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Abstract

:

Mechanical anisotropy behaviors are investigated in slightly rolled Inconel718 alloy with string-like δ phase and carbides produced during various solid-solution and aging treatments. A weak anisotropy in the strengths and rupture properties at 650 °C is visible, whereas ductility, i.e., reduction in area (RA) and impact toughness (CVN), presents a sound anisotropy behavior. MC carbides promote the operation of slip systems and thus are conducive to weakening the strength anisotropy. The RA anisotropy mainly stems from high-density δ phase particles that provide more crack nucleation sites and stimulate rapid propagation because of the shorter bridge distance between micro-cracks at the rolling direction. In contrast, CVN anisotropy arises from both δ phase and carbides at a lower solid-solution temperature of 940 °C but only depends on carbides at 980 °C where the δ phase fully dissolves. Apart from dislocation motions operated at room temperature, the activated grain boundary processes are responsible for the weak anisotropy of rupture properties at the elevated temperature. This work provides a guideline for technological applications in the hot working processes for Inconel718 alloys.
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1. Introduction


Inconel718 (IN718) alloy is widely used in aerospace engines, industrial gas turbines, high-temperature ring structures, nuclear industrial components and fasteners because of its good mechanical properties, corrosion resistance, welding performance and hot workability [1,2,3]. It consists of γ-matrix with γ″-Ni3Nb and γ′-Ni3 (Al, Ti) precipitates, whereas the former triggers a remarkable hardening effect and the latter one only brings a slight additional strength to the alloy [4,5,6]. Thus, solid-solution and aging treatments are recommended to improve the mechanical properties [7]. Moreover, a small quantity of δ-Ni3Nb phase and MC carbides are visible. However, they may play a significant role in mechanical properties. For example, the δ phase located at grain boundaries (GB) stimulates crack propagation, whereas such GB δ phase with a proper volume improves the creep properties of the alloy [8]. Furthermore, the δ phase exhibits a preferred orientation and forms a string during forging, which triggers the anisotropic deformation behavior [9]. Crack propagates more slowly in the perpendicular direction to the string than that in the parallel direction. This is attributed to the string arrangement of the δ phase [10]. On the contrary, it is the arrangement of carbides that accounts for the anisotropy of mechanical properties at room temperature, and the δ phase only accelerates the crack growth, reported by Teimouri [11]. It is further reported [12] that the propagation direction is dependent on the arrangement of carbides in coarse-grained materials during creep testing. Thus, the two particles play a confusing role in mechanical properties, i.e., the anisotropy, which is still not well understood.



Herein, such kinds of particles aligned along the rolling direction are tailored via a slight rolling deformation followed by various solid-solution and aging treatments in the IN718 alloy, where the δ phase is gradually dissolved at a higher solid-solution temperature but without dissolution of MC carbides. The insignificant texture is developed because of slight deformation. The effect of δ phase and MC carbides on the anisotropy of mechanical properties is systematically investigated in this material. The results can provide guidelines to manufacture high-performance IN718 alloy.




2. Materials and Methods


An Inconel 718 bar with a section dimension of 40 mm × 90 mm was used in the present work, whose composition is Ni-18.77 Cr-18.05 Fe-5.22 Nb- 3.2Mo-1.09 Ti-0.55 Al-0.03 C (wt.%). The hot-rolled materials were subjected to a solid-solution treatment at 940–980 °C for 1 h, followed by water cooling to obtain different amounts of δ phase, and then doubly-aged at 720 °C for 8 h and 620 °C for 8 h to tailor the strengthening γ″ phase. The coordinate system, including the rolling direction (RD), transverse direction (TD), and normal direction (ND), is established in the hot-rolled bar, as shown in Figure 1a. Samples for all experiments are machined to have two different orientations (Figure 1a) labeled as X (parallel to the X-axis) and Y, respectively. Tensile tests were performed on an MTS810 testing machine at ambient temperature with a tensile rate of 1 mm/min, and the gauge dimension is 10 mm × 3 mm × 35 mm. Charpy V-notched impact samples with a dimension of 10 × 10 × 55 mm3 were tested at room temperature on the MTS ZBC2302-4 Pendulum Oscillometric impact tester with a speed of ~5.24 m/s. The stress rupture tests were carried out at 650 °C for 250 h under 690 MPa, followed by a continuous stress increase of 34.5 MPa at intervals of 8 h until failure. The rupture time and ductility, i.e., elongation (EL) and reduction in area (RA), were measured after testing. The specimen dimensions used for rupture tests are shown in (Figure 1b). All samples with orientations X and Y are tested three times, and hereafter designated as T-RD and T-TD, respectively. For example, the 940-RD sample represents a sample solid-solution treated at 940 °C and tested at RD (or had the orientation X).



The microstructure was examined under the optical microscope (OM, Leica DMI5000M) and scanning electron microscope (SEM, SUPRA40) after electrolytic etching in ~10% oxalic acid solution with a direct current of 0.05 A for 30–60 s. Energy dispersive spectroscopy (EDS) was used to determine the chemical composition of particles. After mechanically grinding, samples for transmission electron microscopy (TEM) observation were electropolished in an alcohol solution of 5% HClO4 at −20 °C and 20 V. The X-ray diffraction (XRD) patterns were obtained using a GNR Explorer diffractometer with Cu Kα radiation at 40 kV and 30 mA with a scanning speed of 2 °/min. After tensile, impact and rupture testings, the surface morphology was also observed under SEM (SUPRA40).




3. Results


3.1. Microstructure


Figure 2 shows microstructural morphologies on the RD–TD plane of samples subjected to solid-solution and aging treatments. Slightly elongated grains with a size of ~20 μm are visible for the sample treated at a solid-solution temperature of 940 °C (Figure 2a). A string of particles decorating the grain boundary is determined to be δ phase by EDS analysis (not shown here). These particles are gradually dissolved and disappeared at a higher treated temperature, accompanied by the grain growth and the formation of equiaxed grains (Figure 2b,c).



Besides, particles with bigger sizes are distributed along the RD and identified as MC carbides (e.g., NbC). These carbides are almost unchanged at all treated temperatures, as supported by the statistical results in Figure 3. There is an opposite trend between grain size and the amount of δ phase. This indicates that grain coarsening mainly stems from the dissolution of the δ phase that strongly pins the grain boundary migration.



More details are revealed by TEM observations in Figure 4. Nano-sized precipitations of the γ″ phase are produced in grain interiors, whereas needle-like δ phases are precipitated on the grain boundary at 940 °C (Figure 4a,b). In parallel, a precipitation-free zone with a width of several hundreds of nanometers is formed in the vicinity of the grain boundary (highlighted by dotted line). As the temperature increases to 980 °C, the δ phase and the concomitant precipitation-free zone are invisible, and substantial γ″ phases are observed instead (Figure 4c).



Figure 5 shows the XRD profiles of the treated samples on rolling (RD–TD) and RD–ND planes. The matrix (γ phase) exhibits strong the (111) and (200) peaks with insignificant change before and after treatments on the rolling plane (Figure 5a). The solid-solution and aging treatments lead to the appearance of weak reflection peaks that correspond to the δ or γ″ phase. As the solid-solution temperature increases, the peak of the δ phase gradually disappears, while the peak of the γ″ phase is also observed. This indicates that aging treatment produces the γ″ phase, and the formation of the δ phase is attributed to the solid-solution treatment. For example, the gradual dissolution of the δ phase occurs after a solid-solution treatment at 960 °C, in accordance with SEM observations (Figure 2). Similar patterns are observed on the RD–ND plane, and there is no significant difference of XRD features, except the weak peak of the δ phase, among treated samples on both planes. This indicates that microstructures have not changed after various treatments and the orientation distribution of grains is not significantly different [13].




3.2. Room Temperature Tensile Properties


Figure 6 displays the stress–strain curves of samples that are treated at various temperatures and loaded along different directions (RD and TD). When loaded at RD, the sample after 940 °C treatment has a tensile strength (TS) of ~1400 MPa, and this strength does not increase at 960 °C but slightly decreases at a higher temperature of 980 °C (Figure 6a). In the 980 °C case, the increased ductility, including elongation (EL) and reduction in area (RA), is observed. The yield strength (YS) exhibits a similar trend, and its strength difference between samples is only ~100 MPa. When tested at TD, the tensile curves almost coincide with those of samples that are loaded at RD and treated at the same temperature. That is, there is no significant strength difference between TD and RD (Figure 6c). Moreover, the maximum strength is obtained at 960 °C, where the strengthening particles of the γ″ phase are precipitated at the expense of dissolution of the δ phase but without the significant grain coarsening (Figure 3). In contrast, the ductility, in particular for the RA, shows a strong dependence on the testing direction (Figure 6d). For example, the RA is ~22% and ~33% at TD and RD, respectively, for the sample after 940 °C treatment. As expected, an increased solid-solution temperature results in the improved RA, in particular at TD with a higher speed (highlighted by the red bar), and this causes the gradual decrease in the difference of the two directions.



Typical fractured surfaces are examined under SEM, as shown in Figure 7. Ductile fractured feature of smaller dimples is observed on the surface of the 940-RD sample (Figure 7a), and there are still some big dimples with MC carbides located at the bottom (black arrow). Besides, δ phases also provide sites for dimple nucleation (Figure 7b), and the formed dimples are smaller than those associated with MC carbides. Bigger and shallower dimples supplemented by the brittle characteristics (blue arrow) are visible on the surface of the 940-TD sample. A typical example of the brittle intergranular feature is indicated by the red arrow, and this strip pattern corresponds to the almost continuous δ phase at the grain boundary (Figure 2a). This indicates that the 940-RD sample undergoes more deformation than the 940-TD sample. In contrast, larger and deeper dimples are observed on the surfaces of 980-TD and 980-RD samples, with the disappeared intergranular features. Besides, severe plastic tearing occurs. These aspects suggest that the elevated solid-solution temperature is conducive to ductility enhancement, in agreement with the tensile result (Figure 6). The huge dimples, which are nucleated at the micro-scale MC carbides, tend to be aligned along the RD (Figure 2c).




3.3. Room Temperature Impact Properties


The typical force–displacement curves for impact testing are shown in Figure 8a. Similar peak curves are observed, and the peak possesses the enlarged width and height at an increased treated temperature for both directions (RD and TD). The RD samples have a higher and broader peak than their TD counterparts, which indicates that more Charpy impact energy (CVN) is absorbed during testing for RD samples. For example, the energy value of the 940-RD sample (~41 J) is even bigger than that of the 980-TD sample (~38 J that also exceeds that of the 940-TD sample), as quantitatively shown in Figure 8b. That is, the strong anisotropy-dependent impact behavior (including crack initiation and propagation) is visible. It is easier for the crack to nucleate and propagate along the TD, in particular after the low-temperature treatment (i.e., the 940-TD sample). In contrast, the significantly increased resistance (i.e., two-fold increase for the 980-RD sample) emerges at the RD during both nucleation and propagation. Besides, less energy is consumed during crack propagation than during nucleation for the low-temperature treated samples or TD samples. Compared with the 940-TD sample, however, there is a negligible energy difference between nucleation and propagation after more increase in propagation energy for the 940-RD sample. This also reveals the anisotropic behavior, and the TD samples are more dangerous because sudden failure may occur during loading.



Representative fractured surfaces and cross-sectional microstructures are shown in Figure 9 and Figure 10, respectively. A mixed morphology of brittle and ductile features, which consists of small dimples and intergranular patterns (i.e., grain is depicted by the black line), is observed at the crack initiation zone of the 940-TD sample (Figure 9a). Cracks nucleates at the grain boundaries distributed with δ phases, in particular for the string shape (highlighted by the red line). Its corresponding fracture profile (Figure 10a) demonstrates that the crack growth seems to occur along the grain boundary with δ phases and actually passes through the zone very adjacent to such grain boundary (insert). This produces small and shallow dimples on grain boundary facets that are also not smooth. The 980-TD sample also fails in a mixed mode with the main brittle characteristic (Figure 9b), which corresponds to the lower nucleation energy for TD samples (Figure 8b). Similar nucleation and growth behaviors, which associate with MC carbides instead of δ phases, are observed (Figure 10b), and these carbides are aligned nearly parallel to the loading direction (Figure 9b). Significant brittle features with smooth grain boundary facets are observed at the crack propagation zone of the 940-TD sample (Figure 9c), which is in agreement with the lower propagation energy than nucleation energy (Figure 8b). In contrast, the slightly increased nucleation energy is obtained in the 980-TD sample (Figure 8b), evidenced by the gradual appearance of plastic tearing at the propagation zone (Figure 9d). Compared with TD samples (940-TD and 980-TD), the increased ductile characteristics, e.g., the deformed grains and smaller dimples on grain boundary in Figure 9e and substantial dimples in Figure 9f, are observed in their RD counterparts. This is in accordance with the fact that RD samples consume more energy during crack propagation than their corresponding TD samples (Figure 8b).




3.4. Stress Rupture Properties of IN718 Alloys in High Temperature


The stress rupture test was performed at 650 °C with the applied stress of 690 MPa. All samples fractured at the smooth gauge part rather than at the notch, which indicates the insignificant notch sensitivity at the elevated temperature. The RD samples have a longer rupture life than TD samples, and such life is also more at the lower treated temperature (Figure 11). For example, it takes more time to rupture for the 940-TD sample than for the 980-RD sample. This indicates that the treated temperature has more impact on the ruptured life than the loading direction. The rupture ductility (including EL and RA) is slightly improved at the RD or at the higher treated temperature. In fact, there is not substantial ductility difference between loading directions or solid-solution temperatures when tested at the elevated temperature of 650 °C, in comparison with the significant ductility difference at room temperature (Figure 6d). A dimpled fracture occurred in the 940-TD sample without the significant intergranular characteristics (Figure 12a), which were observed on the corresponding tensile fracture surface tested at room temperature (Figure 7a). Cracks are visible along grain boundary, which is produced during the up-link of microvoids nucleating at MC carbides with the linear alignment. The formation of dimples is also ascribed to δ phases, as representatively shown in the insert of Figure 12b. Moreover, the transgranular fracture occurred in the 940-TD sample, whereas the shape of grains is faintly visible on the fractured surface (Figure 12b). Typical dimpled surfaces are observed in 980-TD and 980-RD samples, which indicates the increased ductility, as also evidenced by the smaller fibrous zone (inserts of Figure 12b,d). Dimples containing the MC carbides tend to align in a row when loaded at TD, i.e., for both 980-TD and 940-TD samples (Figure 12a,c). Dimples seem to be linked with a segment of grain boundary, as shown in fracture profiles in Figure 13. Therefore, these dimples are not the same as those produced at room temperature (Figure 7c,d). Significant slip characteristics are observed in 980-RD and 940-RD samples (highlighted by the black arrow in Figure 13), and the bent slip lines indicate that the whole grain undergoes the deformation. Cracking occurs at the grain boundary where there is a marked difference between slip systems in adjacent grains, i.e., grain A and B (Figure 13b). The triple junctions and the large MC carbides also serve as the preferential sites for crack nucleation (red arrow), in particular in the coarse-grained sample, i.e., 980-RD (Figure 13b). In contrast, no cracks nucleated at the small δ phases are detected in fine-grained sample 940-TD sample (Figure 13a).





4. Discussion


In this work, significant differences in room temperature ductility (in particular for RA) and toughness (CVN) were observed at two testing directions or in two sample orientations (Figure 6 and Figure 8). These properties present a sound anisotropy behavior that is dependent on the direction or orientation, whereas a weak anisotropy in the strengths (TS and YS) and rupture properties at 650 °C is visible. For evaluation, the anisotropy parameter ART can be quantitatively determined by [11]:


   A  R T   =    P  R D      P  T D      



(1)




where PRD and PTD are the corresponding mechanical properties tested at RD and TD, respectively. The ART value getting closer to 1 indicates that such property tends to be more isotropic, whereas its deviation exceeding 0.1 (i.e., 1.1 or 0.9) suggests the existence of anisotropy. In this case, RD or TD performance is 10% larger than its counterpart. The anisotropy parameters of various properties are given in Figure 14. A higher ART value of ~1.75 is obtained for impact properties, and such value is further increased to ~2 at 980 °C. In contrast, an increased solid-solution temperature leads to a decreased ART value for the RA. This evidence implies that the treated temperature also has some impact on the anisotropy. Another significant phenomenon is the decreased anisotropy for the high-temperature ductility even at 940 °C, which greatly contrasts with room-temperature ductility. This indicates that different deformation behaviors at two tested temperatures may have an effect on the anisotropy, which will be discussed.



The crystallographic texture is frequently reported to produce significantly anisotropic properties, i.e., the YS [14] and Charpy toughness [15] in the pipeline steels. The pronounced texture discrepancy is undetected, evidenced by the similar XRD patterns on the RD–TD and RD–ND planes even after various treatments (Figure 5). The present treatments result in a relatively uniform microstructure (Figure 2) rather than the deformation-induced lamellar microstructure that yields an orientation dependent strength [16], and there is only a minor size difference among grains (Figure 3). Moreover, there are well-distributed γ′/γ″ precipitations that do not align on the {111} habit/slipping planes, where the anisotropy of strength is reported to be enhanced by Ω phase in the Al alloy [17]. Actually, such coherent precipitations may cause the anisotropic behavior in flow stress but with the obligatory presence of crystallographic texture [18]. In contrast, the non-sharable particles, i.e., MC carbides, promote the operation of slip systems [19] and thus are conducive to weakening the anisotropy [20]. Although the plate-shaped δ phases seem to be aligned along the RD, the arbitrary slip systems are likely to be activated in neighboring grains that are randomly distributed. These aspects account for the weak anisotropy of YS in Figure 14.



The YS anisotropy arises from the difficulty degree when operating slip systems at various loading directions [21], whereas the ductility/toughness anisotropy is dependent on the subsequent deformation and fracture behaviors of materials, including crack initiation and propagation. After yielding, the increased loading leads to uniform deformation, particularly with the help of particles that play a role in slip homogenization [22]. In this case, micro-voids are initiated continually by the debonding or breaking of large particles, i.e., MC carbides, but without propagation because of the excellent fracture toughness for the face-centered cubic matrix. Until necking that corresponds to the TS, nonuniform and localized deformation starts, followed by void coalescence and linkage. The particles have a minor impact on TS and EL that mainly consists of uniform strain, and thus their ART values are only ~1. The RA, however, is an indicator of localized strain at the necking position during coalescence and linkage of particle-induced voids, and strong anisotropy is observed. For example, high-density particles trigger the formation of voids that are closer to each another, as shown in Figure 15, and this results in a more rapid coalescence and failure process in TD sample than that in RD sample. Substantial dissolution of δ phases at a higher solid-solution temperature (i.e., 980 °C) reduces the initiation sites of voids but widens their bridged distance. As a result, an indistinct difference in coalescence behavior is gradually formed between RD and TD, evidenced by the decreased ART value at the rising treated temperature (Figure 14). Compared with quasi-static deformation (tensile testing), dynamic deformation (impact testing) is more sensitive to these particles. It is easier for the crack to nucleate and propagate when more particles participate in the dense formation and rapid growth of micro-voids, and thus less energy is consumed during both nucleation and propagation, i.e., 940-TD sample (Figure 8). The increased nucleation energy and propagation energy are obtained through approaches that lower the particle density, i.e., dissolution of δ phases at elevated temperatures (960-TD and 980-TD samples) and an alteration of loading direction (940-RD sample). Therefore, the ART values maintain a high degree (~1.75) at 940 °C treatment (Figure 14) and are decreased, particularly for the value of propagation energy, after the 960 °C treatment that produces the low-density particles. Although δ phases are almost dissolved at 980 °C, a small amount of the unaltered MC carbides aligned along the RD cause the stress concentration in the enlarged grains that largely stimulates the formation and coalescence of voids. This results in increased ART values, particularly for the value of propagation energy exceeding 2.0 and also larger than that at 940 °C, because the refined grains facilitate the delaying of large-scale localized deformation [19]. Besides, its ART value of nucleation energy at 980 °C is close to that at 940 °C, which indicates that coarsened grains have a similar impact as δ phases on the anisotropy in this work.



The grain boundary particle always results in the stress concentration during room-temperature loading irrespective of its morphologies. In contrast, the granular δ phase possesses good deformation compatibility with grain boundaries and can hinder crack growth via the accommodation of crack path in a transgranular manner at elevated temperature, i.e., 650 °C [23]. That is, such particles show two opposite sides during the void coalescence process (corresponding to the localized deformation): acceleration at room temperature and deceleration at elevated temperature. Therefore, RA is greatly improved in the fine-grained 940 °C samples that have the nearly granular δ precipitations. For example, the RA of the 940-TD sample doubles, from ~22% tested at room temperature (Figure 6d) to ~46% tested at 650 °C (Figure 11). This largely counteracts the competitive effects of testing directions and leads to the significant reduction of ART value for RA at 650 °C (Figure 14). Moreover, δ precipitations impede dislocation movements [24], particularly for the needle-like ones (Figure 4a,b) or high-density ones (i.e., the nearly continuous δ phase at local grain boundaries in Figure 2a). Such substantial δ phases may cause stress concentration near themselves and microcrack nucleation during the later stage [8]. This is synergized by the micro-plastic zone that depletes the strengthening γ″-Ni3Nb phase around δ-Ni3Nb phase and is ductile but significantly weak in strength. After some deformation, failure preferentially occurs at this micro-zone, and thus grain boundaries with some plastic tearing are faintly observed in Figure 12a,b.



In the case of elevated temperatures, the strength degradation takes place in both grain interior and grain boundary, particularly for the latter one. Deformation occurs not only via the dislocation movements but through the operative grain boundary processes and diffusional creep. As illustratively shown in Figure 13b, grains are subjected to a morphological transformation from equiaxed to elongated after rupture testing, which confirms the emergence of grain boundary sliding. This is also evidenced by the formation of voids at triple points where there is stress concentration during grain boundary sliding [25]. However, grain boundary motions are strongly pinned by undissolved δ phases in the refine-grained 940 °C samples (Figure 13a), and such pinning largely compensates for the loss of grain boundary strength. Notably, both necking (void coalescence) and crack propagation are effectively delayed by globular δ phases [23]. The rupture process is thus slowed down, and the rupture life is more prolonged in fine-grained samples (940-RD and 940-TD) than that in coarse-grained samples (980-RD and 980-TD). In the case of coarse-grained samples without δ phases, a wider linkage distance between voids nucleated at the stringed MC carbides (Figure 13b) should be mainly responsible for the slightly longer life in 980-RD sample, whereas insignificant anisotropy is observed due to the countable carbides. Its ART value of ~1.07 is underestimated, because 980-RD sample undergoes more time (~17.7 h) at a higher stress (759–828 MPa). Only ~25% of rupture life (~58 h) is retained in double-aged IN718 alloy when the tested stress increases from 625 MPa to 700 MPa at 650 °C [26]. Therefore, the nearly linear-aligned carbides, even with a limited amount, have a gradually increased role in the anisotropic behavior of rupture life, particularly when the string of δ phases also coexists, i.e., in fine-grained samples. On the one hand, it is quite difficult for the grain boundary pinned by δ phases to rotate from RD to the loading direction TD with a bigger rotation angle (Figure 15). Conversely, deformation, i.e., shrinking, occurs facilely at TD for the grain boundary without δ phases, and elongated grains are developed when tested at RD (Figure 13a). On the other hand, substantial initiation of voids, which is cooperatively induced by carbides and δ phases, largely shortens the linkage distance during void coalescence. As a result, a relatively strong anisotropy is expected to be observed in fine-grained 940 °C samples, and its ART value should be much larger than the measured value of ~1.1 in Figure 14. This is attributed to a similar fact that ignores the contribution of the extra loading at a significantly increased stress of 897-1035 MPa for a longer duration of 33 h. Furthermore, dislocation motions are also responsible for the creep properties, evidenced by substantial creep voids nucleated at the dense slip bands in the grain interior, particularly for the coarse-grained samples (Figure 13). This partly accounts for the shorter creep life in coarse-grained samples that undergo more deformation than fine-grained samples in both matrix and grain boundaries, which corresponds to the uniform and nonuniform deformation, respectively. This, in turn, leads to the enhanced EL and RA at 650 °C (Figure 11).




5. Conclusions


In this present work, microstructure and mechanical anisotropy are comprehensively investigated in a slightly rolled Inconel718 sheet that suffers from solid-solution and aging treatments. The results are summarized as follows:




	(1)

	
A weak anisotropy in the strengths is attributed to the MC carbides that promote the operation of slip systems during room temperature tension;




	(2)

	
The strong anisotropy in RA is mainly affected by string-like δ phases that provide more sites during crack nucleation but also stimulate rapid linkage during propagation;




	(3)

	
Both MC carbides and δ phases are responsible for the strong anisotropy in CVN at a solid-solution temperature of 940 °C, whereas MC carbides and grain coarsening account for the sound anisotropy in CVN at 980 °C where δ phases are dissolved;




	(4)

	
The grain boundary processes are operated at the elevated temperature of 650 °C, leading to a weak anisotropy of rupture properties. Strong pinning of δ phases causes a longer rupture life in the refine-grained 940 °C samples than that in coarse-grained 980 °C samples.













Author Contributions


Conceptualization, B.Z. and Y.L.; methodology, B.Z. and Y.L.; software, W.L. and Y.L.; validation, B.Z. and Y.L.; formal analysis, W.L. and Y.L.; investigation, W.L. and Y.L.; resources, Y.L.; data curation, Y.L.; writing—original draft preparation, J.M. and Y.L.; writing—review and editing, Y.L.; visualization, W.L.; supervision, W.L. and Y.L.; project administration, Y.L.; funding acquisition, Y.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (No. 51761003 and No. 51461007), Natural Science Foundation of Guizhou Province, China (No. [2017] 5788, JZ[2014]2003), and One Hundred Person Project of Guizhou Province, China (No. [2020] 6006).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.




References


	



Slama, C.; Abdellaoui, M.J. Structural characterization of the aged Inconel 718. J. Alloys Compd. 2000, 306, 277–284. [Google Scholar] [CrossRef]

	



Damodaram, R.; Raman, S.; Rao, K.P.J. Microstructure and mechanical properties of friction welded alloy 718. Mater. Sci. Eng. A 2013, 560, 781–786. [Google Scholar] [CrossRef]

	



Scholz, R.; Matera, R. Proton irradiation creep of Inconel 718 at 300 °C. J. Nucl. Mater. 2000, 283, 414–417. [Google Scholar] [CrossRef]

	



Song, J.H.; Huh, H.J. The Effect of Strain Rate on the Material Characteristics of Nickel-Based Superalloy Inconel 718. Key Eng. Mater. 2007, 340–341, 283–288. [Google Scholar] [CrossRef]

	



Lin, Y.C.; Li, K.K.; Li, H.B.; Chen, J.; Chen, X.M.; Wen, D.X.J. New constitutive model for high-temperature deformation behavior of inconel 718 superalloy. Mater. Des. 2015, 74, 108–118. [Google Scholar] [CrossRef]

	



Yu, Z.S.; Zhang, J.X.; Yuan, Y.; Zhou, R.C.; Zhang, H.J.; Wang, H.Z.J. Microstructural evolution and mechanical properties of Inconel 718 after thermal exposure. Mater. Sci. Eng. A 2015, 634, 55–63. [Google Scholar] [CrossRef]

	



Lee, H.T.; Hou, W.H.J. Study of delta Phase on Static Recrystallization Behavior of Inconel 718 Alloy. J. Nanosci. Nanotechnol. 2012, 12, 6987. [Google Scholar] [CrossRef]

	



Lu, X.; Du, J.; Deng, Q.; Zhuang, J. Stress rupture properties of GH4169 superalloy. J. Mater. Res. Technol. 2014, 3, 107–113. [Google Scholar] [CrossRef]

	



Khaja, S.; Mehta, K.K.; Babu, R.V.; Devi, R.S.R.; Singh, A.K. Mechanical Properties Anisotropy of Isothermally Forged and Precipitation Hardened Inconel 718 Disk. Metall. Mater. Trans. A 2015, 46, 1140–1153. [Google Scholar] [CrossRef]

	



Ponnelle, S.; Brethes, B.; Pineau, A.J. Orientational effects on fatigue crack growth rates in a forged disc of Inconel 718 superalloy. Ecf13 San Sebastian 2013. [Google Scholar] [CrossRef]

	



Teimouri, J.; Hosseini, S.R.; Farmanesh, K.J. Effect of the As-Forged and Heat-Treated Microstructure on the Room Temperature Anisotropic Ductile Fracture of Inconel 718. J. Mater. Eng. Perform. 2018, 27, 2070–2080. [Google Scholar] [CrossRef]

	



Floreen, S.; Kane, R.H. An investigation of the creep-fatigue-environment interaction in a Ni-Base Superalloy. Fatigue Fract. Eng. Mater. Struct. 2010, 2, 401–412. [Google Scholar] [CrossRef]

	



Strner, J.; Terock, M.; Glatzel, U. Mechanical and Microstructural Investigation of Nickel-Based Superalloy IN718 Manufactured by Selective Laser Melting (SLM). Adv. Eng. Mater. 2015, 17, 1099–1105. [Google Scholar] [CrossRef]

	



Zong, C.; Zhu, G.-h.; Mao, W.-m. Effect of Crystallographic Texture on Anisotropy of Yield Strength in X100 Pipeline Steel. J. Iron Steel Res. Int. 2013, 20, 66–71. [Google Scholar] [CrossRef]

	



Joo, M.S.; Suh, D.W.; Bae, J.H.; Sanchez Mouriño, N.; Petrov, R.; Kestens, L.A.I.; Bhadeshia, H.K.D.H. Experiments to separate the effect of texture on anisotropy of pipeline steel. Mater. Sci. Eng. A 2012, 556, 601–606. [Google Scholar] [CrossRef]

	



Hohenwarter, A.; Pippan, R. Fracture of ECAP-deformed iron and the role of extrinsic toughening mechanisms. Acta Mater. 2013, 61, 2973–2983. [Google Scholar] [CrossRef] [PubMed]

	



Hargarter, H.; Lyttle, M.T.; Starke, E.A. Effects of preferentially aligned precipitates on plastic anisotropy in Al-Cu-Mg-Ag and Al-Cu alloys. Mater. Sci. Eng. A 1998, 257, 87–99. [Google Scholar] [CrossRef]

	



Mishra, S.; Kulkarni, K.; Gurao, N.P. Effect of crystallographic texture on precipitation induced anisotropy in an aluminium magnesium silicon alloy. Mater. Des. 2015, 87, 507–519. [Google Scholar] [CrossRef]

	



Jeon, J.G.; Shin, J.H.; Shin, S.E.; Bae, D.H. Improvement in the anisotropic mechanical properties and formability of Al–Si–Mg–Cu-based alloy sheets. Mater. Sci. Eng. A 2021, 799, 140199. [Google Scholar] [CrossRef]

	



Anjabin, N. Modeling the Anisotropic Flow Behavior of Precipitate-Hardened Al–Cu Alloys During Plane Strain Compression. Met. Mater. Int. 2019, 25, 159–167. [Google Scholar] [CrossRef]

	



Li, J.M.; Liu, J.; Wang, L.; Chen, Z.; Shi, Q.W.; Dan, C.Y.; Wu, Y.; Zhong, S.Y.; Wang, H.W. Anisotropic behavior of TiB2 nanoparticles reinforced 2024Al composites rolling sheet. Mater. Charact. 2020, 162, 110196. [Google Scholar] [CrossRef]

	



Apps, P.J.; Berta, M.; Prangnell, P.B. The effect of dispersoids on the grain refinement mechanisms during deformation of aluminium alloys to ultra-high strains. Acta Mater. 2005, 53, 499–511. [Google Scholar] [CrossRef]

	



Zhang, H.; Li, C.; Guo, Q.; Ma, Z.; Huang, Y.; Li, H.; Liu, Y. Hot tensile behavior of cold-rolled Inconel 718 alloy at 650 °C: The role of δ phase. Mater. Sci. Eng. A 2018, 722, 136–146. [Google Scholar] [CrossRef]

	



Ni, T.; Dong, J. Creep behaviors and mechanisms of Inconel718 and Allvac718plus. Mater. Sci. Eng. A 2017, 700, 406–415. [Google Scholar] [CrossRef]

	



Chen, K.; Dong, J.; Yao, Z.; Ni, T.; Wang, M. Creep performance and damage mechanism for Allvac 718Plus superalloy. Mater. Sci. Eng. A 2018, 738, 308–322. [Google Scholar] [CrossRef]

	



Caliari, F.R.; Candioto, K.C.G.; Couto, A.A.; Nunes, C.Â.; Reis, D.A.P. Effect of Double Aging Heat Treatment on the Short-Term Creep Behavior of the Inconel 718. J. Mater. Eng. Perform. 2016, 25, 2307–2317. [Google Scholar] [CrossRef]








[image: Materials 14 03869 g001 550] 





Figure 1. (a) Schematic of the machined specimens and their orientation in the billet; (b) Specimen dimensions used for stress rupture tests (unit: mm). 
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Figure 2. Microstructural morphology on TD–RD plane of Inconel 718 alloy treated at (a) 940 °C, (b) 960 °C and (c) 980 °C. 
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Figure 3. Grain size and fractions of particles (δ phase and MC carbides) on TD–RD plane at various solid-solution temperatures. 
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Figure 4. TEM observations revealing the δ phase and γ″ phase on TD–RD plane in (a,b) 940-TD sample and (c) 980-TD sample. 
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Figure 5. XRD patterns on (a) RD–TD and (b) RD–ND planes at various solid-solution temperatures. 
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Figure 6. Typical stress–strain curves of the tensile samples tested at (a) RD and (b)TD, and their corresponding (c) strengths (YS and TS) and (d) ductile indexes (RA and EL) at different directions. The YS and RA are shown in the green frame of (c, d), respectively. The TS and EL are shown in the light purple frame of (c) and (d), respectively. Red bars represent the data at TD, whereas grey bars show the data at RD. (TS: tensile strength, YS: yield strength, EL: elongation, RA: reduction in area). 
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Figure 7. Fracture surfaces of tensile samples: (a) 940-RD, (b) 940-TD; (c) 980-RD; (d) 980-TD. 
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Figure 8. (a) Force–displacement curves of samples impacted at room temperature and (b) energy distribution for crack initiation and propagation. 
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Figure 9. Representative fracture surfaces of impact samples: (a,c) 940-TD; (b,d) 980-TD; (e) 940-RD; (f) 980-RD. 
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Figure 10. Profile fractograph of impact samples: (a) 940-TD; (b) 980-TD; (c) 940-RD. 
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Figure 11. The rupture properties of samples tested at 650 °C and 690 MPa. 
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Figure 12. Representative fracture surfaces of rupture samples: (a) 940-TD; (b) 940-RD; (c) 980-TD; (d) 980-RD. 
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Figure 13. Profile fractograph of rupture samples: (a) 940-RD; (b) 980-RD. 
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Figure 14. Anisotropy parameter comparison of samples treated at different temperatures. 
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Figure 15. A schematic showing the crack nucleation and propagation at RD and TD. 






Figure 15. A schematic showing the crack nucleation and propagation at RD and TD.



[image: Materials 14 03869 g015]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
- 2L, (a) (b) (c)
& 3
\ P =SS
Sum Sum Spm
= i NbC
R i : /
Ml?_’ i S0um - SOum| S0um






media/file30.png
L ‘1 s - H
.
] T rotation
\ N 0

"\ w

- 0 phase

‘ I _o 55’@) <:>
e = —
- ‘ ‘ ““““““““““ AC
. N A
\ Q.Q
-

l - '
(0]

TD sample
® MC carbides

RD sample
o





media/file18.png





media/file21.jpg
%)
[
=

fe/h

ured
[ ]
N
<

wn
=

[
=]

EL/%, RA/%, Rupt

Notch-rupture test
(650 °C, 690 MPa)

g

RA

=)

940-RD  940-TD

980-RD 980-TD
Sample





media/file26.png





media/file27.jpg
2.004

=3

Anisotropy parameter App

o
=)

CVN -y

Propagation

ucleation ___

Lnte
L
TS -3

940 960 980
Solid-solution temperature/°C






media/file3.jpg





media/file22.png
Notch-rupture test

°C, 690 MPa)

(650

Life

YNy
wws.ﬁ%sﬂ&m
Rty el

|+ “ Qﬁ
R

040-RD 940-TD 980-RD 980-TD

W

) cr [t | . .
/51 parmdmy ‘o%/ v %/ 14





media/file19.jpg





media/file7.jpg





media/file28.png
Anisotropy parameter Ay

o
o

e 960
Solid-solution temperature/°C





media/file10.png
Y'(211)
Y(111)

¥(200)

Intensity/a.u.
5(211)

Rolling plane (a) ~ ~ RD-ND plane (b)
(RD-TD plane) o=
==
= s
S S
> > | & N 2 -
3 c 8| 5 Iz < 2 §
- == e i = | - e ol
S0 ] S TM 980°C =
960°C | '}‘ 960°C
940°C _ 940°C
As—_r?ceivedq - _ As-regeivedAA I J\.\.,_A.,.,

60 70 80 90 100 40 50 60 70 80 90 100
20/° 20/°





media/file14.png





media/file11.jpg
[(@ Rolling di Mrm” T di
= =
- B =%
w
.
= Y
407

TemperaturelC

Ductility%,
e

8

O Temperatire °C





media/file6.png
980

Grain size
960)
Temperature/°C

0 phase

L),
940

L] L] __.__._r.r L] v L] L]
S 4. ® Aq v
wir/2z1s EEO 0/,/IUIUO





media/file15.jpg
——%301D

—960-TD
950-TD
-940-RD)

.77, %6075 8037, 40, 50y 0.y
Simple’






nav.xhtml


  materials-14-03869


  
    		
      materials-14-03869
    


  




  





media/file16.png
N9 ro o
- N -

Force/KN
N

10

—940-TD
—960-TD
—980-TD

Displacement/mm

80

()

Sample





media/file2.png
(a) (ND)Z,

(RD)X

Ll J

I
c\\“' W\ %ﬁ/“

T

84 50012

[©]¢0.025 | A| B]

|©)]¢0.025 | A| B|

"(ID)

— — . 3.82
19.05£1.3 20.24 -3 | 2B
/ GB145-59
0.!_2_ “8 e — —-
<0 P |
m4+ |
N
R4
M12-6g
60°
_$6.420.08]






media/file20.png





media/file23.jpg





media/file5.jpg
£30]

8201

: Ed Grain size

5244

S

§ 184 3 phase

=

1)

=121

=}

9

[

0.6

& PLi(e ©

S ( —
940 960 980

Temperature/°C





media/file24.png





media/file29.jpg
® MCauides

. ...

) ) =%






media/file1.jpg





media/file25.jpg





media/file12.png
(a) Rolling direction
1400}
1200}
= ——980°C
P ——960°C
L1000 940°C
A
800}
000 6 12 18 24 30
Strain/%
1400f
4+
a
-
s
1200
=
L
5
N
1000f

(b) Transverse direction
1400t —

x
£1200 ——980°C
s —960°C
Emoo- —940°C
o

800}
600 : - - : -
6 12 18 24 30
Strain/%
409
9\335
2
=30F
(]
A
25F
20

940 80

Tempe%g%)ure /°C ’





media/file9.jpg
Rolling plane (a) ROND plane (D)
(RD-TD plane)
s B & — ] )
s =
sstrc. S
e o
W 0 @ 70 s 9 lo 4 S0 G 7050 90 10
"

200






media/file0.png





media/file8.png





media/file17.jpg





