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Abstract

:

The influence of iron (Fe)-containing constituent particles on the behavior of fatigue crack initiation and propagation of Al-Cu-Li-Mg-Zr alloys has been studied using fatigue crack growth (FCG) tests and in-situ fatigue testing and detailed metallographic examination based on scanning electron microscopy. Experimental results show that the alloy with a low level of Fe content (2A97-T3 sheet) exhibited a lower density, accompanying equivalent tensile strength and FCG rate compared to the damage-tolerant 2524-T3 sheet. It was found that the fatigue b growth of both alloys is dominated by transgranular mode, accompanied by intergranular expansion, and the high level of Fe content alloy presents more characteristics of intergranular. Coarse constituent particles were detrimental to the resistance against FCG. It is postulated here that the micro-cracks formed around the coarse Fe-containing particles are merged with the primary crack to produce a bridging effect, accelerating the growth of fatigue cracks in the alloy with a high level of Fe content.
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1. Introduction


The reduction in aircraft metallic structures’ weight is a current problem that the aerospace industry has to address. The use of aluminum (Al)-lithium (Li) alloys offers an alternative solution to the precedented high strength Al alloys due to their balanced combination of low density, high stiffness, and excellent strength [1,2,3,4]. The modern Al-Li alloys were developed in the 1990s as the 3rd generation alloys added with alloying elements, including Cu and Mg. Among these alloys, the 2A97-T3 (Al-3.8 Cu-1.5 Li-0.4 Mg-0.11 Zr) sheet is one of the most promising candidates for fuselage skin applications. The fatigue crack growth (FCG) behavior of metallic materials used to construct structural components is crucial for aircraft design [5,6,7,8].



Several factors are highlighted to have a significant impact on the FCG resistance of Al alloys, including the condition of applied loading, the size of plastic zone ahead of crack tip, and metallurgical factors such as constituent particles, precipitates, grain boundary characteristics, and crystal orientation [9,10,11,12,13]. With respect to the metallurgical factors, the presence of constituent particles often triggers and/or promotes FCG in aluminum alloys [14,15]. Intermetallic constituent particles are formed during the solidification of as-cast ingots. Some of these phases, including Al2Cu, Mg2Si, and Al2CuMg, are normally dissolved during the subsequent heat treatment. However, the others containing Fe and Si, such as Al7Cu2Fe, Al12Fe3Si, and Al3Fe [16,17], are preserved after heat treatment. These constituent particles distributed on grain boundaries have minor effects on strength but are deleteriously affecting ductility and fracture toughness [18,19]. For instance, Morris et al. [20,21] reveal that fatigue cracks are normally originated close to the constituent particles on the outer surface of samples with their sizes above a critical threshold in 2219-T851 alloy.



On the other hand, fatigue cracks are induced due to the fracture of constituent particles or emerged from the micro-cracks formed at the interface between particles and the surrounding matrix. Specifically, Nakai et al. [22] found that at a larger amplitude of the stress intensity factor ∆K, the constituent particles have a significant effect on the FCG rate of the 2024 alloy. The research conducted by Staley [23] indicates that for 2XXX series aluminum alloys, reducing the volume fraction of the Fe and Si impurities can improve the FCG resistance and reduce the fatigue crack growth rate in the alloy. In addition, Manabu et al. [24] conducted comparative studies on the influence of coarse constituent particles on fracture toughness, suggesting that fracture toughness increases proportionally to the square root of inter-spacing distance of the Al7Cu2Fe constituent phases.



Numerous experiments were conducted to identify the factors affecting the Al-Cu-Mg alloy’s fatigue properties [25,26,27,28,29,30,31]. However, the research on the recently developed 2A97 Al-Cu-Li-Mg-Zr Alloy is comparatively limited [32,33,34,35,36,37,38], and correspondingly the FCG behavior of this alloy is poorly understood. The FCG behavior of the 2A97-T3 sheet is not entirely understood. In particular, the effect of the Fe containing constituent particles on FCG behavior needs to be further clarified. In the present study, a comparative study is conducted between two alloys designed to have different Fe contents based on the nominal composition of the 2A97-T3 alloy. Therefore, it is of interest to investigate the Fe constituent particles’ effect on the intrinsic fatigue crack growth in Al-Cu-Li-Mg-Zr alloys in detail by using FCG tests and in-situ fatigue scanning electron microscopy (SEM) observations.




2. Materials and Methods


The materials used for this study were Al-Cu-Li-Mg-Zr alloys. The compositions of the alloys with different levels of Fe content are present in Table 1. In addition to the major alloying elements such as Cu, Li, and Mg, both alloys contain comparable amounts of solute elements such as Si and Zr. The alloys were designated as the ‘High Fe alloy’ and the ‘Low Fe alloy’ based on Fe content level.



The material was received as a 1.5 mm sheet formed by cold rolling and followed by solution heat treatment, water quenching, and stretching to achieve the T3 state. The constituent particles in the High Fe and Low Fe alloys were imaged using backscattered electron imaging in a scanning electron microscopy (SEM, JSM-7900F, JEOL, Toyko, Japan) with an accelerating voltage of 20 kV. The distribution characteristics of the particles were further measured by using the Image-Pro Plus software (6.0, Media Cybernetics, Rockville, MD, USA). Electron back scatter diffraction (EBSD) maps were performed on the 800 μm × 400 μm area with a step size of 1 μm in the longitudinal–short transverse (L–ST) plane. The EBSD data were post-processed using the orientation imaging microscopy (OIM) analysis software (OIM 5.1, EDAX, Inc., Mahwah, NJ, USA). To minimize the error of measurements, the grains that are less than 3 pixels in size were excluded for the analysis. Specimens were prepared by electropolishing in a mixture of 90% mL ethanol and 10% mL perchloric acid at a temperature less than −20 °C.



Tensile testing was carried out on an Instron 5887mechanical tensile machineInstron, Norwood, MA, USA) with a load cell of 30 kN. The dog-bone tensile specimen with the gauge measuring 55 mm in length and 15 mm in diameter was machined from the long transverse (LT) direction and tested in the same direction following the procedure described in the ASTM E8 standard [39]. FCG tests were performed by using the MTS 810 testing machine (MTS 810, Eden Prairie, MN, USA) with the center-cracked M(T) specimens notched in the transverse–longitudinal (T–L) orientation (shown in Figure 1a). All the tests were conducted at the constant amplitude of loading with constant stress ratios (R = Kmax/Kmin) of 0.1. The loading stress was applied with a frequency of 3 Hz in a sinusoidal waveform. During testing, the crack length was measured using the compliance method. All of the experimental procedures were conducted in line with the ASTM E647 standard [40]. The following equation was used to determine the stress intensity factor, ∆K.


  Δ K =   Δ P  B      π α   2 w   sec   π α  2     



(1)




where P is the load; B and w are the thickness and width of the specimen, respectively; α = 2a/w; and a is the half-crack length. Representative fractography specimens were sectioned from fractured FCG tests samples and mounted for examination by using scanning electron microscope (SEM, JSM-7900F, JEOL, Toyko, Japan).



In-situ SEM fatigue tests were carried out using an SS-550 SEM with an electro-hydraulic servo system (SEM, SS-550, shimadzu, Tokyo, Japan) operating at 10 Hz with a maximum applied stress of about 75% of the yield stress at load ratio R of 0.1. The double edge notch specimen used for the in-situ SEM fatigue test was taken from the High Fe and Low Fe alloy sheet, parallel to the longitudinal–long transverse (L–LT) plane with the loading axis along the LT direction, shown in Figure 1b. The initial notches were created by spark machining a through slit. Specimens were etched in a solution of 1.0%HF, 1.5%HCl, 2.5%HNO3, and 95% H2O, so the crack path with respect to the microstructure could be examined in-situ. The grain boundaries etch deeper than the grains due to their higher reaction rates and are thus clearly visible.




3. Results


3.1. The Starting Microstructure


EBSD analyses were performed for the Low Fe sample, shown in Figure 2. The rolling process introduced a high degree of crystallographic anisotropy to the resultant microstructure. It was clear that the grains are highly elongated in the rolling direction in the sheet made from the Low Fe alloy, shown in Figure 2a. Significant variation in grain size was also obtained between individual measurements. Detailed EBSD analysis has further revealed that one population of the grains are relatively polygonized in shape and measuring 10–300 µm along the L direction, while the other grains are smaller and less than 10 µm along the L direction. As displayed in Figure 2b, the alloy exhibited a strong deformation texture containing brass {110} <112> and S {123} <634> components. The <111> pole figure and orientation distribution function (ODF) analysis revealed that the brass texture was a predominant component. Figure 2c reveals the average grain size of the alloy of 25 μm, processed by the OIM software. The difference in grain size between the Figure 2a,c is contributed to the different calculation methods.



The High Fe and Low Fe alloys were analyzed using backscattered electron imaging to identify the intermetallic particles showing sufficient contrast differential from the surrounding matrix, shown in Figure 3a,d. The constituent particles’ size was further measured from the micrographs by using a greyscale segmentation method, Figure 3b,e. The results of quantitative measurement are present in Figure 3c,f. Decreasing the Fe element’s content produced a significant reduction in both the size and number density of the intermetallic particles. In the observation area, the number of intermetallic particles decreased from 3059 to 1449, a reduction of about 53%. In High Fe alloy, the maximum size of the intermetallic particles is 24 μm, while only 13 μm in low Fe alloy.




3.2. Mechanical Properties


The mechanical properties and density of the materials are listed in Table 2. It is evident that the Low Fe alloy (2A97-T3) exhibits a higher ultimate tensile strength (UTS), tensile yield strength (TYS), and elongation compare to the High Fe alloy. Moreover, these properties have also been shown that the Low Fe alloy had a 20% decrease in FCG rate when ∆K is 33 MPa⋅m1/2. Combine the properties of the damage tolerant 2524-T3 alloy [27,41], the Low Fe alloy (2A97-T3) exhibited a lower density, accompanying with equivalent tensile strength and FCG rate compared to the 2524-T3 alloy. 2A97-T3 is a novel material for use in fuselage skin that offers improved performance due to a combination of low density and high resistance to FCG.



The experimental points, da/dN versus nominal, for High Fe and Low Fe alloys are plotted in Figure 4 for T–L crack orientation on a log-log scale. The da/dN versus curves of both alloys show the three typical fatigue cracking stages (labeled as stages I, II, and III) from the fatigue crack propagation threshold (ΔKth) to the critical amplitude of stress intensity, which final fatigue fracture occurs. It can be observed that, in the near-threshold regime (stage I), the FCG rate of the alloys are almost identical. When ΔK is 8.8 MPa⋅m1/2, the da/dN of the High Fe and Low Fe alloys are 2.32 × 10–5 mm/cycle and 2.50 × 10–5 mm/cycle, respectively. In the intermediate-∆K region (stage II), referred to as the Paris regime, the crack length was short. No significant difference in FCG rates was identifiable between the High Fe and Low Fe alloys. When the ΔK is 11.0 MPa⋅m1/2, the FCG rates are 4.88 × 10–5 mm / cycle and 5.22 × 10–5 mm/cycle, and the crack size is 6.2 mm and 7.2 mm, respectively. Note that when the ΔK is higher than 11.0 MPa⋅m1/2, the crack growth rates of High Fe and Low Fe alloys gradually differ. The da/dN of High Fe alloy ascended faster than that of Low Fe Alloy with increasing levels of ΔK. Furthermore, it is demonstrated that the High Fe alloy first enters the third stage of crack propagation (stage III). When ΔK is 33 MPa⋅m1/2, the da/dN of Low Fe alloy is 1.8 × 10–3 mm/cycle. Nevertheless, the da/dN of High Fe alloy is only 1.4 × 10−2 mm / cycle. As the fatigue cracks propagate, the specimen eventually fractures.



Figure 5a illustrates the relationship between the High Fe and Low Fe alloys’ crack length and fatigue life. It can be observed that the trend of crack length as a function of life is consistent with that of Figure 4. Initially, both alloys’ crack length is less than 5 mm, and the fatigue cracks propagate slowly. With the increase in the number of cycles, the crack length gradually increases with an increase in FCG rate. When the number of cycles is more than 1.6 × 105 cycles, the High Fe alloy’s crack length starts to exceed Low Fe alloy. However, the crack lengths in the two alloys are similar to the final fracture occurred. Low Fe alloy’s fatigue life reached 2.4 × 105 cycles, with the High Fe alloy exhibiting that of 2.1 × 105 cycles.



The relationship between fatigue crack length and stress intensity factor is demonstrated in Figure 5b. It can be seen that when ΔK is less than 9 MPa⋅m1/2, the variation in crack length is negligible between the two alloys. However, it can be found that with the increase of ΔK, the crack length of high Fe alloy exceeds that of Low Fe alloy. It is reasonable to expect a higher fraction of constituent particles accounted for a higher propagation rate of fatigue crack during stages II and III.



Figure 5c conveys the quantified fatigue life percentage of the two alloys at different stages. The fatigue life fraction of the Low Fe alloy is higher than that of the High Fe alloy during the near-threshold regime and steady-state expansion stage.




3.3. FCG Tests Fractography


The topography of the fracture surface is significantly varied between stages I, II, and III. Fractography examination was conducted in the regions corresponding to each of the stages based on the experimentally measured crack length values, as shown in Figure 5b. For the intermediate-∆K region, select the crack length region corresponding to ΔK at 10 MPa·m1/2 and 20 MPa·m1/2 for observation. Typical micrographs of the High Fe and Low Fe alloys are present in Figure 6, Figure 7, Figure 8 and Figure 9. The crucial observations are summarized as follows.



3.3.1. The Near-Threshold Regime (Stage I)


Figure 6a shows the topography of the fracture surface in the High Fe alloy. Fracture surfaces exhibited the typical characteristics resulting from a ductile fracture characterized by small tearing edges and dimples. From the micrographs collected at high magnification (Figure 6b), the dimples with their diameters in the order of 5–10 μm were observed. The aggregates of intermetallic and voids were commonly observed within the dimples. The dimples were also surrounded by the tearing ribs, which were closely spaced, the larger of the intermetallic and the higher of the tearing edges. Figure 6c shows that Low Fe alloy’s fracture surface was predominantly composed of ductile features with some degrees of grain boundary delamination. The tearing ridges were elongated and distributed along the grain boundary. It was also important to note that no dimples were observed, probably due to the small size and intermetallic size. Figure 6d further details the fatigue striations with a width of fewer than 1 μm on the fracture surface.




3.3.2. The Intermediate-∆K Region (Stage II)


The SEM micrographs in Figure 7 and Figure 8 illustrate the fracture morphology of High Fe and Low Fe alloys upon an amplitude of ΔK at 10 MPa⋅m1/2 and 20 MPa⋅m1/2, respectively. While ΔK was 10 MPa⋅m1/2, the fracture surfaces were more topographic with a higher area fraction of tearing ridges as compared to the High Fe alloy in stage I (Figure 6a). This observation indicated that the material was subjected to a higher stress level and fractured via a multi-slip mechanism. Figure 7b further exhibits evident fatigue bands and secondary cracks in the same region. Figure 7c shows that the height of tearing ridges was increased in Low Fe alloy, with the majority of them being elongated along the grain boundary. Figure 7d shows that the width of fatigue striations is approximately 1 μm. In particular, the fracture surface corresponding to transgranular fracture revealed ripples as formed via a mechanism of multi-slip. In addition, secondary cracks were also noted.



The topography of fracture surface for High Fe alloy was varied compared to the Low Fe alloy upon a value of ΔK at 20 MPa⋅m1/2. Figure 8a and c show a fracture surface composed of dimples with a tilt angle at 45°. This observation indicated that the High Fe alloy had entered the rapid expansion region. However, fatigue striations were observed on the Low Fe alloy’s fracture surface, indicating that the major crack was in a steady-state propagation region.




3.3.3. The High-∆K Region (Stage III)


The SEM micrographs in Figure 9 illustrate the fracture morphology of High Fe and Low Fe alloys at the high ∆K region. Fracture surfaces of both alloys exhibited the most evident ductile features characterized as the dimples with a close association with intermetallic particles. The fracture surface of High Fe alloy also included tearing ridges and slip shear fracture facets.





3.4. In-Situ SEM Fatigue


In order to investigate the fatigue crack evolution under cyclic tress loading in High Fe and Low Fe alloys, the non-notched sample were used for the in-situ SEM observation. The fatigue crack length versus the number of load cycles curve for High Fe alloy and Low Fe alloy is plotted in Figure 10a. Since the crack was deflected during the propagation process, the crack length was calculated based on its projection distance in the horizontal direction. It could be seen that the crack length of the both alloys had the same trend with the number of loading cycles. No obvious crack was observed at the initial loading stage, which termed as the no-crack stage or the microcrack propagation stage (stage I). In the present study, the microcrack length less than 20 μm was defined as the microcrack propagation stage. When the detectable crack appeared, the crack length changed slowly with the number of cycles, which could be regarded as the steady-state crack propagation stage (stage II). When the crack length exceeded a certain value, the crack length increased rapidly with the number of load cycles until it collapsed, regarding as a rapid crack propagation stage (stage III). Meanwhile, it also could be seen that the fatigue life of Low Fe alloy was higher than that of Low Fe alloy. The measurement showed that the crack lengths of the Low Fe and High Fe alloys in stage I and stage II were 20–213 μm and 20–132 μm, respectively.



Figure 10b illustrates the quantified fatigue life percentage of both alloys at different stages. The fatigue life fraction of the Low Fe alloy in stage I and stage II were 29.45% and 54.96%, while only 45.79% and 41.13% for the High Fe alloy, indicating that the coarse constituent particles seriously reduces the ability of the Al-Cu-Li-Mg-Zr alloy to resist fatigue crack initiation and propagation, which was consistent with the results in the FCG tests (shown in Figure 5c).



Figure 11a provides the in-situ observation of fatigue crack initiation of Low Fe alloy. It was seen that a large number of slip bands appeared near the notch position and no evidence for the crack after loading 10,544 cycles, shown in Figure 11a. Note from Figure 11b that the crack nucleated at the notch position is about 19 μm after High Fe alloy was loaded for 6738 cycles. It was observed that a large number of constituent particles of different sizes were distributed both inside the grains and grain boundaries. Slip zones were included, and there was evidence that the cracks sprouted from the notch and extended along the grain boundaries. Figure 11c shows the stress concentration caused by the falling of the constituent particles, leading to crack initiation. It was to be expected that the crack initiation of the Low Fe alloy was late, and initiation at the slip zone. Conversely, the cracks in High Fe alloy initiated faster and propagated along the grain boundaries.



Figure 12 represents the micrographs for crack growth evolution under different loading cycles of Low Fe alloy. As shown in Figure 12a, after 29,523 loading cycles, a large number of slip bands were generated at the notch, resulting in a transverse crack, with a crack length of 40 μm. Figure 12b shows that the main crack crossed the grain boundary into the next grain along the deflection direction of the slip plane. It showed that the crack propagated in the direction of the slip system in an entirely shear mode. Figure 12c–e show the crack propagation behavior when passing through the constituent particles. It was observed that when the crack expanded along with the slip bands, the constituent particles would guide the crack propagation to it indicated that the stress concentration around the constituent particles was relatively large. Before the crack expanded to the constituent particles, the constituent particles had debonded from the matrix to form microcracks, causing the cracks to expand to the constituent particles’ weak interface. Figure 12f shows that the crack deflection spread along with the grain boundary and the crack bifurcates. Figure 12g is the crack’s morphology before the sample fractured, indicating that fatigue crack growth occurred in Low Fe alloy in a transgranular mode, combined with a minimal intergranular feature.



Figure 13 represents the micrographs for crack growth evolution under different loading cycles of High Fe alloy. As shown in Figure 13a, the crack length was about 35 μm after 17,368 loading cycles. It could be observed that the crack propagated along the grain boundary, and the crack deflects the constituent particles. A small amount of slip band appeared in the front grain. With the increase of the number of loading, it is observed from Figure 13c that the slip bands within the grain in front of the crack are increasing. Similar to the transgranular propagation of Low Fe alloy, the cracks in the alloys were also dominated by the propagation mechanism along with the shear slip band.



Figure 13d,e show the interaction of the crack with the large-sized constituent particles. The length of the crack was about 86.7 μm after 25,918 loading cycles. It could be seen that the crack was deflected due to the constituent particles in the front, shown in Figure 13d. It also could be seen from Figure 13e that the crack continuously cut through the constituent particles and bridged with the main crack after it encountered the constituent particles. Meanwhile, the crack length and life curve displayed a sudden increase in the crack length (shown in Figure 10a).



Figure 13f shows the interaction between the crack and the small-sized constituent particles. It could be seen that there were a large number of tiny voids left by the constituent particles shedding at the grain boundary in front of the crack, with a size of about 1 μm. The micron-level constituent particles of the grain boundary had fallen off to form a cavity, which reduced the grain boundary’s strength, and the crack propagated along the grain boundary. At the same time, it was observed that multiple slips have sprouted from the cavity. These slip bands and voids worked together to reduce the grain boundary’s strength and the intragranular strength, promoting cracks.



Figure 13g,h show the morphology of the crack propagating rapidly before it fractured. The behavior contrasted with that observed in the Low Fe alloy in which still dominated by the transgranular mode; nevertheless, due to the high level of the Fe element, the intergranular propagation has increased obviously.





4. Discussion


In order to investigate the whole progress of fatigue crack evolution under cyclic tress loading in High Fe and Low Fe alloys, the non-notched sample was used for the in-situ SEM observation. The fatigue crack length versus the number of load cycles curve for High Fe and Low Fe alloys is plotted in Figure 10a. Since the crack was deflected during the propagation process, the crack length was calculated based on its horizontal direction’s projection distance. It could be seen that the crack length of both alloys had the same trend with the number of loading cycles. No obvious crack was observed at the initial loading stage, termed as the no-crack stage or the microcrack propagation stage (stage I). The microcrack length of less than 20 μm was defined as the microcrack propagation stage in the present study. When the detectable crack appeared, the crack length changed slowly with the number of cycles, which could be regarded as the steady-state crack propagation stage (stage II). When the crack length exceeded a specific value, the crack length increased rapidly with the load cycle number until it collapsed, regarding a rapid crack propagation stage (stage III). Meanwhile, it also could be seen that the Low Fe alloy’s fatigue life was higher than that of Low Fe alloy. The measurement showed that the Low Fe alloy and High Fe alloy’s crack lengths in stage I and stage II were 20–213 μm and 20–132 μm, respectively.



Figure 10b illustrates the quantified fatigue life percentage of both alloys at different stages. The fatigue life fraction of the Low Fe alloy in stage I and stage II were 29.45% and 54.96%, while only 45.79% and 41.13% for the High Fe alloy, indicating that the coarse constituent particles seriously reduces the ability of the Al-Cu-Li-Mg-Zr alloy to resist fatigue crack initiation and propagation, which was consistent with the results in the FCG tests (shown in Figure 5c).



In Figure 11, the fatigue crack initiation of 2A97-T3 alloy is observed in addition to the slip band’s initiation and the crack initiation caused by the constituent particles. There are two ways for the constituent particles to induce crack initiation: Firstly, cracks initiate the interface between the constituent particles and the matrix. Due to the difference in elastic modulus between constituent particles and the matrix, stress concentration is likely to occur locally at the interface of particles with the surrounding matrix. This stress concentration leads to cracking or sticking to the matrix, making the particles preferred locations for fatigue crack initiation. With the increase of the number of load cycles, cyclic softening occurs at the interface. When the stress exceeds the yield strength of the matrix, cracks are formed.



Secondly, cracks are initiated in the cavities formed by the shedding of the constituent particles. Moreover, it usually occurs on the surface of the material. Figure 11 shows the crack initiation caused by the constituent particle shedding. When the constituent particle shedding, stress concentration is formed near the cavities. The dislocations continue to gather around the cavities, thereby initiating cracks.



As discussed in Figure 6, it is noticed that the fracture topography in the High Fe alloy includes a large number of voids formed on the intermetallic particles shedding in the near-threshold region. Therefore, the coarse Fe constituent particles accelerate the initiation of fatigue crack of the Al-Cu-Li-Mg-Zr alloys.



It can be seen from Figure 5c and Figure 10b that the fatigue life percentage for the fatigue crack propagation stage (stage II and stage III) of High Fe alloy is lower than that of Low Fe alloy. In terms of the coarse Fe constituent particles’ effect on the fatigue crack propagation behavior, intergranular propagation and bridging effect were two main Intrinsic mechanisms. Figure 14 is the schematic diagrams illustrating the constituent particles’ effect on the FCG behavior in High Fe and Low Fe alloys. For the High alloy, when the main crack propagates to the grain boundary distributed with a large number of coarse constituent particles, it will reduce the strength of the grain boundary and promote the crack to choose low energy to propagate along the grain boundary (shown in Figure 14a). Meanwhile, the fatigue life is reduced, especially the fatigue crack’s life in the steady-state propagation stage.



More importantly, coarse particles’ effect is mostly conveyed through the formation of secondary micro-cracks around the coarse constituent particles. As demonstrated in Figure 14b,d, compared to the Low Fe alloy, these micro-cracks in the High Fe alloy are merged with the major crack (macro-crack); once the bridging effect occurs, fatigue crack growth will be accelerated, which has significantly shortened the length of the Paris regime zone, leading to the early fracture of the specimen.




5. Conclusions


Sheets of Al-3.8 Cu-1.5 Li-0.4 Mg-0.11 Zr alloy with different Fe contents were prepared by cold rolling and followed by solution heat treatment, water quenching, and stretching. A combination of fatigue testing and systematic metallographic examination has facilitated an evaluation of Fe element content’s effect containing constituent particles on FCG behavior in the Al-3.8 Cu-1.5 Li-0.4 Mg-0.11 Zr alloys. The results are summarized as follows:




	
Compared to the alloy with a high Fe content level, the alloy with a low Fe content level exhibits a higher ultimate tensile strength, tensile yield strength, and elongation. Especially when ∆K is 33 MPa⋅m1/2, the FCG rate decreases by 20%. Moreover, the alloy with a low Fe content level (2A97-T3) exhibited a lower density, accompanying equivalent tensile strength and FCG rate compared to damage-tolerant 2524-T3 alloy.



	
The coarse Fe constituent particles accelerate the initiation and propagation of fatigue crack of the Al-3.8 Cu-1.5 Li-0.4 Mg-0.11 Zr alloys. The fatigue crack growth of both alloys is dominated by transgranular expansion, accompanied by intergranular expansion. The alloy with a high level of Fe content alloy presents more characteristics of intergranular expansion.



	
It is postulated here that the micro-cracks formed around the coarse Fe-containing particles are merged with the primary crack to produce a bridging effect, accelerating the growth of fatigue crack in the alloy with a high level of Fe content.
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Figure 1. (a) The M(T) fatigue crack propagation test sample. M(T) specimen, transverse–longitudinal (T–L) orientation, W = 100 mm, 2a0 = 6 mm. (b) In-situ SEM fatigue specimen (all dimensions in mm). 
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Figure 2. (a) An EBSD orientation map showing grain structure in the Al-Cu-Li-Mg-Zr alloys added with a low level of Fe content. (b) A <111> pole figure showing the distribution of crystal orientation. (c) A graph showing the size distribution of grains. 
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Figure 3. (a,d) Backscattered electron micrographs and (b,e) the corresponding superimposed images showing the intermetallic particles in the Low Fe (a,b) and High Fe alloys (d,e). The graphs showing the size distribution of intermetallic particles in the Low Fe (c) and High Fe alloys (f). 
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Figure 4. Fatigue crack growth rate versus ΔK curves for High Fe and Low Fe alloys. 
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Figure 5. (a) Fatigue crack length versus number of cycle curves, (b) fatigue crack length versus ΔK curves, and (c) fatigue life fraction at different stages of High Fe and Low Fe alloys. 
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Figure 6. SEM fractography of near-threshold region in Al-Cu-Li-Mg-Zr alloys: (a) low magnification and (b) high magnification of High Fe alloy; (c) low magnification and (d) high magnification of Low Fe alloy. 






Figure 6. SEM fractography of near-threshold region in Al-Cu-Li-Mg-Zr alloys: (a) low magnification and (b) high magnification of High Fe alloy; (c) low magnification and (d) high magnification of Low Fe alloy.



[image: Metals 11 00110 g006]







[image: Metals 11 00110 g007 550] 





Figure 7. SEM fractography of Al-Cu-Li-Mg-Zr alloys upon a value of ΔK at 10 MPa⋅m1/2. The micrographs collected at (a,c) a lower magnification and (b,d) a higher magnification for (a,b) High Fe and (c,d) Low Fe alloys. 
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Figure 8. SEM fractography of Al-Cu-Li-Mg-Zr alloys upon a value of ΔK at 20 MPa⋅m1/2. The micrographs collected at (a,c) a lower magnification and (b,d) a higher magnification for (a,b) High Fe and (c,d) Low Fe alloys. 
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Figure 9. SEM fractography of Al-Cu-Li-Mg-Zr alloys in high growth rate regime. The micrographs collected at (a,c) a lower magnification and (b,d) a higher magnification for (a,b) High Fe and (c,d) Low Fe alloys. 
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Figure 10. (a) Fatigue crack length versus the number of load cycles for High Fe alloy and Low Fe alloys, (b) in-situ fatigue life fraction of High Fe alloy and Low Fe alloy at different stages. 
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Figure 11. Micrographs for (a) the Low Fe alloy at loading of 10,544 cycles and (b,c) the High Fe alloy loading of 6738 cycles. 
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Figure 12. SEM micrographs for the evolution of crack growth of Low Fe alloy (a) after 29,523 loading cycles, (b) slip bands generated, (c–e) the crack propagation behavior when passing through the constituent particles, (f) the crack deflection, and (g) the overall morphology of crack growth. 
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Figure 13. SEM micrographs for the evolution of crack growth of High Fe alloy (a) after 17,368 loading cycles, (b,c) slip bands generated, (d,e) after 17,368 loading cycles, (f) the interaction between the crack and the small-sized constituent particles, (f) the crack deflection, and (g,h) morphology of the crack propagating rapidly. 
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Figure 14. Schematic diagrams illustrating the effect of the constituent particles on the fatigue crack growth (FCG) behavior in (a,c) High Fe and (b,d) Low Fe alloys. 
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Table 1. Nominal composition of the Al-Cu-Li-Mg-Zr alloys (wt. %).
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	Alloy
	Fe
	Si
	Cu
	Li
	Mg
	Zr
	Al





	Low Fe alloy
	0.07
	0.05
	3.78
	1.47
	0.46
	0.11
	Balance



	High Fe alloy
	0.20
	0.04
	3.78
	1.47
	0.39
	0.11
	Balance
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Table 2. Typical mechanical properties and density for Al-Cu-Li-Zr alloys and the 2524-T3 alloy.
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	Alloy
	Low Fe Alloy (2A97-T3)
	High Fe Alloy
	2524-T3 [27]





	Thickness (mm)
	1.5
	1.5
	0.81–1.59



	UTS (MPa)
	320
	310
	303



	TYS (MPa)
	426
	405
	420



	Elongation (%)
	18.4
	13.6
	19.0



	da/dN (mm/cycle) ∆K = 33 MPa⋅m1/2
	1.8 × 10–3
	1.4 × 10−2
	2.3 × 10−3



	Density (g/cm3)
	2.67
	2.67
	2.77 [41]
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