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Abstract

:

This study offers valuable insights into the precipitation behavior of 13Ni maraging steels, emphasizing the role of molybdenum content in their microstructure, strengthening, and precipitate evolution. Precipitate morphology and crystallography were examined using a combination of high-resolution transmission electron microscopy and selected area electron diffraction. Strengthening mechanisms were assessed through Vickers hardness measurements. All the examined samples exhibited a lath martensite microstructure and displayed an increasing hardness over the aging time. The molybdenum content not only influenced the presence of retained austenite in the initial microstructure but also affected the type of precipitates formed during the early aging stages. Initially, Ni3Mo precipitates were formed, succeeded by the formation of more stable Fe2(Mo,Ti) Laves precipitates. The ultra-high strength of 13Ni maraging steels arises from the combination of the precipitate type and size distribution. The base composition of 13Ni maraging steels achieved a peak hardness of 798 HV1 through the precipitation of Laves Fe2(Mo,Ti) phases ranging from 3 to 14 nm in diameter.
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1. Introduction


Maraging steels are among the highest strength steels commercially available. They have extremely low carbon content, and after being air-cooled from the austenitic phase, they exhibit a ductile and tough non-twinned martensite structure in the form of packets and laths, with a high density of dislocations. The significant increase in strength is attributed to precipitation hardening, which occurs due to the formation of nanometric intermetallic particles during the subsequent aging of the martensite (“maraging”) in the temperature range of 400 to 600 °C [1,2,3].



Studies on maraging steels (Fe–Ni–Co–Mo) have reported several possible types of precipitates, including Ni3Mo, Ni3Ti, Laves Fe2Mo, Laves Fe2Ti, σ–FeMo, σ–FeTi, and μ–Fe7Mo6. These precipitates can exhibit spherical or elongated (needle or rod-like) shapes. Typically, their dimensions range from 5 to 20 nm, with distances between precipitates of approximately 100 nm [4,5].



The most conventional and widely used commercially is the 18Ni maraging steel, which consists of Fe–18Ni–(8–9)Co–(3–5)Mo–(<1)Ti (wt.%) and has a yield strength of approximately 1.7 GPa. Our study was about 13Ni maraging steel, an ultra-high-strength maraging steel with a base composition of Fe–13Ni–15Co–10Mo–1Ti (wt.%), also known as maraging 400, and it can achieve a yield strength of 3 GPa (as reported in the literature) [1,6,7,8,9]. The primary approach used to achieve these high mechanical strength values in 13Ni maraging steels is the increase in the volume fraction of precipitates, thereby enhancing the hardening effect through higher molybdenum and titanium contents in the steel [3,4,9,10,11,12,13,14,15]. Molybdenum directly participates in the formation of precipitates, while cobalt synergistically reduces the solubility of molybdenum in the matrix [4,16,17]. However, due to molybdenum’s role as an austenite stabilizer, it is necessary to reduce the nickel content to maintain the steel in the martensitic phase [4,18].



Fukamachi et al. conducted a detailed study using electron diffraction in a transmission electron microscope to identify the precipitates formed during the aging process of a maraging steel with the composition Fe–13.01Ni–15.30Co–9.83Mo–0.24Ti (wt.%) at three different temperatures: 450 °C, 500 °C, and 550 °C [19]. Their findings revealed the presence of two types of precipitates within the martensitic matrix: Ni3Mo and Fe2Mo. Initially, Ni3Mo precipitation occurs, and at the peak hardness observed at the three temperatures, both Ni3Mo and Fe2Mo precipitates are present. Generally, it can be concluded that the Laves Fe2Mo phase precipitates at higher temperatures and/or for longer durations than the Ni3Mo compound [9,19]. The average size of the precipitates at the peak hardness was approximately 5 nm [19].



In a more recent study by Niu et al., ultra-high-strength maraging steels with a composition of Fe–17.7Ni–15.0Co–6.6Mo–1.0Ti (wt.%) (yield strength of 2.5 GPa) were investigated using TEM (Transmission Electron Microscopy), APT (Atom Probe Tomography), and mechanical testing [8]. The study revealed the initial Ni3Ti type in these steels. These precipitates originate from nickel and titanium-rich clusters, which were detected by APT within the first 15 min of aging at 480 °C. The precipitates exhibit an elongated (needle-like) morphology with dimensions ranging from 3 to 8 nm. For longer aging times, starting from 4 h, a molybdenum-rich phase nucleates at the interface between the Ni3Ti precipitates and the matrix. This molybdenum-rich phase forms a core–shell structure that encapsulates the Ni3Ti phase, preventing its growth [8]. Similarly, Tian et al. also observed this core–shell structure under similar conditions in Fe–13.0Cr–7.5Ni–7.0Co–3.0Mo–1.7Ti (wt.%) maraging steels [17].



In a subsequent study, Niu et al. investigated three Fe–13Cr–7Ni–7Co alloys with varying molybdenum and titanium content (3 wt.%Mo and 0 wt.%Ti, 0 wt.%Mo and 1 wt.%Ti, 3 wt.%Mo and 1 wt.%Ti) at peak hardness [16]. Their observations revealed that increasing the molybdenum content resulted in faster precipitation kinetics of Ni3Ti and a higher precipitate density. They stated a synergistic effect between molybdenum and titanium, where alloys containing both 3 wt.%Mo and 1 wt.%Ti exhibited finer molybdenum-rich precipitates compared to the alloy containing only 3 wt.%Mo (without titanium additions) [16].



Overall, among the molybdenum-rich intermetallic precipitates, the most commonly reported type in 13Ni maraging steels is Ni3Mo. It exhibits an orthorhombic structure and can have either a rod-like or spherical morphology. However, there is no consensus in the published literature about the structure or morphology. The dimensions of Ni3Mo precipitates are approximately 0.25 nm × 50 nm at the peak hardness. Previous works [4,20] have suggested that Ni3Mo precipitates are metastable, and when subjected to long aging times and/or temperatures above 480 °C, they can be replaced by Fe2Mo or σ–FeMo precipitates. This transformation is particularly observed in alloys with higher molybdenum contents and/or lower nickel contents. Initially, the improved lattice fit between Ni3Mo and the matrix favors the precipitation of this metastable compound. However, its growth is limited by the increased coherence stresses, promoting the formation of equilibrium precipitates that nucleate at the interface between Ni3Mo and the matrix. These molybdenum-rich precipitates can also be identified as Fe2Mo or μ–Fe7Mo6 [4,6,7,8,20,21]. Regarding titanium-rich precipitates, the most commonly reported compound is Ni3Ti, particularly in alloys with higher titanium contents. This compound often combines with molybdenum to form Ni3(Mo,Ti) precipitates [4,5,21,22,23].



The 13Ni maraging steels have a lower fracture toughness than 18Ni (300) maraging steels, around 60% lower. Because of this, over the years, studies on the precipitation of this system have focused more on 18Ni maraging steels. The most recent works, using advanced microstructural characterization techniques, which have added a lot to the understanding of these precipitates, were carried out for 18Ni maraging steels and other unconventional maraging steels still with a high nickel content. However, the literature has shown that changes in the alloy composition lead to significant variations in the microstructure of the precipitates, affecting their type, morphology, and interaction with one another [16].



This highlights the existence of a knowledge gap to be filled in the field of physical metallurgy concerning these 13Ni maraging steels. Few studies have attempted to characterize the precipitates in 13Ni maraging steels, primarily because these precipitates are even smaller compared to other maraging steels, making their characterization a challenging task. With the advent of high-resolution characterization techniques, the investigation of this material is feasible and paving the way for new insights about the issue. Therefore, the development of novel heat treatment methods, enhancements in mechanical properties, and the exploration of new industrial applications have been studied.



In the aforementioned context, our research focuses on conducting experimental studies using High-Resolution Transmission Electron Microscopy (HRTEM) and Selected Area Electron Diffraction (SAED) to investigate the phase transformations in solid-state 13Ni maraging steels. The objective was to understand the influence of alloying elements, mainly molybdenum, on the phase transformation of precipitates and on the precipitation hardening mechanisms of 13Ni maraging steels.




2. Materials and Methods


A non-commercial 13Ni maraging steel (MS) was produced through vacuum induction melting (VIM) and electroslag remelting (ESR). Subsequently, the ingot was homogenized at 1250 °C for 5 h, forged, and hot rolled. Three different compositions were produced: low Mo content (MS1), base composition (MS2), and high Mo content (MS3)—as shown in Table 1. The samples were cut, packed in stainless steel foil to minimize oxidation, solution annealed (AN) at 1200 °C for 1 h, and quenched in water to ensure a fully martensitic structure. Finally, the samples were aged (AG) at 480 °C for 3–6 h. The temperature and time were selected based on previous studies in the literature, which identified this combination as the optimal regime for studying precipitation at peak hardness. After the aging treatment, the samples were polished and etched with Vilella’s reagent (1 g picric acid, 5 mL HCl, and 100 mL ethanol). The microstructures of the samples under different conditions were observed using Optical Microscopy (OM) and Focused Ion Beam with Ion Channeling Contrast (FIB/iCC) (FEIDualBeam Helios NanoLab 650, Duque de Caxias, Brazil). Vickers hardness measurements were made using a load of 1 kg for 15 s. TEM specimens were prepared using a Focused Ion Beam (FIB) (FEI DualBeam Helios NanoLab 650, Duque de Caxias, Brazil) and characterized using a Transmission Electron Microscope (TEM) (JEOL 2100F, Berkeley, CA, USA), operated at 200 kV. The phases identified were indexed by calculating the interplanar distance and using the ICSD files: martensite 64795, austenite 44862, Fe2Mo 632626, Fe2Ti 107646, Ni3Mo 105046 and Ni3Ti 30216. The identification of the precipitates formed during aging were established by reconciling dark-field Transmission Electron Microscopy (DF-TEM), Selected Area Electron Diffraction (SAED), and High-Resolution Transmission Electron Microscopy (HRTEM) results from samples of MS1 aged for 6 h, non-aged MS2, MS2 aged for 3 h, MS2 aged for 6 h, and MS3 aged for 6 h.




3. Results and Discussion


3.1. Microstructure


Figure 1a depicts a schematic illustration of a typical martensite microstructure characterized by a hierarchical structure of primary austenite grain, packets, blocks, and laths. These structures and morphologies were understood through experimental studies, as will be presented in the results below.



The characteristic microstructure is due to a sequence of heat treatments that lead to solid-state phase transformations in maraging steels. During the annealing (1200 °C), there is the austenite phase transformation which generates the primary austenite grain [24]. During quenching, via the shear mechanism, the austenite transforms in martensite forming the packet, block, and lath structures [25,26]. The matrix exhibits a high density of dislocations (usually greater than 1011–12 cm−2) and dislocation tangles, both of which act as nucleation sites for precipitates during the early stages of aging [3,9]. Figure 1b shows the illustration of these precipitates formed during aging, which usually present with spherical or needle-life morphology [21,27]. After aging, the austenite grain size remained the same, while the martensite laths increased in size, and dislocations disappeared with increasing aging time. Some authors suggest that during the early stages of aging, there is typically a decrease in the density of dislocations, along with a rearrangement of the microstructure as part of the martensitic matrix recovery process [4,28].



Figure 2 displays OM images (Figure 2a–c), FIB/iCC images (Figure 2d–f), and bright-field Transmission Electron Microscopy (BF-TEM) images (Figure 2g–i) of the microstructure of samples aged at 480 °C for 6 h. The BF-TEM images are of lamellae obtained from the cross-section of the surface shown in the FIB/iCC images. The images show the characteristic morphology of these steels: primary austenite grain, packets, blocks, and laths. Samples MS1, MS2, and MS3 exhibited primary austenite grains with sizes of 350–450 μm, 250–350 μm, and 200–300 μm, respectively.



In the case of the MS3 sample, certain regions, up to 50 μm, contained retained austenite (RA), as shown in Figure 2g–i (pink arrows) (confirmed through XRD measurements, presented Appendix A). The orientation relationship between martensite and retained austenite followed the Nishiyama–Wassermann (N-W) type, (    1  -   1    1  -   )γ//(01    1  -   )M,α, [    1  -   12]γ//[011]M,α, which is commonly observed experimentally [5,22]. Transmission electron microscopy analyses revealed smaller austenite areas within martensite laths, exhibiting spherical morphology with dimensions of approximately 10–25 nm, as well as austenite at the lath boundaries with dimensions of 40–80 nm. Additionally, besides the retained austenite (RA), sample MS3 exhibited the partial presence of lenticular and thin plate martensite amidst lath martensite, showing less defined packets, thinner blocks, and lower martensite transformation start (Ms) and finishes (Mf) temperatures, similar to the martensitic microstructure of steels containing 0.6–0.8 wt.%C carbon [5,29,30,31].




3.2. Phase Transformation


Figure 3 shows the representative DF-TEM, SAED pattern, HRTEM, and Fast Fourier Transform (FTT) images of the sample MS2 aged at 480 °C for 6 h. The DF-TEM image (from spot   2   1  -  0   of the precipitates) displays spherical-shaped precipitates in bright contrast (Figure 3a), distributed throughout the matrix. The SAED pattern and the FTT image confirmed the hexagonal crystal structure of Fe2(Mo,Ti). The orientation relationship between the Fe2(Mo,Ti) phase and the martensite matrix was found to be (01    1  -   )p//(2    2  -   1)M, [122]p//[111]M. The precipitates have dimensions of approximately 2 nm × 4 nm and a diffuse precipitate–matrix interface, lacking a well-defined edge (Figure 3b). This analysis was performed on all samples, and the results are compiled in Figure 4 and Table 2. The size classification considered precipitates with an average diameter smaller or equal to 8 nm as “small” and those with an average diameter larger than 8 nm as “large”.



In the zone axis [111] of the matrix (Figure 4a,c,e,g), a single phase was indexed for all samples (unit cell in cyan). This hexagonal phase exhibited interplanar distance values similar to those of Laves phases Fe2Mo and Fe2Ti. Considering that intermetallic phases form solid solutions with each other, the most suitable indexation for these precipitates would be Fe2(Mo,Ti), with a predominance of molybdenum and a smaller amount of titanium replacing molybdenum [22,32].



In the zone axis [011] of the matrix (Figure 4b,d,f,h), the indexing was more complex, and at least four patterns corresponding to precipitate phases were identified. In all samples, the presence of a non-indexed phase (identified by cyan circles) was observed, and a clear pattern among the spots of this phase could not be identified. However, it is believed that this phase may be the Fe2(Mo,Ti) phase, as it was identified in the SAEDs of the [111] zone axis (Figure 4a,c,e,g) for all samples.



Sample MS1, in addition to the Fe2(Mo,Ti) phase (circles in cyan), exhibited the Ni3Mo orthorhombic structure phase (Figure 4b, unit cell in green), with an orientation relationship between the precipitate and matrix given by (    1  -   01)p//(    2  -  00  )M, [111]p//[011]M.



For the MS3 sample, two phases were identified: Fe2(Mo,Ti) (Figure 4h, unit cell in cyan) and Ni3Mo/Ni3(Ti,Mo) (Figure 4h, unit cell in green). The spots indexed for the Fe2(Mo,Ti) phase in the MS3 sample (Figure 4h in cyan) were the same spots (circles) that could not be indexed for the other samples (Figure 4b,d,f). It is believed that the spots appeared better defined in the SAED of the MS3 sample due to its higher volume fraction of precipitates of this phase. The precipitates corresponding to the second phase (Ni3Mo/Ni3(Ti,Mo)) exhibited spherical morphology, with a maximum diameter of 13.4 nm. The greater number of large particles and the coexistence of particles with varying sizes suggest that these precipitates (Ni3Mo/Ni3(Ti,Mo)) formed before the Fe2(Mo,Ti) precipitates and underwent coarsening after 6 h of aging. There is a consensus among the various authors who have worked with maraging steels that the Ni3Ti and Ni3Mo precipitates form before Fe2Mo and Fe2Ti precipitates, as they are more stable [4,9,20]. Recent studies have also observed that Laves phases not only form after but also at the interface of Ni3Ti and Ni3Mo precipitates with the matrix [8,16,27]. Our results can reinforce this, since we found an orientation relationship between the Laves phase and Ni3Mo, given by (  01  2 -   )Fe2(Mo,Ti)//(  1   1  -  0  )Ni3Mo, [021] Fe2(Mo,Ti)//[111]Ni3Mo.



Regarding Ni3Ti and Ni3Mo phases, most studies on maraging steels have consistently reported the presence of Ni3Ti in the early stages of aging and have indicated that molybdenum only begins to participate in the phase formation for longer aging times [8,16,27]. Furthermore, it is progressively established that Ni3Ti-type precipitates exhibit needle-like morphology. However, most of these more recent works, carried out with higher resolution experimental techniques, are on steels with a higher nickel content (17–18 wt.%Ni) and a low molybdenum content (4–7 wt.%Mo) [8]. Our transmission electron microscopy results did not reveal precipitates with needle-like morphology in any of the compositions, conditions, or zone axes, even in sample MS1, which contains a lower molybdenum content (7.51 wt.%Mo), or in sample MS2, which contains a higher titanium content (0.88 wt.%Ti). Studies with alloys closer in composition to those studied here, containing 13 wt.%Ni, indicate the presence of spherical Ni3Mo precipitates rather than Ni3Ti [4,9,19,20]. Some studies also indicate the formation of Ni3(Mo,Ti), since the orthorhombic structure can be considered a distortion of the hexagonal lattice [12,22].



This indicates that the titanium and molybdenum content influence the type of precipitate that forms in the early stages: Ni3Ti or Ni3Mo. Alloys with higher titanium contents preferentially form Ni3Ti, while alloys with higher molybdenum contents preferentially form Ni3Mo. This is consistent with the literature, which explains why the Ni3Ti phase is preferentially formed over Ni3Mo, due to the higher interaction energy between nickel and titanium and the low diffusivity of molybdenum in the matrix [8,27].



In the case of MS1 and MS3 samples, which contain a lower titanium content (relative to MS2 and 18Ni maraging) and a higher molybdenum content, the formation of Ni3Mo is favored because fewer titanium atoms are available in the matrix, and factors like the low diffusivity of molybdenum in the matrix have a lesser contribution.



While the MS1 and MS3 samples indicated the presence of Laves and Ni3Mo phases, the MS2 sample showed no evidence of phases other than Laves. This discrepancy can be attributed to the influence of the titanium content, as the MS2 sample contains 0.88 wt.%Ti, whereas the MS1 and MS3 samples contain 0.25 wt.%Ti and 0.24 wt.%Ti, respectively. According to the literature, it is possible that in the early stages of aging of sample MS2, a phase such as Ni3Ti, Ni3Mo, or Ni3(Ti,Mo) formed and subsequently decomposed into the Laves phase, even before aging for 3 h. We believe the metastable phase that precedes Laves in MS2 is Ni3Ti, as it has been consistently detected in maraging steel alloys and is consistent with the results obtained here. In samples MS1 and MS3, which formed Ni3Mo, it remained stable even after 6 h of aging, for both higher and lower molybdenum contents. The stability of Ni3Ti-type precipitates should be associated with the nickel content, as the works that identified the presence of Ni3Ti even after 4 h contained nickel contents of the order of 18 wt.% [8].



Based on these assumptions and a comparison of the MS1, MS2, and MS3 samples, it is evident that the Ni3Mo phase remains stable longer than the Ni3Ti phase, as Ni3Mo is still present in both MS1 and MS3 after 6 h of aging. This is consistent, as the driving force for Laves phase nucleation is the accumulation of molybdenum atoms in the vicinity of the precipitates in the early stages [8]. If the precipitates formed initially are of the Ni3Mo type, the concentration of molybdenum remaining in the matrix will be lower, necessitating more time for diffusion and accumulation of molybdenum atoms and, consequently, later nucleation of the Laves phase. This also aligns with the observation that the Laves phase forms earlier in the MS3 sample (15.02 wt.%Mo) than in MS1 (7.51 wt.%Mo).




3.3. Precipitation Hardening


Figure 5 shows the hardness of the samples in their initial condition (AN) and after aging for 3, 4, 5, and 6 h at 480 °C. After 3 h of aging, all the samples showed a significant increase in hardness. Over the course of 6 h of aging, the hardness of the base composition (MS2—10.49 wt.%Mo) increased by 225%, rising from 355 ± 9 HV1 to 798 ± 12 HV1. As expected, the sample with low Mo content (MS1—7.51 wt.%Mo) achieved a relatively lower maximum hardness of 681 ± 7 HV1. Conversely, the high Mo content sample (MS3—15.02 wt.%Mo) achieved a maximum hardness of 582 ± 49 HV1. However, the MS3 sample did not achieve a higher hardness due to the presence of retained austenite (RA). In the austenite regions, precipitation does not occur, because the chemical composition is not favorable and because of a lower dislocation density. Because of this, the MS3 sample will have precipitate-free regions and consequently a lower hardness. The relatively large error bars were attributed to the variations in hardness between the areas of retained austenite (RA) and the areas of aged martensite.



There are multiples strengthening mechanisms influencing the hardness of 13Ni maraging steels. Solid solution strengthening involves an increase in the critical resolved shear stress due to the presence of substituted solute atoms. The solid solution hardening effects from atoms like molybdenum and titanium on the matrix decrease as the volume fraction of precipitates increases [8,33]. Strengthening via a grain size reduction contributes and, in the case of maraging steels, it is associated with the packet and block sizes. Since packets and blocks are structures with high-angle boundaries, they effectively act as grains, and their dimensions have a greater influence on the strengthening mechanism through a grain size reduction than the grain size of the primary austenite [29,34]. Moreover, the strain hardening, which may result from the interaction of strain fields of high-density dislocations and dislocation tangles present in the microstructure of these steels in the annealed condition, also plays a role [33].



Although the strengthening mechanisms of the solid solution, packet sizes, and strain hardening influence the hardness of 13Ni maraging steel, during the aging, the precipitation hardening mechanisms start to dominate. At the peak hardness, precipitation hardening becomes the main strengthening mechanism. The hardness results support this; note in Figure 5 that the MS1 and MS2 samples, both containing only the martensite phase (see XRD in the Appendix A), have statistically equal hardness values before aging (342 ± 7 HV1 and 355 ± 9 HV1, respectively) and very different values after aging (681 ± 7 HV1 and 798 ± 12 HV1, respectively).



According to precipitation hardening mechanisms models, these very small precipitates, coherent and/or semi-coherent with the matrix, are sheared by the dislocation in their slip planes during the plastic deformation of the material. This leads to a high hardness value, and the maximum value of the hardness/mechanical strength versus the aging time curve (peak hardness) occurs when the volume fraction of precipitates reaches the equilibrium value [27,35,36,37].



Regarding the behavior of the hardness curves of samples MS1 and MS2 (curves in blue and red), from 3 h to 4 h, the curves are still rising, followed by a gradual growth between the intervals up to 6 h. For example, considering the 3–6 h stretch, there is a growth of 7% for sample MS1 and 4% for sample MS2. Even without aging for longer times, it is possible to affirm that the peak hardness of these compositions seems to be close to 6 h, since the curves showed a tendency of stabilization after 4 h of aging.



The MS2 sample, which presented higher hardness values, was also the one that presented only Fe2(Mo,Ti)-type precipitates. This indicates that the Laves phase can strengthen the matrix more than Ni3Mo or Ni3Ti. In addition, the hardness values continue to increase from 3 h to 6 h. As shown in Table 2, from 3 h to 6 h, the coarsening of Fe2(Mo,Ti) precipitates already occurs. That is, at the peak hardness, the shear and Orowan ring hardening mechanisms are becoming active.



The results also demonstrated that it is possible that the Fe2(Mo,Ti) precipitates are mainly responsible for the ultra-high mechanical strength of 13Ni maraging steels. The most present precipitates in 18Ni maraging steels are of the Ni3Ti type, and these steels do not reach the high values of yield strength and ultimate tensile strength as 13Ni maraging. The ultra-high strength of 13Ni maraging steels is achieved by the combination of the precipitate type—Fe2(Mo,Ti)—and precipitate size distribution of 3–14 nm (minimum and maximum diameter calculated for the precipitates in this sample).





4. Conclusions


The phase transformations in 13Ni maraging steels have been the subject of continuous studies since their discovery. However, there are still many gaps and discrepancies in the literature due to the complexity involved in characterizing the nanometric precipitates responsible for the high mechanical strength of these steels and due the focus of the literature on 18Ni maraging steels. In this study, microstructural characterization using HRTEM and SAED of 13Ni maraging steel samples allowed us to investigate the phase transformations in the solid-state and the precipitation hardening, leading to the following conclusions:




	
13Ni maraging steels exhibit a martensitic microstructure with pack, block, lath, and a high density of dislocations and dislocation tangles. During aging, martensite recovery occurs, involving the rearrangement of dislocations and the formation of subgrains, while precipitation took place in areas previously occupied by the dislocation tangles.



	
13Ni maraging steels containing high levels of molybdenum (15.02 wt.%Mo) may also exhibit retained austenite (RA), inside the martensite laths and at the lath boundaries.



	
The type of the precipitate formed in the early stages depends on the molybdenum content and also on the nickel and titanium content. The preference is to form Ni3Ti; however, when there are more molybdenum atoms available, it can form Ni3Mo.



	
Later than Ni3Ti and Ni3Mo formation, the Fe2(Mo,Ti) Laves precipitates form, which are more stable. This phase is uniformly distributed throughout the matrix as single-crystals particles with a spherical morphology.



	
Higher molybdenum contents accelerated the precipitation and coarsening kinetics of the Laves Fe2(Mo,Ti) phase.



	
The ultra-high strength of 13Ni maraging steels is achieved by the combination of the precipitate type and size distribution. The base composition of 13Ni maraging steels achieves the peak hardness by the precipitation of the Laves Fe2(Mo,Ti) phase with a size distribution in the range of 3–14 nm.
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Appendix A


Figure A1 presents the X-ray diffractograms of the samples MS1, MS2, and MS3 annealed at 1200 °C for 1 h. The results were obtained using a Philips X’Pert-MPD diffractometer with CuKα radiation (λ = 1.5418 Å), 20° ≤ 2θ ≤ 100°, Δ2θ = 0.02°, and Δt = 200 s.



The three diffractograms exhibited peaks corresponding to the matrix phase—Fe-α’ martensite (CCC structure)—as indicated by solid lines. Sample MS3 also exhibited peaks corresponding to austenite—Fe-γ (FCC structure)—indicated by dashed lines. This austenite is referred to in the literature as retained austenite. As it was detected in the annealed material, it can be stated that this austenite forms during the annealing process, and after quenching, it did not transform completely into martensite. Instead, it remained stable even at room temperature due to factors such as composition, cooling rate, and cooling temperature [38,39].
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Figure A1. X-ray diffractograms with CuKα radiation (λ = 1.5418 Å) of samples MS1 (blue), MS2 (red), and MS3 (dark grey) annealed at 1200 °C for 1h, showing peaks of ferrite (continuous lines) and austenite phases (dotted lines). 
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Figure 1. Schematic illustration, exhibiting the morphology of typical microconstituents formed in the maraging steels. (a) After annealing, maraging steels have a microstructure with hierarchical structure of primary austenite grain, packets, blocks, and laths. (b) After aging, the recovery process of the martensitic matrix and the formation of nanometric precipitates occur, usually presenting a spherical or needle-life morphology. 
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Figure 2. OM, FIB/iCC, and cross-section lamellae BF-TEM images of samples (a–c) MS1, (d–f) MS2, and (g–i) MS3. Aged at 480 °C for 6 h, etched with Vilella’s. Dotted lines indicate primary austenite grain boundary, pink arrows show regions with retained austenite (RA), yellow arrows indicate martensite blocks and orange arrows indicate martensite laths. 
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Figure 3. Precipitates Fe2(Mo,Ti) in bright contrast distributed throughout the matrix of the sample MS2 (10.49 wt.%Mo) aged at 480 °C for 6 h; (a) DF-TEM image (spot   2   1  -  0   of the precipitates, as indicated in red), inset: SAED pattern along [111] direction of matrix with the drawing of the crystallographic unit cells for the martensite (yellow) and the precipitate (cyan); (b) HRTEM image, the inset represents the FTT image of the region in the red square box. 
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Figure 4. SAED pattern along [111] and [011] directions of matrix (a,b) MS1 (7.51wt.%Mo) aged for 6 h, (c,d) MS2 (10.49 wt.%Mo) aged for 3 h, (e,f) MS2 (10.49 wt.%Mo) aged for 6 h, and (g,h) MS3 (15.02 wt.%Mo) aged for 6 h. The unit cells of each phase are indexed as martensite in yellow, austenite in pink, Fe2(Mo,Ti) in cyan, and Ni3Mo in green. In the bottom panels, the non-indexed phases are highlighted by cyan circles. 
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Figure 5. Vickers hardness versus aging time (480 °C) for the samples with different Mo content. Sample MS2 (base composition) was the one with the highest hardness, achieving the peak hardness close to 6 h aging. Sample MS3, containing retained austenite, was the one with the lowest hardness values and the highest error bars. 
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Table 1. Chemical composition of the studied maraging steels (wt.%).
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	Fe
	Ni
	Co
	Mo
	Ti
	Si
	Mn





	MS1
	Bal.
	13.40
	14.96
	7.51
	0.250
	0.150
	0.160



	MS2
	Bal.
	12.85
	15.64
	10.49
	0.721
	0.040
	0.040



	MS3
	Bal.
	14.06
	15.21
	15.02
	0.240
	0.060
	0.040










 





Table 2. Summary of the characteristics of the precipitates of each sample.
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Sample

	
Aging

Time (h)

	
Indexed

Precipitates

	
Crystal

Structure

	
Orientation

Relationship p-M

	
Morphology 1

	
Size 2






	
MS1

	
6

	
Ni3Mo

	
Orthorhombic

	
  ( 01   1  -      ) p  / / (   1  -  2   1  -   )M [011]p//[012]M

	
Spherical

	
Small




	
Ni3Mo

	
Orthorhombic

	
  (   1  -     01  ) p  / / (   2  -  00  )M [111]p//[001]M

	
–

	
–




	
Fe2(Mo,Ti)

	
Hexagonal

	
  ( 01   1  -      ) p  / / (   1  -  0  1)M [122]p//[111]M

	
–

	
–




	
MS2

	
3

	
Fe2(Mo,Ti)

	
Hexagonal

	
  ( 01   1  -      ) p  / / (   1  -  0  1)M [122]p//[111]M

	
Spherical

	
Small




	
6

	
Fe2(Mo,Ti)

	
Hexagonal

	
  ( 01   1  -      ) p  / / (   1  -  0  1)M [122]p//[111]M

	
Spherical

	
Small and large




	
MS3

	
6

	
Fe2(Mo,Ti)

	
Hexagonal

	
  (   1  -     00  ) p  / / (   2  -     3   3  -   )M [021]p//[011]M

	
Spherical

	
Small




	
Ni3Mo

	
Orthorhombic

	
  (   1  -     01  ) p  / / (   2  -  00  )M [111]p//[001]M

	
Spherical

	
Small and large




	
Fe2(Mo,Ti)

	
Hexagonal

	
  ( 01   1  -      ) p  / / (   1  -  0  1)M [122]p//[111]M

	
–

	
–








1 Unclassified phases were indexed only using SAED, and no DF-TEM images were generated. 2 Small ≤ 8 nm, large > 8 nm.
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