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Abstract

:

Nickel-based superalloys are extensively used in the aerospace and power generation industries due to their excellent mechanical properties at elevated temperatures and good corrosion resistance. Typically, these alloys require accomplishing critical standards during their manufacturing process. In this study, an Inconel 718 (IN718) Ni-based superalloy was subjected to a delta-processing treatment (DP718) and subsequently deformed at high temperature. Samples were compressed below and above the δ-solvus temperature at two different strain rates of 0.001 s−1 and 0.01 s−1. A detailed microstructural characterization was carried out by the electron backscattered diffraction technique (EBSD). Kikuchi patterns and the orientation relationship of the δ-phase were identified. For samples deformed above the δ-solvus at 0.01 s−1, an increase in the percentage of low angle grain boundaries (LAGB) within deformed grains and a decrease in high angle grain boundaries (HAGB) were observed. Comprehensive observation of the microstructural evolution of IN718 subjected to DP718 using orientation map images was also performed.
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1. Introduction


The control of the microstructure of nickel-based superalloys in manufacturing processes is critical for the development of optimal mechanical properties [1,2]. The properties of Inconel 718 (IN718) are sensitive to the grain size evolution during forging operations. In this alloy, the presence of the δ-phase promotes grain refinement during hot working and prevents excessive grain growth during heat treatment operations [3,4,5,6]. Since the development of nickel-based superalloys, several investigations have been conducted to evaluate and optimize their microstructure and performance for different applications [7,8,9,10,11,12,13,14,15]. One of the most common setbacks in the forging industry is obtaining refined microstructures, particularly in areas close to the contact with the dies where the lack of deformation due to friction and high heat transfer conditions avoids any microstructural modification by forging. Due to the nature of this pinning mechanism, the amount, size, and morphology of the intergranular phase (δ-phase) strongly influences the effectivity of grain size control, as well as other mechanical properties of a polycrystalline composite [16]. In addition to this, it has been reported that during deformation at elevated temperatures, the partial dissolution and breakage of the needle-like phase influence the dynamic recrystallization (DRX) behavior of the alloy since these particles play the role of “nucleation sites” to stimulate the onset of DRX [7,9]. Thereby, the search for alternative processing routes continues. One possible solution for IN718 is the application of the so-called delta-processing (DP718) route. This treatment includes an intentional δ-phase precipitation cycle as a preparation for the subsequent thermomechanical processing. It has been reported that DP718 can produce uniform fine grains [17,18,19,20,21,22,23,24]. Although DP718 is derived from a process known as “mini grain” mainly used in ingot-billet conversion [25,26,27], it also finds an opportunity as a possible industrial forging process.



The aim of this work is to investigate the microstructural features of an IN718 superalloy subjected to DP718, including the identification of the δ-phase and the evaluation of the microstructure evolution by the electron backscattered diffraction (EBSD) technique. This latter technique can be used to facilitate phase identification based on chemical composition and crystalline structures [28]. Moreover, it is helpful in characterizing the recrystallized fraction, as well as grain and sub-grain boundaries by analysis of the relative misorientation between adjacent points. Typically, grain boundaries (GB) can be drawn between pixels with misorientations larger than 2–5°. Lower values are not usually considered because the angular resolution of this technique is limited to ~0.5°. Usually, grain boundaries with misorientations between 2° and 10° are considered sub-grains or low angle grain boundaries (LAGBs), while limits with misorientations > 10° are considered high angle grain boundaries (HAGBs). If neighboring pixels belong to different phases, phase boundaries can be displayed instead [29,30]. Finally, it is possible to detect and measure special limits, such as the so-called coincident site lattice (CSL), i.e., limits in which there is a good atom crystallographic match across the boundary and a significant fraction of common atoms sites to both crystals. The reciprocal of the common sites of atoms that are common to both crystals (sites coincidence) to the network sites is denoted by Σ [31]. In particular, twin boundaries, Σ3, have great importance in nickel-based alloys.



Some researchers have already used EBSD analysis for nickel-based superalloys. For instance, the flow behavior of IN718 by hot compression tests conducted at several conditions in connection with the grain boundary misorientation angle distribution at different temperatures, microstructural evolution, and twinning formation during dynamic recrystallization has been analyzed [21,31,32,33,34]. It has also been found that twin boundaries are particularly resistant to precipitate formation, and no clear evidence has been found for a special relationship between boundary misorientation and precipitation [35]. The fraction of LAGBs has been also investigated, and the results indicate that it decreases with the increase of the deformation temperature. Additionally, the decrease of the strain rate and the small fraction of LAGBs indicate that continuous dynamic recrystallization (CDRX) plays a minor role in the nucleation of dynamic recrystallization in nickel-based superalloy, at least at relatively high temperatures and low strain rates [36]. The microstructural evolution during superplastic deformation of Inconel 718 and the grain size after deformation, while the δ-phase precipitation is increased, have been also studied. In this latter case, the δ-phase precipitation is increased by the superplastic deformation, and the final grain size is also increased when the δ-phase precipitation is decreased at increasing experimental temperatures [37].




2. Materials and Methods


The IN718 alloy studied here has the following chemical composition (in weight percent): Ni balance, Cr 17.96, 18.72 Fe, Nb 5.41, 0.51 Al 1.01 Ti, 2.88 Mo. A workpiece with an initial height of 150 mm and a diameter of 100 mm was deformed at 980 °C and at a strain rate of 0.13 s−1 using an industrial hydraulic (FRISA Aerospace, Santa Catarina, Mexico) press to achieve a reduction of 73%. After deformation, the piece was cut and macro-etched to obtain deformation flow patterns (see Figure 1). Localized deformation flow is observed in the central area and edges, while the upper and lower zones have a limited deformation flow due to the friction with the pressing tools. Two specimens were machined from this upper zone, marked as A and B in Figure 1, i.e., an area where partial recrystallization was expected. Samples had an initial height of 10 mm and were 7 mm in diameter, and they were subjected to DP718 consisting of a solution treatment at 1100 °C for 1 h, then water quenching and an aging treatment at 900 °C for 24 h, followed by water quenching. After the heat treatment sequence, samples were compressed at temperatures below and above the δ-solvus in order to include two different deformation conditions: accordingly, Sample A was tested at 0.001 s−1 and 960 °C (below the δ-solvus) and Sample B at 0.01 s−1 and 1020 °C (above the δ-solvus). Samples were compressed to a total strain of 0.6, and then, the metallographic preparation was performed by standard procedures.




3. Results


Grain size was measured according to the standard ASTM E-112, using the method of the comparison images of maps graduated at 100 magnification. The final grain size decreases after DP718 deformation in relation to the grain size before DP718 thermal treatment, as observed in Figure 2 and Table 1. One can notice that the grain size is heterogeneous, where relatively fine sizes coexist with some abnormally large ones (indicated as “as large as” (ALA) in Table 1).



3.1. Grains and Grain Boundaries Behavior of the γ-Phase with Delta-Processing


The recrystallized fractions of the samples are depicted in Figure 3, Figure 4 and Figure 5. In these cases, the assigned parameter of the minimum misorientation to separate sub-grains from grains was selected as 2°, while 8° was chosen to separate recrystallized grains from deformed grains. These are the typical values found in the literature [28,29,30,31]. The recrystallized fraction of a sample with delta-processing treatment but without deformation is shown in Figure 3a. Accordingly, the histogram of Figure 3b illustrates that 95% of the grains are recrystallized, 5% are sub-structured grains, and due to the absence of deformation after DP718, virtually no deformed grains are present. The grain size distribution before the compression testing has an initial average grain size of 39.5 µm.



On the other hand, after deformation, this average grain size goes down to 10 µm. In the deformation condition of Sample A (0.001 s−1 and 960 °C), depicted in Figure 4a, the microstructure switches to 60% deformed grains, 20% recrystallized grains, and 20% sub-structured grains (Figure 4b). It is readily apparent that recrystallized grains (the blue ones) form a sort of necklace around deformed grains. Such a topology leads to assuming that the recrystallization mechanisms must be categorized as discontinuous (or classical) dynamic recrystallization based on the sequence hardening-energy storage and softening-energy relief, which leads to the nucleation of new grains at the initial grain boundaries [38].



Moreover, Figure 5a,b shows the recrystallized fraction of Sample B deformed at 0.01 s−1 and 1020 °C, where 20% of grains are recrystallized, 35% sub-structured, and 45% deformed. The average grain size of deformed Sample B is 13 µm.



Figure 6 displays the grain boundaries’ nature derived from the EBSD analysis. Here, the grain boundaries with disorientations < 15° are considered LAGB limits, while boundaries with disorientations > 15° are considered random HAGB limits (green and red < 15°; black > 15°). The sample without deformation is presented in Figure 6a, where several high angle grain boundaries and annealing twins can be noticed. In contrast, Figure 6b shows Sample A after deformation at 0.001 s−1 and 960 °C. A dramatic decrease in both twin oriented boundaries and HAGBs is observed, together with a remarkable increase in LAGBs, suggesting a close relationship between temperature and strain with grain boundaries’ misorientation. Notice that most LAGBs (in green) within the deformed grains are identified as sub-grains and sub-structure as observed in the recrystallized fraction. Nevertheless, a saturation of the δ-phase concentration is conducive to the generation of more obstacles to dislocation motion. The clustering and climbing of dislocations at grain boundaries during deformation can broaden the grain boundaries and can promote LAGBs, which could result in an increase of hardness and embrittlement of the alloy.



Similar results are shown in Figure 6c for Sample B (deformed at 0.01 s−1 and 1020 °C). However, the amount of LAGBs is larger than in deformed Sample A, indicating that the lower strain rate has a greater effect on sub-structuring grains than the increment of temperature has on reducing the fraction of LAGBs. This evinces that if the strain rate increases, even at a temperature of 1020 °C, above the δ-solvus, the LABGs tend to increase. Therefore, the increase of the HAGBs is directly related to the increase of the temperature and the decrease of the strain rate.



The EBSD study also allows examining the nature of the boundaries and detecting those belonging to CSLs. These special limits are known to possess relatively little energy and mobility, and therefore, exhibit a different behavior during recrystallization than ordinary boundaries. In this respect, Figure 7a presents CSL boundaries for the sample with DP treatment and no deformation; 46% of the CSL boundaries are of the Σ3 type (in red), i.e., annealing twins. The second CSL in importance in Figure 7a is the Σ9 boundaries with a presence of approximately 2%. This observation sets a clear presence of twins formed during thermal treatment DP718 in a virtually recrystallized microstructure with a small percentage of sub-structured grains.



During boundary migration, interactions take place predominantly among existing Σ3 boundaries, leading to multiple twins. These interactions occur frequently between two existing twins, which results in a Σ9 limit, according to the relationship Σ3 + Σ3 = Σ9. When a Σ9 boundary is generated in this form and the result interacts with another Σ3 limit, the result is a new boundary Σ3 or Σ27 according to the relationship Σ3 + Σ9 = Σ3 or Σ3 + Σ9 = Σ27. However, from the statistics of Σ3, Σ9, and Σ27 boundaries in various microstructures, as in the present one, it follows that Σ3 + Σ9 = Σ3 occurs more frequently than Σ3 + Σ9 = Σ27 [39,40,41,42,43].



The EBSD results of Sample A deformed at strain rate of 0.001 s−1 and 960 °C are presented in Figure 7c. There is a noticeable decrease in the percentage of twins Σ3 to 3.5%. A similar result is displayed in Figure 7e for Specimen B (deformed at 0.01 s−1 and 1020 °C).




3.2. Identification of δ Phase and Orientation Relationship with the γ-Phase


The structural parameters needed to identify the δ-phase (Ni3Nb) by EBSD are presented in Table 2. In accordance with the literature [36,37], Ni3Nb is an ordered and orthorhombic phase, having the space group Pmmn n°59, and the following lattice constants: a = 5.114 Å, b = 4.244 Å, and c = 4.538 Å. It is a center symmetric structure with eight atoms per unit cell, and because cell parameters b and c are similar, this phase can be considered distorted tetragonal. Figure 8 shows: (a) the SEM image of Sample B, indexed by backscattered electron Kikuchi patterns (EBSKP) of γ (in b) and δ (in c) with EBSKP overlay in blue and yellow, respectively, using nickel parameters existing in the software database for γ and the parameters of Table 2 for δ. Figure 9a presents the orientation imaging microscopy (OIM) identification of the γ-phase and δ-phase for Sample B after DP plus deformation at a strain rate of 0.01 s−1 and 1020 °C. The γ-phase is identified in blue color and quantified to be 91.1% in volume fraction (relating only to indexed niobium in the γ- and δ-phases), and the δ-phase is identified as yellow with 8.95% and is found mostly at grain boundaries. The fact that most of the δ-phase is at grain boundaries suggests a pinning effect and thus a grain growth control during hot deformation. Figure 9b shows an SEM image by electron backscattering diffraction with black contrast.



Recently in the literature, a new phenomenon was reported, namely the grain boundary wetting phase transitions by a second solid phase [44]; this investigation found specific similarities with reported results, such as the formation of layers or needle shapes along the grain boundaries of the second solid phase (as shown in Figure 9a); the grain boundary wetting phase transition, as aforementioned, may be present due to the increase of LAGBs (as shown in Figure 6), resulting in the increase in the portion of the wetted area at grain boundaries; this may allow the growth of layers or needle shapes along the grain boundaries of the second solid phase.



Phase boundaries and the deviation angle in the orientation relationship, between the γ- and δ-phases through the EBSD of Sample B of Figure 9 are presented in Figure 10. This orientation relationship is found and fixed in the software to define deviation limits among planes and directions as {111} γ//{110} δ and <1-10> γ//<1-11> δ, respectively. Phase boundaries identified by three different colors with respect to the deflection angle, yellow > 10°, lime green > 20°, and turquoise > 30°, are shown in Figure 10 The OIM indicates that there is a large presence of limits higher than 30° (turquoise).



Furthermore, γ and δ misorientation is presented in Figure 11. The highest percentage of average angle misorientation of the γ-phase of 80% corresponds to angles < 1° (blue), as illustrated in Figure 11b, and the δ-phase presents a percentage on average of 12% angle misorientation < 1° (red tones), as shown in Figure 11c. This reveals that both phases are mostly a necessary ratio of less than one for a reference frame transformation of a crystalline network to another [34,45,46,47], i.e., the orientation distance in space between two different orientations.



For the local change of crystalline orientations produced inside the grains, a dispersion of crystalline orientations was found, which increases with a random distribution and deformation in the crystallographic orientation, irrespective of the axis, Z0, Y0, and X0.





4. Conclusions


In this investigation, it is apparent that the time taken for specimens subjected to deformation at a temperature above the δ-solvus (1020 °C, Sample B) is sufficient to promote recrystallization in deformed grains. However, the stored energy after work hardening depends directly on the strain rate, meaning that if the strain rate is not high enough (in this study, above 0.001 s−1, Sample A), the nucleation of new recrystallized grains at grain boundaries will be more difficult, and recrystallization may only take place at deformed grains.



The δ-phase is found mostly at grain boundaries, but is also appreciated within grains and especially at the twin limits, as shown in Figure 9. The fact that the δ-phase is located at grain boundaries leads to a pinning effect and thus a grain growth control during hot deformation.



The formation of CSL boundaries increases with the amount of recrystallization (high temperatures and low strain rates), suggesting that the time for deforming the sample at a temperature higher than the δ-solvus is sufficient to promote deformed grains’ recrystallization and twin boundaries Σ3, even if the strain rate increases.



New recrystallized grains after the necklace nucleation appear at temperatures below the δ-solvus and higher strain rates.



The grain shape and grain size depend directly on the deformation conditions; low strain rates and high deformation temperatures affect the δ-phase concentration and nucleation of new recrystallized grains at grain boundaries. However, the recrystallized fraction depends on several simultaneous factors such as grains size (related to the thermo-mechanical history before and after DP718), the volume fraction of the δ-phase, and the deformation temperature and strain rate.
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Figure 1. Cuts and macro-etched image of the deformed sample; specimens from the A and B regions were sectioned from the sample to perform the delta-processing treatment (DP718). 
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Figure 2. Metallographic images: (a,d) after industrial deformation without DP718; (b,e) after thermal treatment DP718 before DP718 deformation; (c,f): after DP718 deformation. (a–c) correspond to Sample A. (d–f) correspond to Sample B. 
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Figure 3. Recrystallized fraction for a sample with delta-processing treatment without deformation: (a) recrystallized grains (blue), substructured grains (yellow), deformed grains (red); (b) frequency (in %). 
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Figure 4. Recrystallized fraction for Sample A with delta-processing treatment and deformation: (a) recrystallized grains (blue), substructured grains (yellow), deformed grains (red); (b) frequency (in %). 
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Figure 5. Recrystallized fraction for Sample B with delta-processing treatment and deformation: (a) Recrystallized grains (blue), substructured grains (yellow), deformed grains (red); (b) frequency (in %). 
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Figure 6. Results of EBSD grain boundaries (green and red < 15°; black > 15°): (a) specimen without deformation; (b) Specimen A; (c) Specimen B. 
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Figure 7. EBSD results of CSL boundaries for specimens (Σ3 in red): (a) sample without deformation; (c) Specimen A; (e) Specimen B; (b,d,f): Frequency histogram of sigma-value. 
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Figure 8. Backscattered electron Kikuchi patterns (EBSKP) indexing of Sample B. (a) SEM image; (b,c) nickel γ-phase (blue) and δ-phase (yellow) EBSKP overlay, respectively. 
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Figure 9. (a) δ-phase identification in Sample B by orientation imaging microscopy (OIM) analysis, γ-phase (blue) and δ-phase (yellow). (b) Backscattered electron SEM image. 
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Figure 10. Sample B. OIM, orientation relationship (yellow > 10°, lime green > 20° and turquoise > 30°), phase limits. 
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Figure 11. Sample B. OIM: (a) misorientation relationship (γ < 1° in blue, δ < 1° in red tones) phase limit; (b) γ “frequency vs. average disorientation”; (c) δ “frequency vs. average disorientation”. 
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Table 1. Grain size evolution.






Table 1. Grain size evolution.





	
Sample

	
Grain size Average ASTM (µm)




	
After Industrial Deformation without DP718

	
After Thermal Treatment DP718 before DP718 Deformation

	
After DP718 Deformation






	
A

	
6 (45 µm) ALA 3 (127 µm)

	
3 (127 µm) ALA 2 (180 µm)

	
6 (45 µm) 60%, (16 μm) 40% ALA 5 (63 µm)




	
B

	
7 (31 μm) 70%, 6 (45 µm) 30% ALA 5 (63 µm)

	
4 (90 μm) ALA 3 (127 µm)

	
4 (90 µm) 70%, 5 (63 µm) 30%








ALA—as large as.
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Table 2. Structural parameters of δ phase at 25 °C: Pmmn n°59 with a = 5.114 Å, b = 4.244 Å, and c = 4.538 Å [38].
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	Element
	Wyckoff
	x
	y
	z
	Occupation





	Ni (1)
	2a
	0
	0
	0.3182
	1



	Ni (2)
	4f
	0.7494
	0
	0.8414
	1



	Nb (1)
	2b
	0
	1/2
	0.6513
	1
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