5% expanded hole was 14% higher than that of the 3% expanded hole and was 6.36% higher than that of the 4% expanded hole. Even though the expansion degree can be adjusted to greater levels, there is a certain threshold of expansion beyond which advantageous results are not evident due to strong frictional forces and surface upsetting problems connected to mandrel tugging [43]. According to Ghfiri et al. [44], drilling a hole while expanding can postpone the initiation and propagation of new cracks, and fatigue life is enhanced by increasing SCE. However, despite the high value of CE degrees, the projected benefits of CE were not realized in the experimental study for the two aluminum alloys, 6005A-T6 and 6082-T6 [18]. The local zone surrounding the hole may have been harmed during the CE process at these high values, which is one potential explanation. Figure 3 shows the variation in residual stress for different alloys at different expansion degrees, and Table 1 lists the expansion parameters and the fatigue life improvement multipliers obtained for the material in the CE process. The applied expansion for fastener hole diameters in aluminum typically varies from 3 to 6 percent. The applied expansion range for titanium is 4.5 to 6.7 percent. There will be numerous deep microcracks in the boss after expansion if the expansion degree is too high, which will result in a reduction in fatigue strength; there will be few deep microcracks in the boss after expansion if the expansion degree is too low, which will have the opposite effect [43].





 





Table 1. The material expansion and fatigue life.
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	Material
	The Expansion Degree
	Fatigue Life Improvement
	Ref.





	D16chT
	2.7%
	6.6 times
	2022 [11]



	2A12T4
	6%
	6 times
	2008 [3]



	AA6061-T6
	4%
	2.47 times
	2017 [10]



	7075-T6
	4%
	9 times
	2023 [45]



	7050-T7451
	4%
	3 times
	2022 [33]



	TC4
	4%
	1.7–2.2 times
	2015 [39]



	Railway steel
	4%
	2 times
	2022 [46]



	AZ31B
	6%
	4 times
	2023 [47]









3.2. Mandrel Speed


When the fastener hole expands, the expansion bar is required to uniformly and continuously squeeze through the hole wall, so that the hole wall is completely deformed; pauses and intermittent and impact stroke phenomena should not be allowed in the expansion process. Otherwise, it will be easy to cause open seam-sleeve expansion in the sleeve fold, resulting in jamming and the broken rod phenomenon. Farhangdoost et al. [48,49] analyzed the impact of various mandrel speeds on the distribution of residual stress around the fastener hole. As depicted in Figure 4, the fatigue life of the fastener hole increases with increasing mandrel speed and residual stress around the hole.




3.3. Edge Distance Ratio


Typically, a ratio of e/D is used to determine the edge distance ratio (EDR). D is the hole diameter, and e is the distance between the hole center and the plate’s undamaged edge. Due to residual stresses produced by CE and the interaction of the fastener with the unstressed edges of the plate when the edge distance is minimal, the tangential residual stress distribution around the fastener hole is no longer symmetrical to the hole center. Liu et al. [50] found that when the EDR of TC4 titanium alloy specimens was reduced, the residual tangential compressive stresses in the CE hole decreased and the fatigue life was reduced. Figure 5 shows the distribution of residual stresses for different EDRs at different expansion degrees and different hole margins. As the edge distance decreases relative to the EDR, the residual tangential compressive stress at the hole edge decreases. CE slows the fracture propagation as intended at all edge ratios. This delay is brought on by a decrease in the stress intensity factor of the fractures produced by the cold expansion holes. As a result, Fatigue Technology Inc (FTI) recommends 1.75 as the minimal e/D limit [51]. The residual stress field has no impact if e/D is higher than 3 [52].




3.4. Thickness


The plate is expanded layer by layer from the inlet side to the outlet side during the drawn mandrel CE as the mandrel gradually interacts with the fastener hole. When the mandrel is fully engaged with the hole, the fastener hole experiences unequal expansion along the thickness of the plate as a result of differences in the constraining conditions [53]. Depending on which way the mandrel is being pulled, each layer experiences a variation in axial strain as a result [37]. Due to this expansion behavior, the residual stresses generated by the fastener holes will be completely non-uniform along the thickness. Stuart et al. [54] used the contour method to measure the two-dimensional residual stress distribution in CE along the crack plane of 7075 aluminum alloy. It was found that the residual stress levels were higher in the mid-thickness of the specimen and lower in compression at the surface; the thickness-averaged residual stresses compressed in the first 2 mm at the edge of the hole and then shifted to tensile residual stresses. According to the available literature, the residual stresses due to the CE of the fastener holes are higher in the middle part of the thickness, and lower compressive residual stresses are generated at the surface (Figure 6). Due to the asymmetry of the residual stress field across the thickness of the plate, two–dimensional simulations of cold forming cannot accurately estimate the residual stress field [53]. According to the investigation, the compressive residual stresses for SCE fastener holes, in particular, achieved their maximum values and become more compressive with increasing plate thickness for a certain degree of expansion [55].




3.5. Initial Hole Diameter


In the SCE process, as most of this process is used in a one-time expansion process, when the expansion is over, the material after elastic-plastic deformation, elastic deformation release, or even reverse yielding phenomenon should be calculated. After the selected expansion amount, the accurate knowledge of the amount of material rebound, to set the hole diameter of an expansion, is needed to achieve the basic assembly requirements. The service life increases as the diameter of the hole increases. This outcome is well known because fracture retardation occurs when the hole diameter rises and the stress concentration factor kt falls, reducing the driving power for crack initiation (Figure 7a,b) [18]. Yasniy et al. [56] found that for the same degree of CE, the increase in hole diameter was accompanied by an increase in the plastic deformation of the metal around the hole, partially increasing the residual stress. For various hole sizes and CE levels, a relationship exists between the stress range or maximum stress at the edge of the hole on the specimen inlet side and the fracture initiation life.




3.6. Reaming


The diameter of the hole can also be changed by reaming. During the SCE process, the material is plastically deformed by the force at the large end of the mandrel and the metal is expanded at the open seam, resulting in an axial convex ridge in the wall of the fastener hole. This is usually carried out by reaming to remove the convex ridges in the hole to bring the hole size up to the assembly requirements. Proper reaming of the hole wall can correct the roundness of the hole and remove potential fatigue micro-cracks, ensure the continuity of hole collection and micro-continuity, and improve the fatigue life of the hole [57]. However, the removal of the material will inevitably change the elastic-plastic state of the pore wall material, thereby affecting residual stress and microstructure, as shown in Figure 7c [58]. Figure 7d shows the effect of different reaming amounts on the residual stress distribution. It can be seen that after reaming, the compressive residual stress along the radial direction of the hole edge shows a trend of increasing and then decreasing, and the compressive residual stress gradually decreases with the increase in the reaming amount. Therefore, the proper amount of reaming will result in maximum residual stress around the fastener holes, thereby maximizing fatigue life.




3.7. Temperature


The improvement in the cold expansion holes’ fatigue life is significantly influenced by temperature. The residual stress caused by the CE of fastener holes can be relaxed by exposure to temperature alone. The strengthening effect is typically weaker at high temperatures than it is at room temperature [59]. The higher the residual stress, the greater the relaxation [60,61]. Under cyclic temperature changes, the tendency of temperature changes to neutralize local peak residual stresses occurring at the surface results in a slight diffusion of in-homogeneous residual stresses at the edge and depth of the hole, thereby improving fatigue resistance [62]. Clark et al. [63] found that stress relaxation over time occurred in 7050–T7451 aluminum plates at 104 °C, resulting in a 13.6% reduction in residual stress after 250 h and a 17.3% reduction after 5000 h. The temperature dependence of the relaxation rate shows that the fatigue life does not increase at slightly higher temperatures, and residual stresses decrease dramatically. In addition, Wang et al. [64] have shown that a relatively stable residual stress field at high temperatures promotes fastener life extension. According to Figure 8, after the first cycle, the compressive residual stresses marginally rise, producing a hardening effect from a single deformation. The dislocations continue to shift and are removed after ten cycles under external loads. A cyclic softening effect is created by a decrease in the system plastic deformation energy, dislocation density, and residual compressive stress. The leftover compressive stress can be kept steady by additional cyclic loading. The sum is less than the elastic limit after work hardening and the plasticity increases because of the preceding work hardening effect. Chakherlou et al. [65] investigated the effect of high temperature exposure on the residual stress distribution in CE fastener holes. According to the findings, creep stress relaxation took place after a 50 h exposure at 120 °C. Thermal cycling re-distributed the residual stresses across the thickness, lowering the initial peak at the intermediate margins. For CE specimens, high heat cycling reduces fatigue life. This is thought to be brought on by a weakening of residual tensions in close proximity to the hole center. Although CE specimens treated to mild thermal cycling experienced a reduction in residual stress, it has been discovered that these specimens nonetheless had a longer fatigue life than CE specimens [66].




3.8. Multi-Hole Construction


Parts of aircraft have numerous fastening holes spaced out regularly. In such circumstances, the nearby holes may have an impact on the residual tensions following CE. The CE sequence may also have an impact on the variety of residual stresses in this series of holes [67]. The proximity of adjacent holes is usually given as the ratio of the hole spacing, i.e., the center-to-center distance between the holes, to the hole diameter. Due to inadequate material between the holes, the CE process is ineffective around neighboring holes if the hole spacing is less than two times the hole diameter [68]. Due to the lack of material between adjacent holes, the CE of closely spaced holes would cause the introduction of residual tensile stresses, which would negatively impact fatigue performance. In contrast, the residual stresses around a hole caused by CE are unaffected by the residual stresses of the neighboring CE hole when the distance between the holes is larger than five times the diameter of the hole [67]. This hole spacing influence shows that in order to obtain the ideal CE level, it is vital to take the next hole effect into account. Seifi [69] investigated the effect of hole CE on the crack initiation cycle and fatigue life of two adjacent hole plates and showed that the CE process induced compressive residual stresses around the CE holes and reduced the crack expansion rate under applied load, resulting in an increase in crack initiation cycle and total fatigue life of 100% and 86%, respectively.



Among the above eight factors, the expansion degree is the parameter that has the greatest influence on the CE process; reaming is the parameter that has the least influence on the CE process. All of these factors can be used to improve the fatigue life of a component by changing the residual stress. However, most researchers have studied only one or two variables and have not proposed a multi-variable research program. In Section 5.1, the authors propose the use of FEM to simulate multiple variables to better improve the fatigue life of materials.





4. The Effect of Cold Expansion on Fatigue Life


Both residual stress and microstructure can affect the fatigue strength of components. Residual compressive stresses inhibit fatigue crack initiation and propagation; the CE process produces plastic deformation, resulting in grain refinement, increased slip and dislocations and improved fatigue strength of the component. This section summarizes in detail the effects of residual stress and microstructure on fatigue performance.



4.1. Effect of Residual Compressive Stress on Fatigue Life


The mechanism by which CE promotes crack initiation and propagation is through the CE process generating a residual compressive stress field that lowers the stress intensity factor around the hole relative to the stress intensity factor for cracks in no cold expansion (NCE) holes [70,71].



At an early stage, the fatigue crack growth (FCG) rate can be given by:


    d a   d N   = A ·    (  Δ K − Δ  K  O P    )   m   



(2)




where A and m are materials parameters,  Δ K is the stress intensity factor range and  Δ Kop is the crack opening stress intensity factor range. The stress intensity factor range can be calculated by [72,73]


  Δ K = A ·    [  Δ σ · ϕ   s e c  (    π ·  (  α + r  )   w   )    ·   π · α · F    ]   m   



(3)




where  ϕ  accounts for the increase in stress near the hole due to the presence of the hole, α is the fracture length determined from the hole edge, r is the radius of the hole, F is the elastic-plastic correction factor and w is the width of the plate, which can be given by


  F =  1 2   (  s e c  π 2       σ  m a x      σ y    + 1  )   



(4)







Synthesizing Equations (2)–(4), the crack propagation rate can be given by


    d a   d N   = A ·    [   (   σ  m a x   − Δ  σ  o p    )  · ϕ   s e c  (    π ·  (  α + r  )   w   )      ·   π · α ·  1 2   (  s e c  π 2       σ  m a x      σ y    + 1  )     ]   m   



(5)







Figure 9 displays the crack extension rate da/dN as a function of the different stress intensity components. This comparison unequivocally demonstrates that the crack propagation rate of the CE specimen consistently remains lower than that of the NCE specimen. Due to the residual compressive stresses created by the CE process, which raise the crack open stress intensity factor, the effective stress intensity factor drops [74]. It is suggested that the CE process has a more substantial damping effect on the crack propagation rate when the  Δ K value is low.



In recent years, it has been possible to use the modified Goodman relation, as shown in Equation (6), to explain the impact of residual compressive stress on delaying the onset of the fatigue crack. This relationship denotes a linear relationship between stress amplitude and mean stress regardless of the microstructure effect, where  σ f is the fatigue endurance of the material under fully reverse loading,    σ m    is the mean stress due to the external applied load,  σ b is the ultimate tensile strength of material, and    σ a    is the equivalent fatigue strength. As a result, fatigue would rise along with the rise in residual compressive stress (   σ R   ), extending the fracture initiating life.


   σ a  =  σ f   (  1 −    σ m  +  σ R     σ b     )   



(6)







The effect of residual compressive stress on the FCG rate at this point can be analyzed using the Paris equation, as shown in Equations (7) and (8):


  Δ  σ  e f f   =  σ  m a x   −  σ  o p    



(7)






  Δ  k  e f f   =  k  m a x   −  k  m i n   = f Δ  σ  e f f     π α    



(8)






    d a   d N   = C    (  Δ  k  e f f    )   m   



(9)




where Δσeff is the effective stress amplitude, σmax is the maximum applied stress, σop is the threshold value of crack opening stress, Δkeff is the stress intensity factor amplitude, kmax and kmin are the maximum and minimum stress intensity factors at the crack, f is a function of component geometry and crack size, a is the crack length, da/dN is the crack growth rate and C and m are material constants. It is obvious that the residual compressive stress, which is treated as a special static, means that stress could minimize the effective stress amplitude  Δ σeff, and then result in a decrease in the effective stress intensity factor  Δ keff at the crack tip and evidently, at last, slow down the FCG rate [74]. The striation spacing reflects the FCG rate accurately under cyclic load [30]. As a general rule, a smaller striation spacing corresponds to a lower FCG rate [75,76]. However, the striation spacing is non-uniform owing to complex influencing factors such as the microstructure and load applied. Thus, for an FCG rate in a particular region, an average striation spacing is usually adopted for representation. The stress value aligns with the striation spacing; the greater the stress value, the smaller the striation spacing, as shown in Figure 10. The stress distribution state of the CE specimen during a fatigue test might therefore be interpreted to have been successfully altered by the residual compressive stress produced by CE, leading to an effectively delayed FCG rate compared to the NCE specimen. Yan et al. [74] found that the SCE treatment of TC4 produced significant compressive residual stresses that retarded the rate of crack propagation, resulting in a three-fold increase in fatigue life.



Figure 11 shows that while the crack front of the CE hole is quite uneven, the fracture surface of the NCE hole is regular. Due to the impact of tangential compressive residual stress, the fracture for CE holes expands more slowly down the hole than away from the hole. Because of their propensity to cancel out with the stress brought on by external loading, compressive residual stresses are advantageous because they lower the effective stress concentration at the hole edge [4]. Because the tangential compressive residual stresses on the drilling path of the CE hole increased with time, the crack’s ability to spread was slowed or prevented altogether. However, the SCE specimen is located at the hole entrance, where the strengthening impact is minimal [45]. The material fatigue life is strongly impacted by residual stress, according to Kattoura et al. [77]. It alters the specimen stress state when paired with the fatigue load, which reduces the initiation and growth of fatigue cracks. As a result, the SCE specimen crack started at the hole inlet side, where residual stress was minimal. Additionally, the lengths of the transition area and the major crack extension area were both longer than those of the NCE specimens. This shows that the SCE specimens can withstand more fatigue cycles and have a longer fatigue life.



Both the beginnings of cracks and the delay in the propagation of cracks are significantly influenced by the magnitude of plastic deformation brought on by compressive residual stress [18]. The magnitude of the plastic deformation after the compressive residual stress that has been decreased by relaxation treatment or fatigue loading determines the fracture propagation delay. With increasing distance from the hole edge, the material plastic deformation lessens [77]. The compressive residual stress brought on by SCE may dramatically lessen crack initiation and propagation during fatigue testing when the material is under less stress (Figure 12). When under increasing stress, the fast release of residual stress at the holed root results in a subtle improvement in fatigue life. Additionally, the substantial plastic deformation created at the holed root under the greater stress level makes it harder for the plastic layer to block fatigue fracture [59].




4.2. The Effect of Microstructure on Fatigue Life


Numerous dislocations are produced as a result of the CE process in plastic deformation. As the degree of deformation rises, slippage and an increase in dislocation density take place. When dislocation lines encounter defects, particles and other obstacles, dislocation entanglement occurs and dislocation walls are formed. Faghih et al. [47] found that at high CE concentrations inter-granular defects were found in the microstructure. Defects are present because of generated excessive plastic deformation, which causes grain slippage [78]. Dislocations gather along grain boundaries or nanoprecipitation during expansion due to the significant plastic deformation surrounding the fastener hole, which hinders dislocation mobility and stops additional plastic deformation, increasing hardness.



In addition, grain boundaries (GB) can inhibit short crack extension, and changes in the crystal orientation of adjacent grains can lead to the tilting of the crack face [47,79]. Figure 13 divides the GB into six regions and illustrates the effect of changes in GB and adjacent grain crystal orientation on FCG for AA6061-T6 holes. If the favorable slip plane of the adjacent grains is essentially in the same plane, the crack can be transmitted directly or indirectly from one grain to the other. On the other hand, if there is a deflection angle in the favorable slip plane of the adjacent grains, this can lead to tilting of the crack plane. Obviously, crack tilting or distortion favors FCG closure, resulting in longer fatigue life [78].



As demonstrated in Figure 14, there is a clear deformation structure in the surface area on both sides, which is no longer the original recrystallized grain. Grain refinement is visible at the location of the expansion holes. As shown in Figure 14a–c, in contrast to the large grains distant from the SCE holes, which remain unchanged, a significant number of LAGB are produced within the large grains close to the fastener holes, generating fine sub-grains [19]. During grain refinement, more grain boundaries and sub-grain boundaries are created. These grain boundaries can stop fatigue cracks from spreading and significantly enhance fatigue performance [80]. Particularly in the X-direction (Figure 14d,e), the wall around the holes in SCE underwent extensive sub-grain refinement, resulting in the formation of numerous grain boundaries. Short crack growth may be hampered by these grain boundaries. A limited amount of plastic deformation will occur with hindered dislocation buildup if the dislocation slips to the grain boundary and is prevented by the grain border [10].



SCE treatment produces a gradient effect on grain refinement [44]. The formation of the gradient layer is associated with diverse plastic deformations at different depths in the SCE process. During deformation, dislocation slip is primarily responsible for the particle refinement that increases the strength of the material and improves its resistance to fatigue crack initiation [82,83]. The construction of the gradient nanostructure using the SCE approach is shown in Figure 15. The gradient structure can effectively prevent the spread of cracks [84].





5. Challenges and Future Trends


The CE process technology has drawn increased attention in recent decades. It makes sense to decrease the stress concentration around fastener holes, postpone the initiation and propagation of fatigue cracks, and lengthen the fatigue life of aircraft components. However, with the advancement of technology and modern developments, the aerospace field has made higher demands on CE technology. Whether through an airframe manufacturer requiring finer components or by applying new materials to an aircraft, increasing the fatigue strength of the CE process is a necessity. Based on the above analysis, three research directions for the CE process are proposed.



5.1. Application of Finite Element Simulation


As was already noted, FEM is frequently used in the CE process to calculate the specimen fatigue life and evaluate the residual stress around the fastener. However, FEM was not used in the prior research to establish the relationship between residual stress and its affecting elements. It is necessary to establish a simulation system to obtain the optimal fatigue life of the specimen by simulating various influencing factors, such as expansion degree, edge distance ratio, friction, thickness, etc., and uniformly placing these factors in this model, as shown in Figure 16a. These variables have an impact on residual stress, which is followed by the identification of the mechanism underlying residual stress and fatigue cracking. Finally, material characteristics, residual stress, and loading force are combined in a simulation model to project the fatigue life of CE specimens. In this case, the influencing factors can be selected by using orthogonal experimental methods to select the optimal parameters. Li et al. [59] proposed a dual-scale model that takes into account the effects of residual stresses and plastic layers by combining two typical plasticity theories, the Chaboche model and crystal plasticity. Figure 16b depicts the frameworks at the macro- and micro-scales. The model can be combined with a simulation modeling system to more accurately predict the fatigue life of CE specimens.




5.2. Development of New Materials


Aluminum alloys have high corrosion resistance through various surface treatments and are the preferred choice for many commercial aircraft, as shown in Table 2 [85]. For aluminum alloys, it is crucial to increase the density, strength, Young’s modulus, fatigue resistance, fracture toughness and corrosion resistance [86]. The material properties of aluminum alloys can be altered by the addition of suitable reinforcing materials, resulting in a combined material that performs even better than its separate parts [87]. The use of aluminum alloy composites as fasteners may extend their fatigue life. However, there is currently no relevant literature on aluminum alloy composites as fasteners. Therefore, experiments need to be carried out to analyze the strengthening mechanism and strengthening effect of holes in aluminum alloy composites.



Due to their exceptional fatigue, oxidation, and corrosion resistance, nickel-based high-temperature alloys are frequently utilized in the production of aero-engine and gas turbine blades in addition to aluminum alloys [88,89]. Nickel-based high-temperature alloys can also be used as fastener materials, but the existing literature does not contain specific fatigue gains and study mechanisms for this alloy in the SCE process.





 





Table 2. Percentage of aircraft material applications [90].
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Mass (%)

	
Various Commercially Available Aircraft




	
B747

	
B757

	
B767

	
B777

	
B787

	
A300B4






	
Aluminum

	
81

	
78

	
80

	
70

	
20

	
77




	
Steel

	
13

	
12

	
14

	
11

	
10

	
12




	
Titanium

	
4

	
6

	
2

	
7

	
15

	
4




	
Composite

	
1

	
3

	
3

	
11

	
50

	
4




	
Misc.

	
1

	
1

	
1

	
1

	
5

	
3










5.3. Application of New Processes


Over time, the traditional CE process no longer met the aerospace industry and began to show its limitations. Conventional CE processes typically increase wear around the fastener holes, resulting in higher production costs. Over the past decade, researchers have invented a variety of new CE technologies to improve the shortcomings of the CE process. Maximov et al. [8] proposed a new CE technique that can introduce uniform residual hoop stresses along the axis at the hole edge (shown in Figure 17a). This method improves the fatigue life of the specimen compared to the mandrel cold expansion method. In order to overcome the limitations of the mechanical CE process, scientists have provided a new idea to ream fasteners with electromagnetic force, which avoids the direct contact of the mandrel or sleeve with the hole wall and provides good integrity of the hole wall, as shown in Figure 17b,d,e [91,92,93]. This is mainly due to the ability of these methods to reduce the resistance of CE, perform non-contact machining, and make residual stresses more homogeneous, resulting in a higher fatigue life than SCE. Cao et al. [94] reported a process called Hertz contact rotary extrusion for strengthening the GH4169 alloy. Compared with the original alloy, the strengthened GH4169 alloy has grain refinement, deep compressive stress and good fatigue properties (Figure 17c). Yao et al. [17] proposed the multi-spherical bump rotating cold expansion process for small deep holes (Figure 17f). On the surface of small deep holes, a large number of dislocation entanglements and nanocrystals are formed which can reduce the probability of crack initiation and improve the fatigue life of the specimen.



From the CE new technology in recent years, it has been found that electromagnetic force can be applied to CE technology. Researchers can develop new CE technology from the perspective of electromagnetic force. Nowadays, electromagnetic technology has been widely used in a variety of fields, with very wide prospects [95,96,97]. We have reason to believe that electromagnetic force will become the key research direction of CE technology.





6. Conclusions


Cold expansion has been a widely employed approach to improve the fatigue performance of fastener holes in aviation industries. This paper details the effect of CE processes on residual stresses and fatigue life. The strengthening mechanism and parameter optimization of the CE process were discussed. The outcomes of the present research are demonstrated below:



(1) The expansion degree, mandrel speed, edge distance ratio, thickness, initial hole diameter, reaming degree, temperature and multi-hole construction are the main factors influencing residual stresses in cold expansion. In order to maximize the fatigue life of the fastener holes, it is imperative that these parameters be meticulously controlled.



(2) The residual stress has a dominant role in fatigue life improvement, and the plastic layer plays a role in preventing fatigue crack initiation at the holed surface. SCE treatment causes gradient fine grains to form on the surface of holes, and the development of the gradient structure is intimately related to the production of dislocation slip, dislocation tangle and dislocation cells, as well as sub-grain boundaries during expansion.



(3) The collective effects of residual stress and plastic layer deformation determine the occurrence of fatigue life initiation. A low stress level rapidly increases the fatigue life due to slowly released residual stress, while a high stress level slowly increases the fatigue life due to rapidly released residual stress. Both a high and a low cycle fatigue life of the SCE samples showed improvement, with high cycle fatigue life increasing more significantly.



(4) With the development of the aerospace field, the traditional CE technology cannot meet the requirements of the new era. Therefore, there is a need to design new CE technology and tools that meet the requirements based on the existing process technology. The new CE technology can be developed and innovated on the basis of electromagnetic force and verified by FEM and experiments to reveal the strengthening mechanism.
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Figure 1. Typical residual stress distribution at a CE hole [37]. 
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Figure 2. Simulation and experimental results of circumferential residual stresses: (a) X–direction; (b) Y–direction [39]. 
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Figure 3. Variation in residual stresses along the distance away from the hole edge (a) LY12–CZ Al alloy [42]; (b) 7050 Al alloy [33]; (c) 2024–T3 Al alloy [38]; (d) railway steel [46]. 
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Figure 4. (a) Tangential residual stress distribution around the CE hole in the X–direction (b) Tangential residual stress distribution around the CE hole in the Y–direction [48]. 
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Figure 5. (a) Comparison of normalized bulging deformation [52]; (b) residual tangential stress distribution along the width direction on the entrance face [50]. 
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Figure 6. Von Mises stress under different thicknesses. (a) 6 mm; (b) 8 mm; (c) 10 mm [33]. 
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Figure 7. (a) Crack length vs. number of cycles; (b) evolution of the residual tangential stresses with the different diameters; (c) radial residual stress in SCE; (d) radial residual stress of different reaming values [18,57]. 
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Figure 8. The compressive residual stress profile change: (a,b) multiple aging times at 400 °C at the inlet and the outlet, respectively; (c,d) multiple fatigue cycles under 820 MPa at RT at the inlet and the outlet [64]. 
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Figure 9. da/dN vs.  Δ K plot for NCE and CE hole specimens (a) TC4 [74] (b) 2024–T3 [75]. 
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Figure 10. Effect of residual stress on FCG rate: (b–e) Magnification images for the particular regions of (A–D) in (a); (f) Stress counters under fatigue test condition [10]. 
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Figure 11. SEM photos of the fracture surface of 7075-T6 Al alloy: (a,c) NCE (b,d) CE [45]. 
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Figure 12. Illustration of the fatigue failure mechanisms of the CE specimen in a schematic [59]. 
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Figure 13. Effects of secondary particles and grain boundary (GB) on crack growth: (a) Crack propagating though the low angle grain boundary (LAGB) smoothly andsuppressed by the precipitation strengthening phase of SiMg2; (b) Crack turning inhigh angle grain boundaries (HAGB) [10]. 
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Figure 14. Local misorientation average angle and deformation distribution map, 7075-T6: (a) NCE specimen of 7075-T6; (b) outlet side of SCE specimen; (c) inlet side of SCE specimen; (d,e) inlet side of SCE specimen of 7075-T651 in the radial direction and tangent direction [45,81]. 
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Figure 15. Schematic showing the process by which gradient nanostructures are formed after the SCE process [45]. 
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Figure 16. (a) Simulation flowchart for the fatigue life estimation of CE specimens. (b) The dual-scale modeling approach overall flow chart for holed specimens following CE [59]. 
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Figure 17. Development and schematics of new CE processes: (a) the novel method and tool [8]. (b) Dual-coil electromagnetic cold expansion [91]. (c) Hertz contact rotary expansion process [94]. (d) Electromagnetic dynamic expansion [92]. (e) Single-coil electromagnetic cold expansion [93]. (f) Multi-spherical bump rotating cold expansion [17]. 
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