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Abstract

:

Improving the high-temperature stress rupture properties of Inconel 718 (IN718) alloys is crucial for enhancing aircraft engine performance. By using the laser powder bed fusion (LPBF) technique, IN718 alloys were crafted at varying volumetric energy densities (VED) in this study. The dendrite growth mode, reinforcing phase distribution and high temperature stress rupture properties of various VED samples were investigated. The results showed that the stress rupture life and the uniform elongation of the samples both first increased and then decreased with the increase in VED. When the VED was 60 J/mm3, the maximum rupture life and elongation of the sample were 43 h and 3.8%, respectively. As the VED increased, the angle of dislocation in the dendrite decreased while the spacing between primary dendrite arms increased, resulting in an increase in the size and volume fraction of the Laves phase. Following a heat treatment, the δ phase would nucleate preferentially around the dissolved Laves phase causing an increase in the volume fraction of the δ phase with the increase in VED. The creep voids readily formed around the δ phase are distributed along the grain boundaries, while the inhomogeneous δ phase and fine grains facilitated crack initiation and propagation. Furthermore, a significant quantity of the δ phase consumed the Nb element, thereby hindering adequate precipitation in the γ″ phase and causing cracks.
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1. Introduction


Nickel-based superalloys are gaining popularity owing to their exceptional mechanical properties at high temperatures [1]. Inconel 718 (IN718) is a nickel-based superalloy which finds extensive application in the aviation, aerospace, chemical and energy sectors [2,3]. The alloy exhibits exceptional mechanical properties up to 650 °C, making it well-suited for producing sophisticated components with a high worth and effectiveness, including combustion chamber casings, compressor disks, and turbines [4,5,6]. Incorporating structural and functional elements into complex components is becoming a crucial means of enhancing performance and innovation for aero-engines and gas turbines [7,8]. However, traditional material processing cannot meet the requirements of integrating lightweight and complex components. Thus, there is a pressing need for a technology that can successfully fulfil the geometric and mechanical requirements of the products.



The integration of structural and functional properties into complex components has gradually become an important approach for innovating and enhancing the performance of aero-engines and gas turbines. However, traditional material processing cannot meet the requirements of integrating lightweight and complex components. Thus, it is imperative to develop a technology that can fulfil the geometric and mechanical specifications of products.



Laser powder bed fusion (LPBF) was developed from the basic principle of prototype manufacturing technology. A three-dimensional digital model of the part was sliced and layered with special software, and the high-energy laser beam was used to selectively melt the metal powder to manufacture 3D solid parts [9,10,11]. LPBF becomes a key candidate for manufacturing complex IN718 alloy parts due to its cost-effective and time-saving processing features [12].



Many authors have studied the effects of process parameters on the mechanical properties of LPBF IN718 [13,14,15]. Yang et al. [16] observed that an extension of laser energy resulted in a decrease in tensile power due to the enlargement of the Laves phase. Du et al. [17] studied the effects of build direction on the microstructure and tensile sections of LPBF IN718. It was once found that the fraction of Laves segment and the strength of samples extended with a growing incline angle in the construct direction. The process parameters affected the microstructure and mechanical properties of LPBF IN718 alloy mainly by controlling the Laves phase. However, the Laves phase would be converted to the δ phase after heat treatment, and the δ phase has a greater impact on the high-temperature mechanical properties of the material [18,19,20].



The presence of the δ phase has been shown, in multiple studies, to alter the microstructure and enhance the mechanical properties of the LPBF IN718 alloy. Zhang et al. [21] studied its high-temperature stress rupture properties and found that samples without an δ phase at grain boundaries had the best stress rupture properties. Shi et al. [22] demonstrated that the heat-treated samples were prone to forming creep voids and microcracks around the δ phase at the grain boundaries during the creep rupture test, thereby accelerating the occurrence of fracture behavior. Gao et al. [20] discovered that an appropriate heat treatment can regulate the morphology and distribution of the δ-phase, leading to an enhancement in the high-temperature mechanical properties of the IN718 alloy. Nonetheless, the latest research has solely examined the impact of different heat treatment methods on the δ phase and mechanical characteristics. The effect of different VEDs on the precipitation behavior in the Laves phase, and the effect of the Laves phase in the as-deposited sample on volume fraction and the distribution of the δ phase after heat treatment deserve further investigation.



The study aims to examine how the Laves phase affects precipitation in the δ phase in samples with varying VED and its impact on stress rupture properties. Additionally, the research aims to establish the relationship between process parameters, precipitates and high-temperature mechanical properties.




2. Materials and Methods


The experiment was conducted using an EOS M290 machine which was fitted with a Yb-fiber laser with a maximum capacity of 400 W. The stainless substrate underwent preheating to reach a temperature of 80 °C. During the printing process, the oxygen content was kept below 100 ppm, and argon was utilized as a protective gas. The chemical composition of the gas atomized IN718 powder is shown in Table 1. The particle size of the IN718 powder ranged from 15 μm to 53 μm, and the scanning electron microscope (SEM) images of the powder are shown in Figure 1. The main parameters are shown in Table 2. The formula for calculating the VED is shown in Equation (1):


  V E D =   P   v · h · t    



(1)




where P is the power of the laser, v is the scanning speed, h is the distance between the hatches and t is the thickness of the layer. The scanning strategy was striped, and the layers were rotated by 67°. The as-deposited samples with different VED were named S1, S2 and S3, respectively. The as-deposited samples were heat treated in accordance with the industry standard heat treatment for wrought IN718 alloy [23].



The specific heat treatment was as follows: solution heat treated at 980 °C for 1 h followed by compressed argon cooling to room temperature and 2-stage ageing: 720 °C for 8 h followed by furnace cooling to 620 °C at a cooling rate of 50 °C/h; then the samples were held at 620 °C for 8 h before air cooling to room temperature. After heat treatment, the samples were designated as H-S1, H-S2 and H-S3, respectively.



The metallographic samples prepared by LPBF were initially ground and subsequently polished. When grinding, sandpaper is used in this order (120 mesh, 400 mesh, 800 mesh, 1200 mesh, 2000 mesh, 2500 mesh). After we finished polishing, polishing pastes of W5, W2.5 and W.5 were used for polishing. Afterwards, the polished samples were subjected to etching in a solution containing (5 g CuCl2 + 7 g FeCl3 + 100 mL HCl + 20 mL HNO3 + 100 of H2O) for a duration of 20 s. Microstructure investigations were conducted utilizing an optical microscope (OM) and SEM equipment. The Tecnai G2 F30 S-TWIN (FEI Nano Ports Co., Ltd., Waltham, MA, USA) transmission electron microscope (TEM) was employed to identify the distribution of the strengthening phases. TEM samples were prepared using the focused ion beam (FIB) method, and the thickness of the samples was about 100 nm. The Image J software (v1.53) was used to measure strengthening phases size.



Rupture tests were conducted to evaluate the high-temperature mechanical properties of the IN718 alloy. Test samples for the rupture tests were prepared following the ASTM E139 standard [24], as shown in Figure 2. The rupture test was conducted at a temperature of 650 °C and a pressure of 690 MPa on a rupture testing machine RDL100 (Jiangsu Wallong-Hsin Machinery Engineering Corporation Co., Ltd., Wuxi, China). Three samples were tested in each set of experiments.




3. Results and Discussion


3.1. Microstructure Evolution of LPBF IN718


The microstructure of the as-deposited sample, in the direction of building, is provided in Figure 3. The microstructure of all samples exhibited a characteristic fish-scale appearance along the X-Z direction, which is represented in Figure 3a–c. The columnar grains grew mainly due to the heat flow direction during the solidification of the molten pool being nearly parallel to the deposition direction, and the competitive growth of grains [25]. In as-deposited LPBF IN718 alloy samples, the depth and width of the molten pool increased with greater VED. The length and width of the molten pool were greater for high power laser samples than for low power ones. A higher laser power resulted in grains that were prone to epitaxial growth. Overlapping areas could re-melt and re-solidify during the melting of adjacent tracks or layers due to the high laser power [16,26].



The segregation of elements (Nb, Mo, Ti) in IN718 alloy leads to the formation of a large number of Laves phases between the molten layers of the alloy [7,27]. The interdendritic region was particularly susceptible to the formation of the Laves phase, as shown in Figure 4a–c. The Laves phase typically measured 1–2 μm in length, and its chemical formula was (Ni, Fe, Cr)2(Nb, Mo, Ti) [28]. The Laves phase would dissolve and transform into the δ phase after heat treatment. The microstructures of the samples post heat treatment are presented in Figure 4d–f. The δ phase was visible in both needle-like and short rod-like shapes. Moreover, the δ phase generally had a size of 0.5–1 μm and a chemical formula of Ni3Nb in the IN718 alloy [29]. Using Image J software (v1.53), the volume fraction of the Laves and δ phase was determined through statistical analysis (Figure 5). The volume fractions of the Laves phase in different VED samples were calculated to be 6.35%, 7.75% and 9.86%, respectively. After undergoing heat treatment, the respective volume fractions in the δ phase in the three samples were 4.74%, 5.54%, and 7.83%, respectively. The volume fractions of both Laves and δ phases increased with an increase in VED.



To compare element distribution and precipitate morphologies in the as-deposited and heat-treated samples, we selected S2 and H-S2 for TEM observation. High-angle annular dark field (HAADF) TEM micrographs for the Laves and δ phases appear in Figure 6a,c, respectively. High-density entangled dislocations were found in the intergranular boundaries and matrix regions of S2, in addition to precipitates. The distribution of the main elements can be observed in Figure 6b,d using X-ray energy dispersive spectroscope (XEDS) elemental mapping from the white dotted square. Continual segregation of Nb, Mo and Ti and numerous precipitates along the cellular boundary were observed in the as-deposited sample. However, in H-S2, partial dissolution of the Nb, Mo, and Ti segregation occurred after solution treatment, and the γ′/γ″ phases were precipitated during the aging stage. The entangled dislocations of high density vanished, resulting in a more uniform microstructure.




3.2. Stress Rupture Properties of LPBF IN718


The stress rupture characteristics of the three sample groups following heat treatment at high temperatures are depicted in Figure 7. The average rupture life of the three samples were 19.5 h, 43.0 h and 32.1 h, respectively. The three samples displayed similar, unsatisfactory elongation rates of only 2.3%, 3.8% and 2.8%, respectively. The average rupture life and elongation of the three samples initially rose before decreasing alongside the increment of VED.



The fracture surfaces of three samples, as depicted in Figure 8, exhibited intergranular fracture. The mode of fracture was primarily brittle, and the fracture surface was plain, with small and shallow dimples observed in all three samples. As a result, the elongation of the three samples was limited. Micro-voids developed at the interface between the strengthening phase particles and the matrix, facilitating the generation of dimples.




3.3. Analysis of Precipitates in Samples with Different VEDs


To better depict the progression of the Laves phases in the three sample types, the Image J software (v1.53) was employed to tally the lengths, widths and aspect ratios of the Laves phases. Figure 9 demonstrated the statistical findings, whereby the size of the Laves phase grew with increasing VED. The length increased at a slower rate than the average width of the Laves phase, resulting in the aspect ratio of the Laves phase being the smallest in S3 (Figure 9d). The formation of the Laves phase occurred within the interdendritic region during solidification. The morphologies and distributions of the phase were determined primarily by the behavior of dendrite growth [30]. The conventional model for columnar dendrite grain growth suggests that dendrite orientation primarily depends on undercooling differences [31]. For the IN718 alloy, this direction was along its <001> crystallographic orientation, which formed the smallest angle with the local temperature gradient. Each dendrite arm had a misalignment angle θ relative to the temperature gradient (−45° ≤ θ ≤ 45° for the 2-D case), as presented in Figure 10a. The Vθ denoted the growth rate of the dendrite arm and was calculated by dividing VL (the velocity of the liquidus isotherm) by the cosine of θ. The cooling rate of molten materials was negatively correlated with the VED, thus a decreasing trend for the misalignment angle θ was shown in S1–S3. In addition, Equation (2) [32] was commonly used to determine the primary dendrite arm spacing (PDAS, measured in mm).


  P D A S = 80   ε   − 0.33    



(2)




where PDAS is the primary dendrite arm spacing of laves phase. ε is cooling rate of molten pool. From the formula, it can be found that PDAS was inversely proportional to the cooling rate (ε, K/s). As the VED increased, the samples exhibited a larger PDAS and a smaller misalignment angle θ, as shown in Figure 10b. A small PDAS and a large misalignment angle θ easily caused a dense distribution in the Laves phase, as shown in Figure 10c. In contrast, the slower cooling rate at a high VED allowed enough time for Nb, Mo and Ti atoms to diffuse into the interdimer region. This led to the enrichment of abundant atomic groups which served as nucleation sites for the Laves phase. Therefore, more Laves phases were formed at higher VED samples, as shown in Figure 5 and Figure 9.



The gradual dissolution of the Laves phase consists of three main stages: Laves phase decomposition, solute atom transfer to the γ matrix through boundary and solute atom diffusion [33]. At the beginning of the Laves phase dissolution, three-dimensional diffusion predominantly controlled the process. During the later stage of the dissolution of the Laves phase, the interfacial reaction prevails due to the chemical potential gradient at the interface and the decrease in concentration difference between the Laves phase and the γ matrix, as specified in reference [34]. The δ phase was mainly nucleated at the early stage of heat treatment, so the three-dimensional diffusion mechanism also affected nucleation in the δ phase. The role of Nb in three-dimensional diffusion was significant, and its distribution and diffusion had a considerable impact on the size, morphology and distribution of the δ phase. However, heat treatment of the solution at 980 °C was insufficient to achieve the complete diffusion of Nb. Atoms close to the dissolved Laves phase form diffusion migration first. Therefore, δ phases preferentially produce critical nuclei around the Laves phase [35]. The presence of the Laves phase in the solid solution affected the size and distribution of δ phase in heat treated samples. The contents of Laves phase and δ phase increased with the increase in VED.




3.4. The Influence of Precipitates on Stress Rupture Properties


The longitudinal sections in the rupture fractures were characterized to explain the fracture mechanism, as shown in Figure 11a–c. The plastic deformation ability and stress rupture life of the sample can be indicated by the distribution and length of cracks. The crack length was noticeably shorter in H-S1 than in H-S2 and H-S3. Although the crack distribution in H-S3 was similar to H-S2, the length of cracks was shorter in H-S3 than in H-S2. The cracks primarily occurred at grain boundaries or at the triple point of grain boundaries. The crack number density at approximately 3 mm from the fracture surface of the three sample groups was depicted in Figure 11d. Initially, the samples exhibited a decrease in their crack density as the VED increased. It was found that the crack density is inversely proportional to the durability and elongation of the samples in line with the results of the stress rupture test presented above.



In general, we thought that the long strip of black cracking defects connected together, as shown in Figure 11, and were called micro cracks. Its span size was generally in the range of 1–2 μm. In the creep process, the circular defects that were not connected with the other crack defects were called creep voids. Their sizes were mostly less than 1 μm. Some creep voids would grow up due to tensile stress, as shown in Figure 12b.



The samples with different VED had an δ phase with different morphologies and sizes after heat treatment. The stress rupture properties were significantly affected by the volume fraction, distribution, and morphologies of the δ phase. As can be seen from Figure 12, the influence of δ-relative durability can be divided into three situations: (1) the δ phase acted as the source of the crack, (2) the crack propagated along the accumulated δ phase, (3) the δ phase affected the precipitation in the γ″ phase, causing cracks. In this investigation, the ratio of the creep temperature (T) to the melting point (Tm) of the IN718 alloy was roughly 0.5. Creep voids had the ability to form and develop at grain boundaries when the T/Tm ratio ranged from 0.3 to 0.6 [19]. Creep voids were found surrounding the δ phase, which was distributed along the grain boundaries, as illustrated in Figure 12a–c. The growth, connection and coalescence of these creep voids resulted in the development of microcracks along the grain boundaries. Furthermore, crack extension could occur at the junction of different grain boundaries due to a disordered atomic arrangement, as shown in Figure 12d.



The S1 had the smallest grain size, and due to the fine-grained material’s large grain boundary area per unit volume, there was potential for the nucleation and growth of creep voids at the grain boundaries. The flatter grain boundaries in fine-grained materials made it easier for cracks to propagate. In summary, the H-S1 exhibited the worst stress rupture properties. The uniformly distributed δ phase and suitable grain size in the H-S2 enable it to exhibit optimal stress rupture properties. Groups of δ phases that were aligned parallel to the creep tensile axis were observed in H-S3. These types of δ phases showed minimal impact on the stress rupture properties. However, the δ phase consumed a large amount of the Nb element, so that the γ” phase could not be sufficiently precipitated in H-S3. Therefore, cracks tended to initiate around a large number of δ phases in the region.





4. Conclusions


In this study, the microstructure evolution and high temperature stress rupture properties of IN718 alloy prepared by LPBF under different VED were analyzed. The following conclusions can be drawn:




	
The existence of the Laves phase in the IN718 alloy was related to the solidification conditions during LPBF process. With an increase in VED, the size and content of Laves phase increased proportionally.



	
After heat treatment, the Laves phase dissolved, resulting in the preferential nucleation of the δ phase in the region where the Laves phase had dissolved in the form of short rods. The volume fraction of δ phase also increased with the increase in VED.



	
Creep voids were easily formed around the δ phase and were distributed along the grain boundary. The inhomogeneous δ phase and fine grains were beneficial to the initiation and propagation of cracks.



	
The δ phase group parallel to the creep tensile axis has little effect on the stress rupture properties. Cracks were more likely to initiate in regions lacking a γ″ phase.
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Figure 1. SEM images characterizing particle size in IN718 powder: (a) 1000×, (b) 5000×. 
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Figure 2. (a) Samples of LPBF process, (b) Dimensions of stress rupture samples (unit: mm). 
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Figure 3. OM images on build direction of the as-deposited IN718 samples: (a) S1, (b) S2, (c) S3. 
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Figure 4. SEM images on build direction of the as-deposited and heat-treated IN718 samples: (a) S1, (b) S2, (c) S3, (d) H-S1, (e) H-S2, (f) H-S3. 






Figure 4. SEM images on build direction of the as-deposited and heat-treated IN718 samples: (a) S1, (b) S2, (c) S3, (d) H-S1, (e) H-S2, (f) H-S3.



[image: Coatings 13 02087 g004]







[image: Coatings 13 02087 g005] 





Figure 5. The volume fraction of Laves phase and δ phase in diverse VED samples. 
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Figure 6. HAADF STEM micrographs and XEDS elemental mapping from the white square: (a,b) as-deposited sample, (c,d) heat-treated sample. 
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Figure 7. Stress rupture properties of IN 718 at different VEDs. 
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Figure 8. Fractured surface of the samples after creep: (a) H-S1, (b) H-S2, (c) H-S3. 
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Figure 9. The statistical findings regarding Laves phases in the varied VED samples. (a) L (Length), (b) W (width), (c) aspect ratio, (d) the average length, width and aspect ratio of Laves phases, (e) the schematic parameter diagram of Laves phase. 
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Figure 10. Solidification of columnar dendrites under different VEDs: (a) schematic diagram of the competitive grain growth model; (b) the relationship between VED and PDAS and misalignment angle θ; (c) schematic of solute redistribution under different VED. 
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Figure 11. The longitudinal sections of the rupture fractures: (a) H-S1, (b) H-S2, (c) H-S3, (d) crack densities of three samples. 
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Figure 12. The LPBF IN718 sample after creep: (a) H-S1, (b) H-S2, and (c) H-S3, (d) sketch of the creep void and micro-crack formation during creep. 
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Table 1. The chemical composition of IN718 powder.
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	Element
	Ni
	Cr
	Nb
	Mo
	Al
	Mn
	Si
	C
	S
	Fe





	Wt%
	52.53
	20.19
	4.85
	3.10
	0.5
	0.055
	0.041
	0.025
	0.001
	Bal.










 





Table 2. The parameters of the LPBF process.
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Designation

	
Laser Power (W)

	
Scanning Velocity (mm/s)

	
Hatch (mm)

	
Thickness (mm)

	
Volume Energy Density (J/mm3)






	
S1

	
210

	
1000

	
0.1

	
0.04

	
52.5




	
S2

	
240

	
60




	
S3

	
300

	
75
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