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Abstract

:

Featured Application


This work presents a typical case of using advanced material characterization techniques such as focused ion beam (FIB), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) to study the key microstructure in the engineering failure of an additively manufactured (AM) aluminum alloy after very high cycle fatigue (VHCF).




Abstract


The engineering application of additively manufactured (AM) metallic materials is quite limited by their fatigue behaviors, which are very inconsistent with that of conventionally wrought or cast ones. Here, based on advanced material characterization techniques, such as focused ion beam (FIB), scanning electron microscopy (SEM), and transmission electron microscopy (TEM), the microstructures underneath fracture surfaces were thoroughly investigated in an AM aluminum (AlSi10Mg) alloy with horizontal and vertical building orientation enduring very high cycle fatigue (VHCF) loading under the stress ratios R = −1, 0, and 0.5. Two VHCF failure specimens A and B were representatively selected to further examine SEM and TEM sample preparation via FIB milling. Specimen A was horizontally printed and failed at R = −1; specimen B was vertically printed and failed at R = 0. TEM samples A1 and B1 were lifted from locations near the crack initiation sites on the fracture surfaces of specimens A and B; The locations of TEM samples A2 and B2 kept away from the crack origin sites but still within the “fish-eye” region of crack steady growth. TEM observations show that there was no characteristic microstructure induced by VHCF in different oriented specimens and under various R values.
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1. Introduction


Fatigue is ubiquitous, and causes the vast majority failure of engineering structures and materials [1,2]. In this paper, fatigue is defined as a degradation of mechanical properties leading to failure of a material or a component under cyclic loading [3], when the failure cycles Nf ≥ 107, i.e., very high cycle fatigue (VHCF) [4,5]. Additive manufacturing or 3D printing is a new promising technology with the aim being to produce net or near-net components with complex configurations, which is emerging to replace the traditionally subtractive machining, such as turning, milling, grinding, etc., as an alternative method [6]. In view of this point, additively manufactured (AM) metallic materials have drawn significant attention from both academia and industry [7]. For AM metallic materials, fatigue performance, especially in VHCF regime, has become a key factor restricting their engineering applications [6,8,9,10,11,12,13,14,15,16,17].



As the most abundant metallic element in the Earth’s crust, aluminum and its alloys are widely applied in engineering as structural materials beneficial to their superior mechanical properties: high strength-to-weight ratio, low mass density, and good corrosion resistance [18]. Cast aluminum alloys [7,18,19], e.g., AlSi10Mg [10,17,20], AlSi7Mg [21], and AlSi12 [22], have excellent melting fluidity, which makes them extensively used in 3D printing of metals and alloys as one of the most popular AM metallic materials.



According to the traditional paradigm of fatigue research, S-N (stress amplitude σa versus Nf) data have always been the most effective tools [23], and the fractography [24] is often used to conduct a post mortem analysis for understanding the fatigue failure process. With regard to the study of VHCF, fatigue crack initiation keeps crucial role for accounting a vast majority failure life, about 90% at Nf ≥ 107, and greater than 99% at Nf ≥ 108 in high-strength steels [25]. For high-strength steels, their S-N data exhibit typical duplex or staircase shapes, their fracture surfaces are well defined, and then the failure types can be determined [26]. In the first slope of S-N data from low-cycle to high-cycle fatigue (HCF), crack initiation tends to occur on the specimen surface due to persistent slip band or other mechanisms [27]. In the second slope of S-N data beyond a quite large number of failure cycles, usually Nf ≥ 106, fatigue cracks prefer to specimen interior, and with “fish eye” (FiE) morphology frequently originated at nonmetallic inclusion [25,26,27]. Similar phenomena and S-N behaviors have also been reported in many titanium alloys with different microstructures [28,29].



Nevertheless, there is no such type of S-N data in aluminum alloys [2,3,30]. On the contrary, even VHCF cracks may not initiate inside the specimen, and cannot cause internal FiE fracture like that in high-strength steels [25,26,27,31,32] and some titanium alloys [28,29]. Besides S-N data and the fractography, the microstructure underneath the fracture surface is another important objective which can help us to comprehend the accumulative process of fatigue damage [1]. For high-strength steels, fine granular area (FGA) is a characteristic region of crack initiation in VHCF regime [25,26,27], which is identified as a thin layer with nanocrystalline and fine-grained structure [33,34,35,36] top on the both side of a pair of fracture surfaces [35]. For many titanium alloys, there are several rough area (RA) regions with crack initiation from high-cycle to very high cycle stage [5]. While under stress ratio R = −1, i.e., symmetric cyclic axial loading (push-pull), the microstructure underneath the fracture surface within the RA region of VHCF crack initiation is characterized as having layers of nanograins and refined grains with a thickness of tens to hundreds of nanometers [4,5,29]. It is noted that nanograin formation does not only occur in the crack initiation region on the fracture surface of VHCF under negative stress ratios, particularly R = −1, but also appears in the ridge tips of ductile dimples on the broken surface of metallic materials endured monotonic tension [37].



Consequently, Ref. [38] points out that nanograin formation and microstructure refinement are typical features of VHCF crack initiation at the nano-scale. Based on this, their failure types can be redefined and the process of fatigue damage can be understood from another perspective [17]. In this paper, the research mainly focuses on the crack initiation-induced microstructure of an AM aluminum alloy (AlSi10Mg) (MSE Supplies LLC, Tucson, AZ, USA) with horizontal and vertical building orientations under various stress ratios (R = −1, 0, and 0.5) after VHCF loading via advanced material characterization techniques, including scanning electron microscopy (SEM) [39], focused ion beam (FIB) [40], and transmission electron microscopy (TEM) [41].




2. Material and Specimen


2.1. Additive Manufacturing Process


The studied material is an AM aluminum alloy fabricated by selective laser melting (SLM), laser powder bed fusion (L-PBF), or laser-based powder bed fusion of metals (PBF-LB/M). In this process, the pre-alloyed powder with gas atomization was used to print the tensile and fatigue specimens with different building orientations (horizontal and vertical).



Table 1 shows nominal chemical composition of the pre-alloyed aluminum powder on weight percent. Obviously, the powder is AlSi10Mg alloy; and then, after the process of PBF-LB/M, the AM material is also the same AlSi10Mg alloy. Table 2 gives five key printing parameters of the process: laser power p; layer thickness t; scanning speed v; hatch spacing h; and the combination Ev = p/(t∙v∙h), i.e., the volumetric laser energy density [42]. The printing strategy is similar to that described in the literature [8,9,17].




2.2. Anisotropic Behavior of Tensile Properties


Five tensile specimens with dog-bone shape of gauge length 56 mm and minimum diameter 10 mm were monotonically stretched until final fracture under quasi-static tension at a loading speed of 2 mm/min, in which two specimens were horizontally printed, and the other three were vertically printed.



For the horizontally printed specimens, along the specimen axis, i.e., perpendicular to the building direction, the obtained mechanical properties as follows: yield stress σ0.2 = 278 MPa, ultimate tensile stress σu = 465 MPa, elongation at fracture δ = 11.5%. For the vertically printed specimens, along the specimen axis, i.e., parallel to the building direction, the obtained mechanical properties as follows: yield stress σ0.2 = 244 MPa, ultimate tensile stress σu = 435 MPa, elongation at fracture δ = 3.8%.




2.3. Fatigue Specimen, Data, and Microstructure


Figure 1a,b exhibit fatigue behaviors of horizontally and vertically printed specimens in terms of S-N data with stress ratios R = −1, 0 and 0.5 under axial loading with vibration frequency of 20 k ± 500 Hz at room temperature and in ambient air by using an ultrasonic equipment (GF20-TC, Lasur, Paris, France) superimposed an tensile machine, as described in Ref. [43]. Figure 1c illustrates the size and geometry of the ultrasonic fatigue specimens which were designed to satisfy the resonant condition [43].



Figure 1d,e present the original 3D printed microstructure of the AM aluminum alloy perpendicular and parallel to the building direction under optical microscopy (OM: Axiovert 200 MAT, Zeiss, White Plains, NY, USA). In Figure 1d,e, the light regions are Al-rich and Si-poor, and the dark regions are Si-rich and Al-poor.





3. Results and Discussion


3.1. Selected VHCF Specimens A and B


Two representative specimens A and B were selected for further SEM analysis as box marked in Figure 1a,b. Specimen A was horizontally printed and failed in the VHCF regime at R = −1, with the following details: σm = 1 MPa, σa = 93 MPa, Nf = 3.67 × 108 cycles. Specimen B was vertically printed and failed in VHCF regime at R = 0, with the following details: σm = 40 MPa, σa = 40 MPa, Nf = 3.82 × 108 cycles.



Figure 2 shows the typical SEM appearance for VHCF crack initiation of the AM aluminum alloy with different building orientations under various R values via a Helios Nanalab 600i (FEI, Hillsboro, OR, USA). Figure 2a,b is a medium-magnification SEM image with a same tilted angle, displaying the internal FiE fractures of specimens A and B; Figure 2c–f is a high-magnification SEM image on the top view, showing the local broken surface around the locations A1, A2, B1, and B2 prepared to lift TEM samples A1, A2, B1, and B2 via FIB milling with the dual FIB/SEM beam system (Helios Nanalab 600i, FEI, Hillsboro, OR, USA).




3.2. Typical SEM Morphology of Crack Initiation


In comparison with Figure 2a,b, there is no obvious difference in the fracture surfaces of specimens A and B, except that the FiE area of specimen A is larger than specimen B, the size of the AM defect-induced VHCF in specimen A is greater than specimen B, and the crack initiation site at specimen B is comparatively closer to the specimen surface than specimen A. The main crack of VHCF originated from an AM defect which is the biggest one on the FiE region.



These trivial variances are not very typical, but are dependent on the intrinsic distribution of AM defects inside the fatigue specimen. This defect distribution can be approximately considered random, so even with the same fatigue life Nf, there can be very different patterns of the AM defect that lead to the initiation of VHCF cracks. Generally, the following can be stated in these two cases: within the FiE regions, the fracture surface is relatively flat, smooth, and with small roughness; outside the FiE region, the surface roughness increases significantly.




3.3. Local Fractography along Crack Growth Path


Specimen A was selected to represent the horizontally printed AM aluminum alloy under VHCF loading at negative stress ratios. Two TEM samples A1 and A2 were excavated from locations A1 and A2 pointed by arrows in Figure 2a. Specimen B was selected to represent the vertically printed AM aluminum alloy under VHCF loading at positive stress ratios. Two TEM samples B1 and B2 were excavated from locations B1 and B2 pointed by arrows in Figure 2b.



On the fracture surfaces, locations A1 and B1 are close to the initiation site of main VHCF cracks, and at the periphery of the AM defect which induced the final failure of specimens A and B, respectively. Contrarily, locations A2 and B2 are properly far away from the initiation site but still within the FiE region. Specifically, location A2 is farther away from the fatigue origin than location B2.



Figure 2c,e show the local SEM images on the locations A1 and B1, which appear to have a not very clearly granular morphology. Figure 2d,f show the local SEM images on the locations A2 and B2, which appear to have a mixed morphology of striations and granules. In general, striations and granules exhibit a trade-off relationship. Figure 2c of location A1 has the highest degree of granularity, followed by Figure 2e of location B1; Figure 2d of location A2 has the highest clearness of fatigue striations, followed by Figure 2f of location B2.




3.4. TEM Sample Preparation by Using FIB Technique


On locations A1, A2 and B1, B2 of fracture surfaces in specimens A and B, FIB technique was used to prepare TEM samples of thins film along the specimen axes. The details of the procedure are as follows [4,29,40]:




	
A rectangular platinum layer was physically vapor-deposited on the posited location to protect the selective fracture surface and the microstructure underneath guided by beams of ions and electrons via a gas injection system of the FIB/SEM microscope. The platinum layers were labeled as A1, A2, B1, and B2 in Figure 2c–f with small translucent blocks.



	
On both long sides of the rectangular layer, two trenches were milled from the unprotected fracture surface with spattered Ga+ cations, and obtained a rough sample of profile microstructure which was still connected with the matrix on three planes.



	
By tilting the fractured specimen, the sample was separated from the matrix with FIB etching, and attached to the tip of a nano-manipulator (OmniProbe, Oxford Instrument, Abingdon, UK).



	
Lifted out the rough sample of about length 10 μm, depth 5 μm and thickness 1 μm; and then mounted on an FIB-TEM grid holder; eventually thinned and polished to a foil of about length 5 μm, depth 4 μm and thickness 50 nm.









3.5. Al cell, Si Network and Grain Boundary Distribution


TEM samples A1, A2 and B1, B2 were carefully examined through transmitted electrons under 300 kV of accelerating voltage to characterize the profile microstructure along the specimen axes, i.e., perpendicular and parallel to the building direction of the AM aluminum alloy, in a microscope (Tecnai G2 F30 S-Twin, FEI, Hillsboro, OR, USA). Figure 3 and Figure 4 demonstrate bright- and dark-field images of TEM samples A1, A2 and B1, B2, respectively.



In each subfigure of Figure 3 and Figure 4, VHCF loading direction is along the height of the image, and the uppermost curve of the microstructure corresponds to the fracture surface profile. Above the profile curve, there are two protective layers of platinum, the inner one was guided by electron beam, and the outer one was guided by Ga+ cations, as described in Ref. [4]. In bright-field images of microstructures, the light areas are Al-rich regions, and the gray areas are Si-rich regions. Contributing to different crystallographic orientations of Al and Si [44], the Si-rich regions are quite easy to identify in dark-field images. Contrary to the situation in bright-field images, for dark-field ones, the black areas are Al-rich regions, the white areas are Si-rich regions, and the sparkling particles might be rearranged Si precipitates according to Ref. [17]’s opinion.



In Figure 3 and Figure 4, Si networks and Al cells are typical microstructure features with characteristic size of sub micrometers. Basically, Si-rich regions are interconnected with each other to constitute a continuous web of Si networks, and the rest can be regarded as many isolated islands, namely Al cells. In TEM samples A1 and B1, Al cells and Si networks are near-equiaxed; and in samples A2 and B2, Al cells and Si networks are all elongated. It is noted that the elongation in samples A2 and B2 are with different directions. In comparison with Figure 3a–d and Figure 4c,d, there is only one grain of Al solid solution in sample A1, A2, and B2. This means that all Al cells are with the same orientation, and most of the Si networks keep another same orientation in these samples. In comparison with Figure 4a,b, only a few (two or three) nanograins with size about hundreds of nanometers appear in the upper right corner of sample B1, and the grain boundaries are clearly visible. In the neighbor of nanograins, there is still only one big grain whose equivalent size is larger than 6 μm.




3.6. VHCF-Induced Fracture and Microstructure Features


For the grain structure, the results reported in this paper are not consistent with those in the literature [4,5,9,17,29,33,34,35,36,38,45]. There are no observed nanograins in the crack initiation region of VHCF at R = −1, but a few nanograins formed underneath a very local area with a size of about several micrometers on the fracture surface adjacent to the VHCF origin under R = 0. One probable explanation is that the nanograin thermal stability of aluminum alloys [46] differs from the cases of high-strength steels or titanium alloys, and the failure cycle is not sufficient to satisfy NCP (numerous cyclic pressing) conditions proposed by Hong et al. [35]. In accordance with Ref. [17], VHCF life beyond 4 × 108 cycles is necessary for microstructure refinement at R = −1. Nevertheless, it cannot explain why nanograin formation can occur in VHCF of R = 0, although there are only a few number of nanograins and within the very limited small area at the marginal region around the crack initiation site.



For the distribution of chemical elements, Si networks are broken and disappeared in the profile surface layer of TEM sample A1. As shown in Figure 3b, it seems that Si precipitates with various orientations sparkle along the subsurface of dark-field image. Outside of the surface layer, the Si networks and Al cells in sample A1 are not distinctly different from other TEM samples, except for shapes and orientations. The shapes and orientations of Si networks and Al cells are closely tied with the original AM microstructure, depending on the location of TEM sampling. In addition, the rearranged Si is preferred to precipitate in the region near the fracture surface on the profile microstructure of VHCF loaded specimens.



The phenomena of Si networks partially dissolved, rearranged, and precipitated are most pronounced in sample A1, followed by sample B1, again in sample B2, and lastly in sample A2. This ranking is completely identical to that of the granulation degrees for the local fracture surfaces around the samples, as described in Section 3.3. These characterizations confirm that the granulation of the fracture surface and the redistribution of Si elements near the fracture surface are the main characteristics of crack initiation in the AM aluminum alloy experienced VHCF. These behaviors of granulation and redistribution have little to do with the stress ratios R, but are positively correlated with the distance between the location and the crack source. It is implied that the granulation and redistribution are more dominated by the loading cycle. Only when the loading cycles are similar does the effect of negative stress ratios emerge, causing the significant Si rearrangement in sample A1 and the maximum roughness around the TEM sample location on the fracture surface of specimen A under VHCF loading at R = −1.





4. Conclusions


In this paper, the microstructures underneath the fracture surfaces within crack initiation areas of horizontally and vertically printed specimens of an additively manufactured (AM) aluminum alloy (AlSi10Mg) under very high cycle fatigue (VHCF) at various stress ratios R = −1, 0 and 0.5 were investigated by using advanced material characterization techniques of scanning electron microscopy (SEM), focused ion beam (FIB), and transmission electron microscopy (TEM).



The main conclusions are as follows:




	
Broadly, there are no characteristic microstructures of both grain size and chemical element distribution induced by fatigue crack initiation and growth in the differently oriented AM aluminum alloy under very high cyclic loading with various R values of stress ratios.



	
A few nanograins were observed at a very local region around the crack initiation site of a vertically AM AlSi10Mg under VHCF loading at R = 0.



	
The granulation of fracture surface and Si arrangement underneath the fracture surface occur in the neighboring area of VHCF crack initiation in the AM aluminum alloy with various orientations and under different R values.



	
VHCF loading cycles are the first key factor dominating the behaviors of fracture surface granulation and chemical element arrangement, and the negative stress ratios are the second.
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