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Abstract

:

The effect of tempering on the mechanical properties, structure, and dispersion of secondary phase particles is studied in 0.4%C-2%Si-1%Cr-1%Mo-VNb steel. This steel austenitized at 900 °C with subsequent water quenching exhibits a yield stress of 1445 MPa and a lath martensite structure with MX particles of ~40 nm located in matrix and boundary M6C carbides of ~210 nm. Tempering in the temperature interval of 200–400 °C provides a yield stress of 1625 MPa due to the precipitation of ε-carbide and cementite within laths. The yield stress decreases to 1415 and 1310 MPa after tempering at 500 and 650 °C, respectively, due to the replacement of matrix carbides by boundary M23C6 carbide. A Charpy V-notch impact energy of ~12 J/cm2 is almost independent from tempering temperatures of up to 400 °C and increases up to ~33 J/cm2 after tempering at 650 °C due to decreased yield stresses and increased plasticity.
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1. Introduction


Ultrahigh-strength low-alloy steels (UHSSs) with yield stresses (YSs) >1400 MPa were successfully employed about 70 years ago [1]. The high strength of these medium-carbon steels containing various amounts of chromium, molybdenum, nickel, silicon, and vanadium is achieved by heat treatment consisting of austenitizing followed by water quenching with subsequent low-temperature tempering [1,2,3]. This form of processing results in hierarchical lath martensite structures [4] and a dispersion of nanosized carbides [1,5,6,7]. Satisfactory fracture toughness is provided by metallurgical control [1,2,3]. The yield stress (YS) of these steels could be increased by dispersion strengthening via additional alloying by using carbide-forming elements such as Nb [5,6,7]. MX carbonitrides may enhance YS without a loss of fracture toughness [5,7].



A novel steel 0.4%C-1.6%Si-1%Cr-0.95%Mo with V and Nb additions was recently developed as a UHSS. This steel contains low quantities of phosphorus and sulfur to avoid embrittlement [1,2,3,6]. Carbon provides interstitial solution strengthening for lath martensite structures and the formation of a high volume fraction of carbides and carbonitrides under tempering [5,6]. Silicon and Mo contribute to substitutional solid solution strengthening [5,6,7]. Silicon restricts the growth of carbides and delays the decomposition of martensite during tempering processes [6,8,9]. Cr and Mo are partially retained in ferrite after the decomposition of martensite after tempering at T ≥ 600 °C and slow down diffusional processes [10]. As a result, a combination of substitutional elements provides sufficient hardenability of this steel. In addition, Mo suppresses temper embrittlement and provides solid solution strengthening [5,10]. The other portion of these elements forms nano-sized carbides [5,7]. Microalloying by Nb and V is performed in order to produce a dispersion of MX carbonitrides that exert the dispersion strengthening effects [5,7,11]. Nanoscale Nb(C,N) carbonitrides prevent the growth of prior austenite grains (PAG) [4] during austenitizing. The small size of PAGs refines packets and blocks that may increase YS [12,13].



Studies focusing on the tempering behavior of low-alloy UHSS are limited [5,14,15,16]. The goal of the present work is to examine the tempering behavior of the 0.4%C-1.6%Si-1%Cr-0.95%Mo with V and Nb additions. The effect of tempering on the mechanical properties, structure, and dispersion of secondary phase particles is considered. Specific attention is given to phase transformations occurring during tempering.




2. Materials and Methods


A steel with a chemical composition of Fe-0.43C-1.60Si-0.01Mn-1.1Cr-0.95Mo-0.08V-0.05Nb-0.04Ti-0.003B-0.007S-0.004P, all in wt.%, was examined. This steel was austenitized at a temperature of 900 °C for 40 min followed by water quenching. Next, the specimens were tempered for 1 h at temperatures of 200, 280, 400, 500, 600, and 650 °C.



The Rockwell hardness tests were conducted using a Wolpert Wilson hardness tester 600 MRD (Illinois ToolWorks Inc., Norwood, MA, USA). The tensile tests were carried out at room temperature using flat specimens with a cross-sectional area of 7 × 3 mm2 and a 35 mm gauge length and Instron 5882 testing machine (Illinois ToolWorks Inc., Norwood, MA, USA). Standard Charpy V-notch specimens were tested at room temperature using the Instron SI-1M impact machine with a maximum energy of 450 J with the Instron Dynatup Impulse data acquisition system (Instron corporation, Grove City, PA, USA) following the ASTM E-23 standard [17].



Structural characterizations after different quenching and tempering were carried out using a JEM-2100 transmission electron microscope (TEM) (JEOL Ltd., Tokyo, Japan) and a Quanta 600 FEG scanning electron microscope (FEI Corporation, Hillsboro, OR, USA) incorporating an orientation imaging microscopy (OIM) system. TEM foils were prepared by double-jet electropolishing using a solution of 10% perchloric acid in glacial acetic acid. Extraction replicas were prepared by etching the polished surface of the specimen in a solution of 97% H2O, 2% HNO3, and 1% HF followed by the evaporation of carbon onto a polished and etched surface. Then, the metallic matrix was dissolved in 10% HCl with ethanol at a voltage of 17 V. The small squares of carbon extraction replicas were captured using nickel grids. The transverse lath sizes were measured from TEM micrographs by the linear intercept method, including all clearly visible sub-boundaries. At least 40 particles of each type of precipitate were analyzed in order to measure average size. The dislocation densities were evaluated by counting individual dislocations in the grain/subgrain interiors, and each data point represents at least six arbitrarily selected representative TEM images that were obtained using two-beam conditions with {002} or {013} scattering planes and a small positive deviation parameter.



The reconstruction of PAGs was conducted in accordance with the method suggested by Gey and Humbert [18,19]. This method assumes that the orientation variants inherited from the same PAGs are characterized by very specific misorientations [4], and the grain boundaries between these variants can be readily distinguished from other boundaries in an EBSD map. The remaining boundaries are believed to separate the martensite variants from the different PAGs, i.e., they represent the boundaries of these grains. Other details of mechanical and structural characterization are described in previous works [5,20,21].



The equilibrium mass fractions and Gibbs energies of the precipitated phases were calculated by the Thermo-Calc software (Ver. 5, Thermo-Calc Software, Stockholm, Sweden) using the TCFE7 database.



Differential scanning calorimetry (DSC) was performed using an SDT Q600 (TA Instruments New Castle, DE, USA) calorimeter. The mass of samples was ~142 mg, and a protective atmosphere of pure argon was used. Samples austenitized at a temperature of 900 °C and finally water-quenched were heated from 20 to 550 °C at a rate of 10 °C/min.




3. Results and Discussion


3.1. Thermodynamic Analysis


The effect of temperatures, ranging from 200 to 1200 °C, on the phase equilibrium is shown in Figure 1. The Gibbs energy of M3C carbides decreases by 23 times when the temperature increases from 280 to 500 °C (Figure 1b). As a result, the fraction of cementite increases by a factor of ~10 (Figure 1a) and the ratio of Fe/Cr in cementite decreases from ~57 to ~7 (Figure 1c). It should be noted that the TCFE7 database of Thermo-Calc software contains no ε-carbide and only a prediction of more stable M3C precipitation is possible. M23C6 carbides are more stable than M3C carbides at 500 °C because the Gibbs energy of the former is lower by a factor of ~2.4 (Figure 1b). With increasing temperature toward 650 °C, the Gibbs energies of these two phases conform with one another. In accordance with the calculations, M23C6 carbides start to precipitate at 500 °C and coexist with M3C up to 700 °C (Figure 1a). It is worth noting that M23C6 carbides contain a very high portion of Fe atoms, and the ratio of Fe/∑(Cr + Mo) is ~2.4 (Figure 1e).



Another phase predicted by Thermo-Calc is M6C carbides that precipitate at temperatures from 500 °C to 900 °C. The Gibbs energies for this phase decrease up to a temperature of 800 °C (Figure 1b). The precipitates are predicted to be enriched by Si and Mo with a ratio of Fe/∑(Si + Mo) ~ 0.45 (Figure 1d).



Thermodynamic calculations predict two phase separations of carbonitrides relative to V-rich MX and MX enriched by Cr and Nb. (Figure 1a). The first type of carbonitride is enriched with V and precipitates in temperature regions ranging from 200 to 280 °C and from 800 to 900 °C. The second type of carbonitride is enriched by Cr, Nb, and Ti and precipitates in a wide temperature interval ranging from 200 to 1200 °C. The atoms of Cr are replaced by Nb with increasing temperatures (Figure 1f). The Gibbs energies of MX carbonitrides with Cr, Nb, and Ti are high and reach up to 400 °C and then sharply decrease. At a temperature of 500 °C, this process is accompanied by a replacement of Cr by Nb in their chemical compositions (Figure 1b,f).



Therefore, in the 0.4%C-1.6%Si-1%Cr-0.95%Mo steel with V and Nb, the following precipitation sequences in the martensite take place in accordance with Thermo-Calc calculations at temperatures from 200 to 467 °C:


Martencite → M3C + MX








and at temperatures from 467 to 741 °C:


Martencite → M3C + M23C6 + M6C + MX.












3.2. DSC Analysis


Figure 2 shows the DSC curve. The weak exothermic peak is distinguished at 200 °C and may be attributed to carbon clustering, retaining the austenite transformation into ferrite or precipitation of ε-carbides [22]. The large exothermic peak with a maximum at a temperature of 280 °C can be distinguished between temperatures of 220 and 420 °C. In accordance with Thermo-Calc calculations, cementite and MX carbonitrides could precipitate in this temperature range. However, Thermo-Calc predicts equilibrium phases and the literature data show that metastable carbides such as ε-carbides could precipitate at temperatures between 220 and 420 °C instead of cementite [7,22]. The small weak exothermic peak at 380 °C within the large peak could be attributed to the precipitation of cementite and the presence of a strong exothermic peak at 467 °C could be associated with the precipitation of M23C6 carbide or cementite. It seems that the endothermic reaction between 390 and 420 °C is attributed with the dissolution of ε-carbide. The additions of Si, Mo, and Cr may increase the precipitation temperatures of ε-carbide and cementite by 100 °C in comparison with typical high-carbon and low-alloy steels [9,22]. The additions of Cr and Mo provide precipitation of M23C6 carbides and the dissolution of cementite.




3.3. Mechanical Properties


The typical engineering-stress–engineering-strain and true-stress–true-strain curves obtained by tensile tests are shown in Figure 3. The values of yield stress (YS), Sy; ultimate tensile strength (UTS), Su; uniform elongation, Elu; total elongation, Elt; Rockwell hardness, HRC are summarized in Table 1. Continuous yielding [7,23] is observed after all tempering conditions. However, an increase in tempering temperature leads to a decrease in strain hardening. The onset of strain hardening occurs soon after yielding; the strain-hardening stage extends with increasing tempering temperature and the onset of necking shifts relative to higher strains. Tempering at 200 °C leads to an increase in YS by 180 MPa as compared with the quenched specimens. In the temperature range of 200–400 °C, the YS of 1625 MPa remains unchanged, while UTS and Elu values decrease slowly with increasing temperature (Figure 3a, Table 1). As a result, hardness also decreases insignificantly.



The high value of YS may indicate that the parameters of microstructures such as lath sizes and dislocation densities are stable when tempering at 200–400 °C. Obviously, the decrease in the solid solution strengthening process balances the increase in the dispersion strengthening process due to the precipitation of ε-carbide and M3C carbides at temperatures of 280–400 °C. Moreover, precipitation strengthening results in the increase in YS, which reaches a maximum value after tempering at 280 °C. However, the depletion of solid solution by carbon because of the carbides precipitation reduces the UTS of the steel and the precipitation of M3C decreases the Elu values. An increase in tempering temperatures up to 600 °C leads to a further decomposition of martensite and a considerable decrease in YS by ~230 MPa and UTS by ~360 MPa, and an insignificant increase in ductility is observed.



The Rockwell hardness of the steel gradually decreases from 55 to 48 HRC while the tempering temperatures increase from 200 to 600 °C. At tempering temperatures of 650 °C, YS and UTS decrease below 1400 MPa. The strain-hardening processes decrease with increasing tempering temperatures and the ductility remains low after tempering at 650 °C (Figure 3b). Therefore, the ductility of this steel cannot be improved by tempering at relatively high temperatures.



The load–deflection curves from instrumental Charpy impact tests are presented in Figure 4, and Charpy impact fracture energies, CVN, are indicated in Table 1. A Charpy V-notch impact energy of ~12 J scarcely changes with the increase in tempering temperatures from 200 to 400 °C (Table 1). At T ≥ 500 °C, increasing the temperature leads to a gradual increase in the Charpy impact energy (Table 1). However, even after tempering at 650 °C, the Charpy V-notch impact energy of ~33 J/cm2 is relatively low. It is worth noting that the values of impact toughness are typical for UHSS with a low-temperature-tempered martensite structure [1]. A significant increase in the impact toughness of these steels could be attained by the tempforming process only [24,25].



Usually, the general yield load is determined from the flat portion in the load–deflection-recorded curve of the Charpy V-notch test. High-strength steels often contain no flat portions in their curves [26]. The minimal value of the general yield load (PGY) can be estimated from slip-line fields solutions for V-notch Charpy specimens [26,27], which gives


PGY = 2CfSyB(W − a)2/β/L,








where L denotes the span (=40 mm); W denotes the specimen width (=10 mm); B denotes the specimen thickness (=10 mm); a denotes the notch depth (=2 mm); Cf = 1.363 denotes the constraint factor for ASTM tup; β = 2 denotes the Tresca yield criterion. The calculated values of PGY and maximum loads in load–deflection curves from Figure 4 are collected in Table 2. At all tempering temperatures, the calculated values of PGY are higher than Pmax from the load–deflection curves. Therefore, the crack initiation in Charpy specimens occurs before reaching the general yield. It should be noted also that Pmax increases with increasing tempering temperatures, while Sy decreases with increasing tempering temperatures. This phenomenon can be explained by the local amplification of stress in the vicinity of the notch. The applied load increases while local stress in the notch root reaches critical stresses for microvoid formation. When the notched specimen is loaded elastically, the stress near the notch may locally exceed the yield stress of the material, and plastic deformation starts to occur. As result, the radius of the notch increases and the stress concentration decreases. The local plastic deformation delays the crack initiation stage and the specimen can be loaded up to macroscopic yields. It should be noted that the critical stresses for microvoid formation have been shown to be the same in steels with different carbon content, while UTS decreased with the decrease in carbon content [7]. In UHS steels, plastic deformations are restricted; therefore, critical stresses for microvoid formation are attained much earlier than in steels with low UTS, and cracks initiate during the elastic stage of loading. The plasticity increases and YS decreases after tempering at high temperatures relative to tempering at low temperatures; thus, stress concentrations near the notch decrease due to local plastic deformation, and crack initiation occurs at higher loads.



After crack initiation, a decline in the elastic region on the load–deflection curves is observed (Figure 4). The load reaches Pmax and then slowly decreases until the final separation of the specimen into two pieces. No indications of a sharp decrease in the load after the crack initiation stage were found.



Therefore, the crack propagates by a stable mechanism [28]. Almost all absorbed energy corresponds to the crack propagation stage of fractures because the crack is initiated in the elastic region where energy consumption is low.




3.4. Microstructure after Quenching


The microstructure after quenching is shown in Figure 5 and structural characteristics are summarized in Table 3. Microstructural analyses reveal typical a hierarchical sequence of structural elements of lath martensite, i.e., PAGs, packets, blocks, and laths [4]. The average PAG size revealed by reconstructions from the EBSD map is 12.2 µm (Figure 5a), and the average distance between clearly visible high-angle boundaries is 0.84 µm (Figure 5b).



The transverse lath size is 137 nm and the dislocation density within laths is 1.5 × 1015 m−2 (Figure 5c). The small quantity of retained austenite is revealed between laths (Figure 5c). The nanoscale particles of MX carbonitrides with a size of ~9 nm are observed within laths (Figure 5d). It should be noted that coarse carbonitrides with a size of ~60 nm are also revealed in the microstructure. The average size of MX carbonitrides is 40 nm (Table 3). It is apparent that these dispersoids precipitate in austenite and effectively pin grain boundaries during austenitizing processes, which results in small-sized PAGs.



The high strength of the steel after water quenching correlates with the revealed microstructure. An extremely high dislocation density and small martensitic laths thicknesses provide strong strengthening by dislocations and laths boundaries. Most of the carbon is retained in solid solution after water quenching and increases strength. The dispersion particles of M6C carbides and MX precipitates provide dispersion hardening. The most effective strengthening mechanisms after water quenching are solid solution strengthening, strengthening by dislocations and grain boundaries. The dispersion strengthening is less effective because of the low volume fraction of MX carbonitrides and coarse size of M6C carbides.




3.5. Microstructure after Tempering Treatments


Tempering results in decreased lattice dislocation densities and increased lath thicknesses. No effect of tempering on the dimension of PAGs, packet, and distance between the high-angle boundaries is found. After tempering at 200 °C, two types of particles are revealed (Figure 6). The first type comprises MX carbonitrides, which contain 51% of Nb. Thermo-Calc predicts a similar composition of the particles within the temperature region of 900–1000 °C (Figure 1). The average size of the MX carbonitrides remains virtually unchanged (Table 3). The second type of precipitate is M6C carbides with an average size of 120 nm. These carbides are enriched by Mo (Figure 6). Thermo-Calc calculations predict the precipitation of M6C carbides at temperatures from 400 to 900 °C (Figure 1a). It seems that both MX carbonitrides and M6C carbides precipitate during solution treatments and are retained after tempering processes. It should be noted that neither ε-carbide nor M3C carbides are found after tempering at 200 °C, probably due to alloying with Si, which delays the precipitation of carbides [22].



Tempering at 280 °C leads to a 40% decrease in lattice dislocation densities and 10% increase in lath thicknesses (Table 3, Figure 7a). The same MX carbonitrides enriched with Nb after tempering at 200°C are revealed in the microstructure (Figure 7b). The precipitation of ε-carbide with strip-like shapes and needle-like cementite particles, concurrently, is observed (Figure 7c,d). However, only a few cementite particles are found (Figure 7d). The ε-carbide is dominant among all secondary phase particles after tempering at 280 °C.



The results of microstructure investigation may explain the maximum on the DSC curve (Figure 2) at a temperature of 280 °C. Obviously, this maximum appears due to precipitation of ε-carbide with strip-like shapes because no precipitation of other phases with significant volume fractions is revealed experimentally.



The laths size and dislocation density of the steel scarcely change after tempering at 280 °C. Therefore, a high value of strengthening by dislocations and laths boundaries is retained in the tempered steel. The precipitation of ε-carbides leads to the depletion of solid solution by carbon and reduction in solid solution strengthening; as a consequence, the UTS of the steel decreases (Table 3). However, additional particles of ε-carbides increase dispersion strengthening of the steel and YS increases in comparison with water-quenched steel.



The tempering at a temperature of 400 °C leads to a decrease in the lattice dislocation density by a factor of 3 and an increase in the lath thickness by 30% in comparison with the quenched specimen (Table 3, Figure 8a). The phase composition of the steel is retained as the same after tempering at 280 °C. MX carbonitrides, ε-carbide, and M3C carbides are cohabitated in the microstructure (Figure 8). The lengthening of the ε-carbide takes place with increasing tempering temperatures from 280 to 400 °C, and this increases the diameter-to-thickness aspect ratio (AR) from 5 to 7 (Table 3).



Almost no growth in the ε-carbide in the transverse direction is found and ε-carbides exhibit well-defined rod shapes [9]. The AR of cementite increases from 3 to 8 (Table 3). In general, the coherency of longitudinal interfaces is responsible for the lengthening of particles [29].



The ε-carbide typically dissolves between 300 and 350 °C [9]. However, in the present steel, this carbide is retained up to a tempering temperature of 400 °C, and this can be attributed with its high-silicon content [30]. The solubility of silicon in cementite is negligible and strong enrichment areas with a thickness of 1–2 nm around the cementite appear [9]; these cease the growth of cementite particles. This process has to occur in order to provide the dissolution of ε-carbides as metastable phases in accordance with the well-known Gibbs–Thomson schema, taking into account that ε-carbide and cementite nucleate independently [9,29]. In contrast, no significant enrichment by Si takes place within the vicinity of ε-carbides [9]. However, in the present steel, the extensive coarsening of cementite takes place and accompanies no dissolution of ε-carbides (Figure 7 and Figure 8, Table 3).



The strengthening by dislocations and laths boundaries decrease after tempering at 400 °C in comparison with water-quenched steel due to the decrease in dislocations density and increase in laths thickness. However, the particles size (Table 3) and their mass portion (Figure 1a) remain the same as after tempering at 280 °C; as a result, the YS and UTS scarcely change.



The increase in tempering temperature from 500 to 600 °C affects lattice dislocation densities and lath thickness insignificantly (Table 3, Figure 9a,d). At 500 °C, the M23C6 carbides with nearly round shapes and an average size of ~35 nm precipitate (Figure 9b). No particles of cementite and/or ε-carbide are found. Therefore, the following precipitation sequence take place in the present steel:


ε-carbide + M3C→ M23C6



(1)







Carbides in precipitation sequence (1) co-exist with MX and M6C carbides (Figure 9, Table 3), which is correlated with the literature data [31].



Further increases in tempering temperatures from 600 to 650 °C scarcely affect the phase composition of the steel, and the same precipitates after tempering at 500 °C are observed (Figure 9e,f, Table 3). However, the larger secondary precipitates lead to a decrease in the tensile strength and hardness of the steel.



An inspection of experimental results shows that an increase in YS is attributed to the precipitation of nanosized ε-carbide; carbon depletion from martensite strongly decreases the value of solid solution strengthening and an increase in lath thickness decreases the contribution of grain-boundary strengthening. Therefore, dispersion strengthening attributed to the precipitation of ε-carbide plays a vital role in the YS of the present steel tempered in the temperature range of 280–400 °C.



The additions of Si, Mo, and Cr hinder the dissolution of ε-carbides after the precipitation of cementite. The origin of this phenomenon is unclear. It is worth noting that the precipitation of M23C6 occurs on high- and low-angle boundaries of the lath martensite structure (Figure 9e) [10,32]; therefore, at T ≥ 467 °C, tempering leads to the replacement of matrix ε-carbide and cementite particles contributing to dispersion strengthening by boundary M23C6 carbides. Only M23C6 carbides located on the lath and block boundaries may contribute to dispersion strengthening [33]. The change in the dispersion of strengthening particles results in a significant decrease in the YS of the studied steel (Table 1).




3.6. Fractography


The low- and high-magnification SEM images of the fracture surfaces of Charpy impact specimens after tempering at 280 °C and 500 °C are shown in Figure 10. The results of the fractography study support the data obtained from an instrumented Charpy V-notch test. The ductile crack extension is revealed both after low tempering and high tempering temperatures. The fracture surfaces consist of dimples and a small fraction of cleavage facets.



Usually, high-carbon steels including an AISI4340 steel with 0.4%C after austenitizing followed by water quenching and tempering up to 400 °C show transgranular cleavage fractures [7]. The cleavage originates from interlath cementite crystals, which precipitate during tempering due to the decomposition of retained austenite [22]. However, in contrast with the AISI4340 steel, the studied steel contains 1.6% Si, which slows down the kinetics of cementite precipitation in the retained austenite [7,22], and only a few particles of cementite are revealed after tempering at temperatures of 280–400 °C. As a result, no interlath cleavage occurs.



At low tempering temperatures within 280–400 °C, the major precipitation in the studied steel is ε-carbide, which is homogeneously distributed through the microstructure. These particles provide high tensile strength and hardness (Table 1). However, the Charpy impact toughness is revealed to be low. It is well known that the high rates of strain hardening in high-carbon steels reduce the amount of plastic deformation required to reach the critical fracture stress at the notch root in Charpy specimen [7]. Therefore, the formation of a magistral crack occurs in the elastic region before attaining the general yielding of the specimen. The high density of ε-carbide particles serves as microcrack initiation locations in front of the propagating macrocrack with critical dimension. Local plastic deformations at the tips of the microcracks lead to the formation of voids, which coalesce and form dimpled fracture surfaces. The absence of general yielding and the high rate of strain hardening result in a low possibility of absorbing the impact energy and, thus, low-impact toughness is observed.



At high tempering temperatures within 500–650 °C, the precipitation of carbides in accordance with precipitation sequence (1) and the growth of MX carbides provide an increase in the volume fraction of precipitated carbides (Figure 1a) and the depletion of carbon from martensite. The rate of strain hardening decreases, and local plastic deformations reaching critical fracture stresses at the notch root increase. The macrocrack with critical dimensions still nucleates before general yields, but higher macroscopic loads are required for its propagation in comparison with steel after tempering at 200–400 °C (Figure 4).





4. Conclusions


The effect of tempering on the microstructure and mechanical properties of the steel Fe-0.43C-1.60Si-0.01Mn-1.1Cr-0.95Mo-0.08V-0.05Nb-0.04Ti-0.003B-0.007S-0.004P is studied. The results can be summarized as follows:



1. Quenching produces a high dislocation density of 1.5 × 1015 m−2 and a small lath thickness of 137 nm. Tempering in the temperature range of 200–600 °C decreases the density of free dislocations and increases the lath thicknesses insignificantly to 5.4 × 1014 m−2 and 210 nm, respectively.



2. The precipitation sequence of


ε-carbide + M3C→ M23C6








takes place. The additions of Si, Cr, and Mo result in a shift in the precipitation temperatures of ε-carbides and cementite toward high temperatures and provide the co-existence of ε-carbide and cementite after 1 h tempering in the temperature interval of 280–400 °C. The precipitation of boundary M23C6 carbides leads to a full dissolution of ε-carbide and cementite. The growth of MX carbides from 40 to 45 nm precipitated from martensite occurs during tempering.



3. The high strengthening after tempering within a temperature range of 280–400 °C originates from the precipitation of ε-carbides. The yield stress increases from 1445 MPa in the quenched condition to 1625 MPa after tempering at 200 °C and then slowly increases to 1690 MPa, while the tempering temperature increases to 400 °C. The ultimate tensile strength gradually decreases from 2120 to 1930 MPa while the tempering temperature increases from 200 to 400 °C. A noticeable decrease in strength occurs after tempering at 500 °C, when yield stresses decrease toward 1415 MPa and the ultimate tensile strength decreases toward 1680 MPa.



4. The Charpy V-notch impact-absorbed energy of 12–14 J/cm2 is revealed after tempering within the temperature range of 200–400 °C. The increase in tempering temperatures from 500 to 650 °C leads to a gradual increase in impact-absorbed energy from 20 to 33 J/cm2.
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Figure 1. Equilibrium phase diagram of the studied steel: phase fractions (a), Gibbs energies (b), and the chemical compositions of M3C (c), M6C (d), M23C6 (e), and MX (f) phases. 
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Figure 2. DSC curves of 0.4%C-1.6%Si-1%Cr-0.95%Mo steel with V and Nb obtained at 10 °C/min. The arrows indicate the onset of a reaction and peak temperatures. 
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Figure 3. Engineering curves (a) and true-stress–true-strain curves (b) at room temperature of the 0.4%C-1.6%Si-1%Cr-0.95%Mo steel with V and Nb after quenching (Q) and different tempering (T) temperatures. 
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Figure 4. Load vs. deflection dependencies at room temperatures of the 0.4%C-1.6%Si-1%Cr-0.95%Mo steel with V and Nb after quenching (Q) and different tempering (T) temperatures. 
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Figure 5. Typical microstructure of the 0.4%C-1.6%Si-1%Cr-0.95%Mo steel with V and Nb after water quenching: the reconstruction of prior austenite grains from an EBSD map (a) and EBSD map with martensite packets and blocks. The white and black lines on OIM micrographs mean boundaries with misorientations below and above 15 deg, respectively (b). TEM micrograph of martensite lath structure (c). TEM micrograph of Nb(C,N) carbonitride within the lath (bright field on the left and dark field on the right side) (d). 
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Figure 6. Typical precipitates in the thin foil of the 0.4%C-1.6%Si-1%Cr-0.95%Mo steel with V and Nb after quenching and tempering at 200 °C. 
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Figure 7. Typical microstructure of the 0.4%C-1.6%Si-1%Cr-0.95%Mo steel with V and Nb after quenching and tempering at 280 °C: TEM micrograph of martensite lath structure (a); TEM micrograph of Nb(C,N) carbonitride within the lath (b); TEM micrograph of ε-carbide within the lath (c); TEM micrograph of cementite within the lath (d). 
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Figure 8. Typical microstructure of the steel after quenching and tempering at 400 °C: TEM micrograph of martensite lath structure with cementite particles (a); TEM micrograph of Nb(C,N) carbonitride within the lath (bright field on the left and dark field on the right side) (b); TEM micrograph of ε-carbide within the lath (bright field) (c); TEM micrograph of ε-carbide within the lath (dark field) (d). 
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Figure 9. Typical microstructures of the steel after quenching and tempering at 500 °C (a–c) and 600 °C (d–f): TEM micrograph of martensite lath structure with carbide particles at 500 °C (a) and 600 °C (d); TEM micrograph of M23C6 carbide on carbon replica after tempering at 500 °C (b) and on thin foil after tempering at 600 °C in bright (left side) and dark (right side) field (e); MX precipitates on carbon replica after tempering at 500 °C (c) and M6C carbide on carbon replica after tempering at 600 °C (f). 
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[image: Metals 12 02177 g009]







[image: Metals 12 02177 g010 550] 





Figure 10. Fracture surfaces of the Charpy V-notch specimens after tempering at 280 °C (a–c) and 500 °C (d–f) tested at 20 °C: general view (a,d) and high magnification of the portions indicated by frames (b,c,e,f). 
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Table 1. Mechanical properties of 0.4%C-1.6%Si-1%Cr-0.95%Mo steel with V and Nb after quenching from 900 °C into water and tempering at different temperatures.
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	Tempering Temperature, °C
	Sy, MPa
	Su, MPa
	Elu, %
	Elt, %
	HRC
	CVN, J/cm2





	20
	1445
	2170
	4.9
	7.2
	55
	10



	200
	1625
	2120
	4.7
	8.2
	54
	12



	280
	1695
	2040
	3.4
	8.0
	54
	14



	400
	1675
	1880
	3.6
	8.0
	53
	12



	500
	1415
	1680
	5.0
	10.2
	50
	21



	600
	1460
	1580
	6.5
	11.5
	48
	26



	650
	1310
	1390
	5.0
	9.2
	44
	33
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Table 2. The Pmax from Charpy load–deflection curves and calculated PGY for the 0.4%C-1.6%Si-1%Cr-0.95%Mo steel with V and Nb after quenching from 900 °C into water and tempering at different temperatures.
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	Tempering Temperature, °C
	20
	200
	280
	400
	500
	600
	650





	Pmax, kN
	13.5
	16.9
	17.7
	16.8
	25.3
	27.8
	29.5



	PGY, kN
	33.8
	38.1
	39.7
	39.6
	33.1
	34.2
	30.7
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Table 3. Microstructural parameters of the 0.4%C-1.6%Si-1%Cr-0.95%Mo steel with V and Nb after quenching from 900 °C into water and tempering at different temperatures.
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	Tempering Temperature, °C
	20
	280
	400
	500
	600





	PAG size, µm
	12.2 ± 0.7
	–
	–
	–
	–



	Distance between HAB, µm
	0.84 ± 0.03
	–
	–
	–
	–



	Lath size, nm
	137 ± 10
	152 ± 31
	203 ± 20
	210 ± 14
	200 ± 12



	Dislocation density, 1014 m−2
	15 ± 2
	8.6 ± 1.6
	5.1 ± 1.1
	5.8 ± 1.0
	5.9 ± 1.3



	Cementite size, nm
	–
	5/17
	15/125
	–
	–



	ε-carbide size (width/length), nm
	–
	(6 ± 1)/(31 ± 10)
	(7 ± 1)/(52 ± 10)
	–
	–



	Carbonitrides size, nm
	40 ± 11
	40 ± 10
	41 ± 10
	43 ± 11
	46 ± 5



	M23C6, nm
	–
	–
	–
	35 ± 9
	49 ± 17



	M6C, nm
	209 ± 16
	210 ± 16
	207 ± 20
	211 ± 12
	208 ± 7
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