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Abstract

:

316L stainless steel samples were prepared by selective laser melting (SLM) and annealed at 1000 °C for durations of between 1 and 6 h to investigate both the kinetics of microstructural evolution during heat treatment and the effect of annealing on mechanical properties. The as-printed materials contain a high density of oxide particles and dislocations, forming a dislocation cell substructure that shows high thermal stability during heat treatment. Moreover, coarsened oxide particles act as pinning barriers for moving dislocations and grain boundaries, thus extending the recovery and recrystallization process. The process of recrystallization can be effectively tracked by measuring the density of the low-angle misorientation boundaries associated with the oxide particles and dislocations, as characterized by high-resolution EBSD. The evolution of mechanical properties during annealing shows a strong relationship with the observed microstructural changes, suggesting possible optimization of strength and ductility of SLM-prepared metal samples by use of appropriate heat treatments.
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1. Introduction


The selective laser melting (SLM) technique is one form of laser powder bed fusion (LPBF) technique, where near-net-shape metal parts with near-full density can be directly prepared by fully melting metal powders using a laser beam, followed by solidification of the melt pools in a layer-by-layer manner [1,2,3,4]. The SLM technique is characterized by higher temperature gradients (104–107 K/m), higher cooling rates (105–108 K/s), and smaller molten pool sizes (about 100 μm) compared to conventional methods, such as casting or welding, due to the use of a high-energy-density focused laser beam to melt the metal powders [1,5]. These special conditions result in a complicated solidification behavior in the SLM process that takes place under non-equilibrium conditions. As a result, the solidification structure in metals prepared by SLM is complex, exhibiting features over a range of length scales, including melt pools, a microscale grain structure, dislocations, solidification dendrites, and nanoscale precipitates. Among these features, the nanoscale precipitates and dislocation cells associated with SLM in several alloying systems, including 316L stainless steel, are particularly unique [1,6,7,8,9].



The existence of oxide particles in SLMed 316L SS has frequently been observed by many researchers, though only a few studies have investigated the formation mechanism, with the most popular opinion being that the oxygen contained in the powder will remain in the matrix, where it can react with high-oxygen-affinity elements in steel to form inclusions [10,11]. Some other studies have suggested that oxygen in the chamber will also promote the formation of oxide particles [12,13]. Despite their unclarified formation mechanism, oxide particles have been found to be important in the formation of dislocation cell structures through their ability to pin mobile dislocations [7,13]. These microstructural features also play an important role in the improvement of mechanical properties and thermal stability of SLMed 316L SS.



The microstructural evolution during annealing is expected to be different to that of metals prepared by conventional methods, due to the microstructural heterogeneity. One notable characteristic of SLM-prepared 316L stainless steel is the enhanced thermal stability of the as-printed microstructure [14,15,16,17]. Previous studies have shown, for example, that SLM-prepared 316L stainless steel exhibits excellent stability during thermal annealing with regard to both the dislocation cell structures and oxide particles, due to pinning effects [18,19,20,21]. Moreover, the heat treatment conditions required to achieve full recrystallization of SLM-prepared 316L stainless steel are reported to be more demanding compared to conventionally processed counterparts. Specifically, a higher temperature is required to initiate recrystallization, and the kinetics of recrystallization are more sluggish [22,23,24,25]. For example, recrystallization takes place at 700 °C after 1 h annealing in 95% cold-rolled 316L stainless steel [26], and at about 800 °C after 1 h in 90% cold-rolled 316L stainless steel [27]. In contrast, in additively manufactured 316L stainless steel, recrystallization only takes place at temperatures of 1000 °C or higher after similar annealing durations [19,20,21,22,25]. These observations suggest a continued interaction between the oxide particles and dislocations that is expected to contribute to the mechanical properties in the heat-treated samples. Several previous studies have suggested that the maintenance of a high yield strength of additively manufactured metals after heat treatment could be attributed to the existence of oxide particles in the annealed samples [13,18]. It is of interest, therefore, to study the kinetics of microstructural evolution during annealing to optimize the mechanical properties of SLM metals during heat treatment. One aspect that is still only poorly characterized is the evolution of the oxide particles and dislocation cell structures during heat treatment over different durations, together with the effect of such microstructural evolution on the kinetics of recovery and recrystallization. In this work, therefore, we investigate the microstructural evolution and mechanical properties of 316L stainless steel samples via the investigation of samples annealed at 1000 °C for 1, 2, 3, and 6 h, and analyze the influence of the microstructural thermal stability both on recovery and recrystallization, and on mechanical properties.




2. Materials and Methods


Samples were prepared using a SLM 280 printing machine (SLM Solutions, Lübeck, Germany). The 316L stainless steel powder was purchased from Sichuan Skytech Additive Co., Ltd., Chengdu, China, and was produced by gas atomization with 90% of powder particles within the size range of 10–45 μm. The oxygen content in the powder was measured to be about 250 ppm. Prior to printing, the powder was dried in a vacuum at 80 °C for 6 h to remove moisture from the powder. The printing parameters were selected as a laser power of 180 W, a laser scanning speed of 600 mm·s−1, a powder layer thickness of 30 μm, and a rotation angle between layers of 67°. The printing process was carried out under an argon atmosphere, with oxygen content in the chamber measured as 1500 ppm. Using these printing conditions, the density of the printed samples was >99.9%, as measured using the Archimedes method. A bulk sample of 25 × 10 × 20 mm3 in size was printed, from which dog-bone-shape tensile samples for tensile experiments, and square plate samples for EBSD and TEM characterization of microstructures in the as-printed state and heat-treated state, were cut by electron discharge machining (see schematic in Figure 1). Note that, in this work, we investigate the mechanical properties of the samples with the tensile loading axis perpendicular to the build direction (BD). Samples for heat treatment were sealed in vacuum tubes to limit oxidation, and placed in a furnace with the temperature already stabilized at 1000 °C. All samples were quenched in water to room temperature in the sealed vacuum tubes after annealing.



The microstructure of both as-printed and annealed samples was investigated using secondary electron imaging (SEM) and electron back-scatter diffraction (EBSD) microscopy using a TESCAN MIRA 3 LMH scanning electron microscope, equipped with a CMOS-based EBSD detector from Oxford Instruments, and operated at 20 kV. Samples for SEM and EBSD characterization were first ground to 2000 grit SiC paper, then electrochemically polished in a solution of 10% perchloric acid and 90% alcohol to achieve a flat polished surface free of mechanical damage and residual deformation. All SEM images were captured at a size of 69.2 × 69.2 μm2 at a resolution of 4096 × 4096 pixels. The EBSD maps were captured over an area of 1.05 × 1.05 mm2 using a step size of 0.15 μm. Analysis of the EBSD data was conducted using the Channel 5 software and the MTEX toolbox [28,29]. Detailed investigations of the dislocation cells and oxide particles were carried out via a transmission electron microscope using a FEI Tecnai G2 F20 TEM equipped with a Bruker XFlash 5030 EDS detector. Samples for TEM characterization were first ground to 2000 grit SiC paper to reduce the sample thickness to 60 μm, after which, the samples were thinned to electron transparency using a twin-jet polisher with an electrolyte consisting of 10% perchloric acid and 90% alcohol. The average size and number density of oxide particles were evaluated using the ImageJ image analysis software.



Tensile tests were carried out using an AG-X tensile machine under displacement control at a displacement rate of 0.5 mm/min (initial strain rate of about 1.6 × 10−3 s−1) and continued until failure. The as cut dog-bone-shape samples for tensile testing were first ground to 2000-grit SiC paper, with the sample thickness in the gauge region reduced to about 0.8 mm. A non-contact optical strain measurement method was used to measure strain and obtain engineering stress–strain curves. Three tests for each sample condition were carried out, with average values calculated for further analysis.




3. Results and Discussion


3.1. Evolution of Microstructures during Heat Treatment


Figure 2 shows the microstructure, as seen under SEM observation, of samples in the as-printed state (as viewed parallel and perpendicular to the BD) and after different annealing times (as viewed along the BD). A substructure corresponding to dislocation cells with a 3D prismatic morphology [30,31] is present in the as-printed sample (see the magnified view in Figure 2a), appearing either as an equiaxed or a striped structure in different locations, depending on the inclination of the prismatic structure to the sectioning (observation) plane. The size of the cellular substructure, as defined by the equiaxed cell diameter, is typically in the range of 600–800 nm. A large number of precipitate particles are also present in the as-printed sample, and are mainly located at the boundaries forming the prismatic cellular substructure. The oxygen content in the as-printed samples was measured by infrared absorption method as 0.05%.



With increasing heat treatment time, the cellular substructure in non-recrystallized regions becomes less and less visible under SEM observation, and the number density of precipitate particles decreases. After 6 h, when the sample is almost fully recrystallized, the particles are predominantly distributed on the recrystallized grain boundaries. The average size of the precipitate particles, as determined from SEM observation, increases from about 28 nm in the as-printed state to 66 nm after annealing at 1000 °C for 6 h, with the volume fraction of particles increasing until the annealing time reaches 3 h, as shown in Figure 3, followed by a small decrease.



The reason for the complex morphology of the substructure in SLM-prepared 316L stainless steel is mainly related to the instability of the solidification interface, as a result of the rapid solidification that takes place during the SLM process [1,2]. According to solidification theory, with increasing solidification rate, a solidification interface goes through a series of transitions in the sequence “flat plane growth–cellular growth–dendritic growth–cellular growth–flat plane growth” [32,33,34]. The solidification conditions in the SLM melt pool are close to those of “dendritic growth–cellular growth” solidification behavior, hence the occurrence of these solidification substructures. The growth direction of the solidification substructure is regulated by the temperature gradient, and is, in general, perpendicular to the tangential direction of the neighboring melt pool interface, and is predominantly in line with the local temperature gradient.



Detailed TEM characterization of the as-printed sample (Figure 4a) reveals the presence of a large number of dislocation cells, similar in size and shape to the cellular substructure observed under SEM observation (Figure 3a). Higher magnification observation reveals the dislocation cell walls to consist of a high density of entangled dislocations. The nanoscale particles are predominantly located at the cell walls, and can only be easily observed under a defocus imaging condition, due to the high density of dislocations forming the cell walls.



After 1 h of annealing, dislocation cells similar to those in the printed sample are still observed in some areas, with almost no change in size but with a significant decrease in the cell wall thickness, where the cell walls no longer consist of a high density of entangled dislocations. In other places, however, dislocation cells are no longer visible, or are only weakly visible, indicating extensive recovery has taken place. The oxide particles both coarsen and decrease in number density substantially after 1 h annealing, consistent with the results observed through SEM observations (Figure 4b). After 2 h annealing, the dislocation density in non-recrystallized volumes is further reduced, with weakly defined dislocation cell arrangements observed, and in some places, dislocation arrays forming low-angle boundaries are clearly visible (Figure 4c). Similar features are observed in non-recrystallized volumes after 3 h annealing, with the obvious presence of recrystallized grains also observed in the examined TEM thin-foil samples (Figure 4d). After 6 h annealing, most of the sample is fully recrystallized, and TEM observation reveals only a typical low dislocation density (Figure 4e).



The chemical composition of typical precipitate particles, in both the as-printed state and in the heat-treated state, was investigated using energy dispersive spectroscopy (EDS) mapping in scanning TEM (STEM) mode. Example results are shown in Figure 5, where, from the EDS line profiles, it can be seen that the particles are oxides, enriched mainly with silicon, molybdenum, and chromium. After annealing for 6 h, some further enrichment of the oxides is observed, in agreement with some previous work, suggesting some phase transformation of the oxide particles during heat treatment [11,35]. The EDS maps also show that no obvious element segregation is present at the cell boundaries, which is in agreement with some previous studies [36], but different from some other studies on similar material [6,9].



Considering the relatively high (1500 ppm) oxygen content in the chamber during the SLM process, it can be deduced that the cellular substructure in the SLM 316L examined in this work is a type of solidification structure, formed during rapid solidification, where the heavy alloy elements become enriched at the front of the solid–liquid interface, and where elements prone to form oxides, including Si and Mn, react with the oxygen in the chamber in situ to form oxide particles. As a result, the oxides are distributed at the boundaries within the solidification substructure. The thermal stress caused by thermal expansion and contraction of the sample during cooling generates a large number of dislocations in order to accommodate the deformation caused by the thermal stress, and these dislocations are then pinned by the oxide particles at the solidification substructure boundaries, thus forming the observed cellular substructure. The presence of the oxide particles retards the movement of the dislocations, which raises the recovery temperature and time for the SLM 316L samples. Notably, even after a long high-temperature heat treatment, some dislocations remain inside the recovered regions. During the heat treatment, the large number of oxide particles coarsen with increasing annealing time, eventually pinning the grain boundaries in the nearly fully recrystallized sample after 6 h annealing.



The existence of oxide particles also influences the grain morphology and recrystallization process in the SLM 316L samples. Figure 6 shows the microstructure of the as-printed and heat-treated samples obtained from EBSD mapping using inverse pole figure coloring (according to the BD). A strongly non-uniform grain size distribution can be seen in the as-printed sample, consisting of both large columnar grains and regions of smaller equiaxed grains between the columnar grains. The average grain size was determined as approx. 8 μm from the EBSD data using an area reconstruction method and a 15° grain boundary definition. With increasing annealing time, an increasing number of large equiaxed grains and annealing twins appear, indicating the onset and progress of recrystallization. After 3 h annealing time, most of the grains show an equiaxed morphology. Close inspection, however, of the EBSD data reveals that recrystallization is only nearly complete in the sample annealed for 6 h at 1000 °C, as reflected also in the continuous increase in grain size (Figure 6f).



Full recrystallization requires at least 6 h at an annealing temperature of 1000 °C for the SLM 316L stainless steel, indicating a significant delay in recrystallization. Nanoscale precipitates are a well-known cause of slow recrystallization kinetics in LPBF 316L SS due to their pinning effect on grain boundaries [22,24,25]. Local variations in particle density may also play a role in the recrystallization kinetics. A local characterization of a sample annealed for 3 h in TEM, shown in Figure 7, illustrates differences both in the intragranular oxide particle density, and in the distribution of oxide particles at grain boundaries, suggesting different recrystallization rates between different grains.



To follow the microstructural changes during annealing, the EBSD data were further analyzed by calculating the density of boundaries in different misorientation angle ranges. Four ranges of misorientation angles were considered, namely, ultra-low-angle grain boundaries (ULAGBs, 0.6°–2°), low-angle grain boundaries (LAGBs, 2°–15°), high-angle grain boundaries (HAGBs, >15°), and twin boundaries (TBs, defined here as ∑3 coincidence site lattice boundaries with misorientation angle 60° and rotation axis <111> using tolerances of ±2° and ±5°, respectively). The length per area (LA) of boundaries in each range was determined according to Equation (1) below:


    L   A    =      n   mo   × ∆ l     N   x   ×   N   y    × ∆    l   2      



(1)




where nmo is the total number of adjacent pixel misorientations in the EBSD map with misorientation angle in the chosen angular range, Nx and Ny are the dimensions of the scanned area (in pixels), and Δl is the step size used for EBSD characterization (i.e., the length associated with one pixel). The lower limit of 0.6° was chosen as a compromise between the limited angular resolution of EBSD data and previous reports that the average angle associated with the dislocation cell boundaries is close to this value [36,37].



The results are shown in Figure 8, where it is seen that the linear density (LA) of boundaries for all misorientation angle ranges (except for TBs) decreases continuously with annealing time. These changes directly reflect the process of recrystallization, where the initial microstructure, consisting of a bimodal mixture of fine grains separated by high-angle boundaries, and coarser grains containing low- and ultra-low-angle boundaries, are replaced by a new set of recrystallized grains, separated by high-angle boundaries, and containing a large number of twins. The density of ULAGBs in particular provides a convenient way to follow the process of recrystallization, given the initial presence everywhere in the as-printed microstructure of the dislocation cell structure.




3.2. Influence of on Heat Treatment Mechanical Properties


The engineering stress–strain curves of the as-printed and heat-treated samples are shown in Figure 9a, with a summary of the key mechanical properties (yield strength, ultimate tensile strength, and uniform elongation) listed in Table 1. Figure 9b shows the true stress–strain curves together with the work hardening curves of the as-printed and heat-treated samples. It is observed that the yield strength of the samples gradually decreases with the increasing the annealing time, while in contrast, the work hardening ability of the samples gradually improves with increasing annealing time. The high yield strength of the as-printed sample can be attributed to the presence of a dislocation cell structure, composed of oxide particles and dislocations, where the cell walls can be considered as high-angle boundaries that contribute to the yield strength via a Hall–Petch relationship, as proposed in previous studies [6,36,38,39,40,41,42,43]. After 1 h annealing, there is a significant drop in yield strength, from 590 MPa to 401 Mpa. Based on the EBSD data (Figure 8), the recrystallization fraction after 1 h annealing is only a few percent, so this cannot be the cause for the large drop in yield strength. Similarly, the TEM observations (Figure 4a,b) show that the dislocation cell size remains similar to that in the as-printed state. The large drop in yield strength is attributed, therefore, to the significant change in the dislocation density in the dislocation cell walls that takes place during recovery, as seen from the decrease in width of the cell walls in the TEM observations. Surprisingly, the engineering stress–engineering strain curves of the samples annealed for 1 h and 2 h are almost identical, although the microstructural characterization of both samples by EBSD and TEM shows significant differences. In particular, after 2 h annealing, a significant amount of recrystallization has taken place, with many large (>100 mm diameter) recrystallized grains present in the microstructure, and the TEM observations show a further decrease in the dislocation density associated with the dislocation cell structure, both of which would be expected to lead to a decrease in yield strength. This, together with the observation of improved work hardening ability with increasing annealing time, suggests a continued contribution to strength from nanosized oxide particles, and further TEM investigations will be carried out to explore this possibility.



With increasing annealing time, the percentage of fully recrystallized grains greatly increases, reaching nearly 80% after 3 h annealing (Figure 8d) and 100% after 6 h annealing (Figure 8e), based on the ULAGB length density. This microstructural evolution is in accordance with the change of mechanical properties, where the yield strength of sample annealed for 3 h is significantly lower than that of the sample annealed for 2 h, and similar to that of the sample annealed for 6 h.





4. Conclusions


The effect of annealing heat treatment time on microstructural evolution and mechanical properties of SLM-printed 316L stainless steel has been explored by the characterization of samples annealing at 1000 °C for between 1 and 6 h. In the as-printed state, a high density of nanoscale Si–Mn–Cr-enriched oxide particles are present, in combination with a dislocation cell structure, where the cell walls are characterized by a high dislocation density and low misorientation angle. During annealing at 1000 °C, recrystallization takes place in parallel with recovery of the dislocation cell structure, and with a coarsening and decreasing in density of the oxide particles. The presence of nanoscale oxide particles results in the presence of a low-density dislocation network, even after extensive recovery. The area density of the ultra-low-angle misorientations associated with the dislocation cell structure provides a convenient method to follow the progress of recrystallization from EBSD data. The mechanical properties of the examined samples reflect, to a large extent, the observed microstructural evolution during annealing, where the high strength of the as-printed sample is attributed to the high dislocation density of the cell walls, and to the size and distribution of the oxide particles. The drop in yield strength of annealed SLM-printed 316L stainless steel is the result of continuous dislocation recovery, together with nucleation and growth of recrystallized grains during heat treatment.
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Figure 1. (a) Relative orientation of the tensile samples and square plate samples cut from the as-printed bulk sample, (b) dimensions of the tensile samples. BD indicates the build direction. 
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Figure 2. SEM observations of the samples: (a) as-printed, as viewed parallel to the BD, with a small region magnified to show the cell structure, (b) as-printed, as viewed perpendicular to the BD, and samples annealed at 1000 °C for (c) 1 h, (d) 2 h, (e) 3 h, and (f) 6 h. 
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Figure 3. Effect of annealing time on oxide particle size, volume fraction, and number density as measured from SEM observations. 
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Figure 4. TEM observations of the samples: (a1) as-printed, with a small region in the yellow frame magnified in (a2) to show the cell structure in more detail (the red arrow in (a2) indicates one of the many fine-scale oxide particles), and samples annealed at 1000 °C for (b) 1 h, (c) 2 h, (d) 3 h, and (e) 6 h. 
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Figure 5. EDS element mapping the cell substructures and precipitate particles in (a,b) the as-printed sample, and (c) a sample annealed at 1000 °C for 6 h. The change in chemistry along line scans across example oxide particles are shown in (d). The elemental maps are plotted using quantitative values; the line profiles are plotted as weight fractions of each element. 
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Figure 6. EBSD orientation maps of the SLM 316L samples plotted using inverse pole figure coloring according to the BD: (a) as-printed, and annealed at 1000 °C for (b) 1 h, (c) 2 h, (d) 3 h, and (e) 6 h; (f) variation in average grain size with annealing time, showing values calculated both where twins are merged (not counted) or not merged (counted). For the EBSD data, in each case, the viewing direction is parallel to the BD. 
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Figure 7. Illustration of oxide particle and remnant dislocation characteristics in the sample annealed at 1000 °C for 3 h. 
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Figure 8. EBSD orientation maps of the SLM 316L samples showing boundary misorientations in different angle ranges: (a) as-printed, and annealed at 1000 °C for (b) 1 h, (c) 2 h, (d) 3 h, and (e) 6 h; (f) variation of length density (LA) for the four ranges/types of boundaries analyzed. 






Figure 8. EBSD orientation maps of the SLM 316L samples showing boundary misorientations in different angle ranges: (a) as-printed, and annealed at 1000 °C for (b) 1 h, (c) 2 h, (d) 3 h, and (e) 6 h; (f) variation of length density (LA) for the four ranges/types of boundaries analyzed.



[image: Metals 13 01062 g008]







[image: Metals 13 01062 g009 550] 





Figure 9. (a) Engineering stress–engineering strain curves and (b) true stress/work hardening rate–true strain curves of as-printed and annealed samples. 
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Table 1. Yield strength (YS), ultimate tensile strength (UTS), and uniform elongation (UE) of as-printed and annealed samples.






Table 1. Yield strength (YS), ultimate tensile strength (UTS), and uniform elongation (UE) of as-printed and annealed samples.













	
	As-Printed
	1000 °C—1 h
	1000 °C—2 h
	1000 °C—3 h
	1000 °C—6 h





	YS (MPa)
	590 ± 6
	401 ± 7
	361 ± 5
	291 ± 4
	280 ± 3



	UTS (MPa)
	740 ± 3
	665 ± 5
	665 ± 3
	649 ± 2
	665 ± 2



	UE (%)
	35 ± 3
	46 ± 6
	45 ± 4
	55 ± 2
	56 ± 2
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