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Abstract

:

The present study investigates the effect of two heat treatments on the microstructure, the tensile and the fatigue properties of a powder metallurgy tool steel that has undergone two heat treatments: quenching and multiple tempering (conventional for powder metallurgy tool steel), and quenching and multiple tempering with an intermediate cryogenic step at −80 °C (new solution). The findings of the research indicated that the new heat treatment promotes the development of a homogeneous distribution of carbides in the martensitic matrix, with an increase of about 10% in tensile strength and about 7% in elongation to failure. This combination of exceptional strength with a high degree of toughness leads to an improvement in the fatigue behaviour of the steel, which exhibits a higher unnotched and notched fatigue strength (about 15% and 25% respectively) and a lower fatigue notch factor (about 15%) compared to conventionally heat-treated steel. These results highlight that the powder metallurgy tool steel, with the new heat treatment, could be a viable option for the production not only of tools and dies, but also for high-performance automotive components, including even those with complex geometries, such as camshafts or crankshafts.
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1. Introduction


The need to reduce polluting emissions is forcing designers of vehicles to lighten the chassis and also to downsize the engines. This requires the mechanical components to operate at their strength limits, resulting in higher requirements for the materials used. In order to meet this need, new steels produced by ESR (Electro-Slag Remelting) or VAR (Vacuum Arc Remelting) are increasingly being used in the transport field, because of their cleanliness, controlled microstructure and high performance. Recently, the steel producers, such as Böhler Edelstahl Gmbh [1] and Erasteel [2] have developed a new generation of “ultra-clean” powder metallurgy (PM) tool steels, also suitable for replacing nitriding or nitrocarburising steels in high performance automotive and motorcycle components due to their mechanical and microstructural features [3,4]. PM tool steels are generally produced via hot isostatic pressing (HIP) of powders obtained by inert gas or water atomization of molten steel [5]. HIP generally results in full-dense, porosity-free parts with uniform, equiaxed microstructure [6]. The current generation of gas atomization technology guarantees the production of fine and homogeneous powders with a mean particles size of approximatively 60 μm and a maximum size not exceeding 500 μm. The small size of the powders (about half compared to traditional PM process) combined with the strictly controlled composition reduces the segregations, the amount and size of non-metallic inclusions, the presence of large carbides or carbides clusters and porosity in the final product after HIP.



It is known that, in tool steels, non-metallic inclusions, large carbides and carbide clusters reduce steel toughness and generally act as fatigue crack nucleation sites, as extensively described in the published literature [3,7,8,9,10,11,12,13,14,15,16,17]. Therefore, the reduction of both quantity and size of non-metallic inclusions and alloying carbides, as well as the improvements of carbide distribution, can lead to a significant improvement in mechanical performance, making tool steels attractive candidates for critical components in automotive and motorsport applications.



However, in order to fully exploit the potentiality of ultra-clean PM tool steels and to enhance steel performance and/or to adjust its properties for specific applications, it is essential to optimize the heat treatment conditions [3,18]. Traditionally, tool steels undergo a quenching and multiple tempering heat treatment to obtain a tempered martensite microstructure with a uniform distribution of alloying carbides, which gives appropriate hardness and wear resistance. Several works [19,20,21,22] highlighted the importance of choosing the proper austenitizing and tempering temperatures. The first mainly controls: (i) the dissolution of primary carbides, thus influencing their amount and size after quenching; (ii) the amount of carbon and alloying elements in the austenite, and consequently the mechanical properties of the martensite and the amount of retained austenite after quenching. The latter influences the properties of tempered martensite, the amount of retained austenite after tempering and the precipitation of secondary alloying carbides. Broadly speaking, a low austenitizing temperature combined with a high tempering temperature improves fracture toughness and elongation to failure, but also decreases hardness. The opposite combination, high austenitizing and low tempering temperatures, improves hardness and wear behaviour but reduces ductility and toughness.



In most demanding automotive, aerospace and manufacturing applications, steel often also undergoes a cryogenic treatment (CT) [22,23,24,25,26,27,28,29,30,31,32,33,34,35,36] which provides a sound combination of hardness, wear resistance, toughness and deformation work [22,23,24,25,28,29,30]. Moreover, it is widely accepted that the addition of a cryogenic step to the heat treatment also leads to an overall increase in fatigue strength [18,27,31,32], although few experimental data are available on the fatigue behaviour of notched components [30,31,32]. Vahdat et al. [31] has shown that cryogenic treatment between quenching and tempering improves fatigue strength and tensile strength, but decreases impact strength of the 45WCrV7 tool steel. Shinde et al. [32] concluded that the fatigue strength of cryogenically treated AISI H13 die steel is improved compared to conventionally hardened and tempered steel. Niaki et al. [30] pointed out that cryogenic treatment after quenching does not alter the notch fatigue strength of the 1.2542 tool steel, but reduces the scatter of fatigue data.



At sub-zero temperatures, the strain energy and instability of martensite increase, thus forcing the carbon atoms to relocate and cluster to dislocation sites. These sites act as nuclei for the precipitation of nanometric secondary carbides, thus increasing toughness and blocking the propagation of cracks [22,24,28,29,30]. The greatest properties are obtained by carrying out CT after quenching and before tempering even if treating the steel at the end of the usual heat treatment cycle can also result in significant improvement Pellizzari, Molinari and Sola [23,25,35]. However, to take full advantage of the CT, it is important to bear in mind that its effect also depends on steel composition, austenitizing and tempering temperatures [22,34], regardless of whether the CT is carried out after quenching of after tempering.



The aim of the present research is to evaluate the effect of a tailored heat treatment on the microstructure and mechanical behaviour of the Böhler K890 Microclean PM tool steel [37]. This heat treatment includes a cryogenic step before the last tempering. The study compares the microstructure and final performance induced by this new heat treatment with those produced by a conventional heat treatment, and it focuses on its influence on the fatigue strength of unnotched and notched steel. Moreover, the experimental fatigue notch factor (Kf) of this tool steel has been compared to the data obtained by several empirical relationships, widely used in machine design, which assess the Kf on the basis of notch geometry and material strength. The knowledge of reliable fatigue and Kf data, indeed, is undoubtedly fundamental when designing complex multi-shaped mechanical components with the new generation of ultra-clean PM tool steels.




2. Material and Methods


2.1. Material


In this work, the Böhler K890 Microclean (Voestalpine Böhler Edelstahl GmbH & Co KG, Linz, Austria) [37] cold work tool steel was investigated under two different heat treatment conditions. The steel, produced via PM, was acquired as annealed bars (diameter 40 mm) obtained by hot working after the HIP phase.



The chemical composition, evaluated by a glow discharge optical emission spectroscope (GD-OES) Spectrum GDA 650 HR Analyser (Spectruma Analytik GmbH, Hof, Germany) according to ISO 14707 [38] standard, is reported in Table 1.



The steel underwent two different heat treatments, schematically shown in Figure 1. The first (hereafter referred to as “K890-I”) consists of: i. austenitizing (after two preheating stages at 650 and 850 °C for 2 h) at 1070–1100 °C for 30 min; ii. gas quenching by nitrogen at 5 bar; iii. triple tempering at 540–560 °C for 2 h. The second heat treatment (hereafter referred to as “K890-II”) consists of: i. austenitizing (after two preheating stages at 650 and 850 °C for 2 h) at 1150–1180 °C for 30 min; ii. gas quenching by nitrogen at 5 bar; iii. double tempering at 510–520 °C for 2 h; iv. cryogenic treatment in nitrogen at −80 °C for 2 h; iv. final tempering at 520–530 °C for 2 h. While K890-I is the conventional heat treatment for this tool steel, K890-II is a new solution.



In the K890-II, the austenitization temperature was raised compared to the K890-I and the cryogenic step was carried out after the second tempering with the aim at improving the steel toughness by reducing the amount of primary carbides and increasing the amount of secondary carbides. The tempering temperatures of K890-II, in contrast, were reduced with the purpose of increasing steel hardness and strength. However, both K890-I and K890-II include multiple tempering in order to reduce the amount of retained austenite.




2.2. Microstructural Characterization


Microstructural characterization of the heat-treated steel was carried out on metallographic samples cut from tensile and fatigue specimens. At least 10 metallographic samples were analyzed for K890-I and K890-II. Analyses were carried out by means of a Zeiss Axios optical microscope (OM), a Zeiss EVO50 scanning electron microscope (SEM) (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) equipped with an Oxford Instrument INCA X-Act PentaFet Precision energy dispersive spectroscope (EDS) (Oxford Instruments Industrial Products Limited, Oxon, England), and a FEG SEM TESCAN MIRA (Tescan Orsay Holding a.s., Brno-Kohoutovice, Czech Republic) equipped with a Bruker Q200 EDS (Bruker Corporation, Billerica MA, USA). The metallographic samples were prepared according to the ASTM E3 standard [39] and chemically etched with Nital 2% solution (100 mL ethanol and 2 mL nitric acid) for a few seconds, according to the ASTM E407 standard [40].



The average size of the carbides and the austenitic grains was estimated by image processing, at the same magnification, of ten representative SEM images of metallographic samples.



The volume fraction of retained austenite was evaluated according to the ASTM E-975-13 standard [41], using a Philips PW1710 X-ray diffractometer (Koninklijke Philips N.V, Eindhoven, the Netherlands), radiation Co Kα1 = 1.78901 Å with 35 kV and 30 mA; Fe filter for Kβ suppression. The data were processed with e X’Pert HighS-core Plus, software (v. 2.2.0, Malvern Panalytical Ltd, Malvern, UK)




2.3. Mechanical Tests


The mechanical behaviour of the steel was studied by means of nanoindentation, hardness, tensile and fatigue tests on notched and unnotched specimens.



Nanoindentation tests were carried out according to ISO 14577 [42] in load control mode using a calibrated Ultra Nanoindenter (UNHT) (CSM Instrument, Neuchatel, Switzerland) equipped with a Berkovich diamond tip, at a constant loading rate of 200 µN·s−1, up to a maximum load of 30,000 mN. The 50 s total indentation time was divided into three segments, consisting of 20 s loading and unloading, and 10 s holding time. The tests were performed by creating two 10 × 10 grids of indents, 100 µm spaced, for a total of 200 indents for each sample. During the test, the nanoindenter continuously recorded the penetration depth and the load. More details on the nanoindentation test are discussed in [43,44] where it is explained how it is possible to calculate Indentation Hardness HI (GPa) plastic deformation work Wp (pJ) and total deformation work Wt (pJ). High Wt values mean high energy dissipated by the material during loading which is related to high toughness.



Hardness measurements (HV30) were carried out according to the Vickers test method described in ISO 6507-1 standard [45], using a 30 kg load and 10 s duration time.



The tensile properties (yield strength (YS), ultimate tensile strength (UTS) and elongation to failure (E%)) were evaluated on proportional round specimens (5 mm diameter and 25 mm gauge length), using a servo-hydraulic testing machine according to EN ISO 6892 standard [46]. Three specimens for each of the two investigated heat treatment conditions were tested.



Fatigue tests were carried out according to ISO 1143 [47] on unnotched and notched specimens (Figure 2), using a four-point rotating bending testing machine at a frequency of 50 Hz. The stress concentration factor induced by the notch was evaluated as equal to Kt = 3 and Kt = 3.1 on the basis of the findings of Noda [48] and Young [49], respectively. The fatigue strength was evaluated at 107 cycles, in accordance with the staircase method reported in the ISO 12107 [50] standard, using 15 specimens and a 50 MPa stress step.



The unnotched specimens were machined before the heat treatment and subsequently were surface finished to obtain an average roughness of Ra = 0.1 µm in the gauge length. The notches were completely machined after the heat treatment, and finished to a surface roughness Ra in the range of 0.2–0.4 µm. Roughness measurements were carried out with a stylus profilometer (tip radius of 5 µm), according to DIN-4768 [51].



Notch and fracture surface analyses were carried out by means of a Hirox KH 7700 3D-digital microscope (Hirox Co. Ltd., Tokyo, Japan) and SEM equipped with Zeiss EVO50 (Carl Zeiss Microscopy GmbH, Oberkochen, Germany), respectively.





3. Results


3.1. Microstructure


Representative optical and scanning electron micrographs of the investigated PM tool steel, after K890-I and K890-II heat treatments, are presented in Figure 3, Figure 4 and Figure 5. Microstructures consist of homogeneous fine tempered martensite with dispersed MC (dark grey in Figure 4 and Figure 5) and M6C (white in Figure 4 and Figure 5) carbides [21,22,24,25]. The prior austenite grain size in the K890-I and K890-II is comparable and it ranges between (4 and 9 μm), regardless of the different austenitization temperature. Moreover no retained austenite (RA), segregations, inclusions, porosity, carbides larger than 2 μm or carbides clusters were detected by metallographic analyses (Figure 3 and Figure 4).



MC carbides (Figure 4 and Figure 5) are mainly micron-sized, distributed along the primary austenite grain boundaries and with high V content, while M6C carbides, with sub-micrometric size, also develop inside the grains and are Mo and W rich [23,25].



Despite the different austenitizing temperatures, the differences between the average size of the carbides in the K890-I and K890-II treated sample is negligible, as observable in Figure 5 and supported by the distribution of carbide size reported in Figure 6. According to the carbides’ distribution curves, the mean value of carbide size is about 0.40 μm with a standard deviation of about 0.10 μm for both K890-I and K890-II treated samples. The only remarkable differences concern the area fraction and the maximum size of the carbides equal, respectively, to 5.20 ± 0.50 and 1.38 μm for the K890-I and 4.40 ± 0.70 and 1.11 μm for and K890-II treated samples. OM and SEM analyses, instead, were not able to show the presence of secondary carbides developed during tempering and/or CT soaking.



Finally, XRD patterns (Figure 7) confirm that the amount of retained austenite is negligible and is lower than the detection threshold of the equipment (about 1.5%) in both K890-I and K890-II investigated specimens.




3.2. Hardness and Tensile Properties


The effects of the two heat treatments on hardness and tensile behaviour are summarized in Table 2, while an example of tensile curves is reported in Figure 8.



The data point out that K890-II leads to increased hardness (about 10% more), greater strength (about 11% and 13% more for YS and UTS, respectively) and a slightly superior elongation to failure (about 7% more) compared to K890-I.



The higher hardness and strength of the K890-II compared to the K890-I steel can be explained by taking into account both the different austenitization and tempering temperatures as reported by [19,20,21,22]. The increase in austenitization temperature, indeed, leads to the solutioning of a higher amount of primary carbides, resulting in a higher carbon concentration in the martensite after quenching, and consequently its superior final hardness. Furthermore, the higher C supersaturation may have also promoted the precipitation of secondary carbides during the tempering and/or CT, which can induce a slight increase in hardness, since they are not affected by the subsequent tempering. In particular, as stated by [23,27], according to the nucleation and growth theory, precipitation of secondary carbides can take place during heating from cryogenic temperature to room temperature and the subsequent tempering.



In addition, as is well known, the lower tempering temperature of K890-II compared to K890-I (520–530 °C and 540–560 °C respectively), contributes to increases in the degree of its hardness [52,53].



It is worth noting that, despite its higher degree of hardness, K890-II also exhibits a slightly higher elongation to failure. This result is in agreement with the findings reported in [26,27,28,34,35], in which the authors state that the precipitation of secondary carbides during the CT can reduce the carbon supersaturation in the martensite, decreasing residual stresses and improving ductility and toughness, resulting also in a general decrease of microcracking tendency.



In addition, the homogenous microstructure observed in both K890-I and K890-II leads to a negligible scatter of the results with a standard deviation lower than 1% for hardness, UTS and YS.




3.3. Nanoindentation


The nanoindentation technique is widely used because of its ability to measure the mechanical properties of a small volume of material. It allows the Indentation Hardness (HI), Total hardening Work (Wt) and plastic Work (Wp) to be evaluated by analysing the load—penetration depth curve. HI—similar to the other micro or macro hardnesses—provides information on the material strength; Wt expresses the ability of materials to dissipate deformation energy during loading and, for this reason, is a useful tool to evaluate ductility and toughness, as reported in [43,54,55,56].



An example of load—penetration depth curves by nanoindentation tests for the investigated steels is reported in Figure 9. The results were statistically analysed and their gaussian distributions are shown in Figure 10, while the mean values and standard deviations are summarized in Table 3. It can be clearly seen that K890-II increases Indentation Hardness (HI), total hardening work (Wt) and plastic work (Wp), in comparison to K890-I (by about 15%, 4% and 10% respectively). As reported in [43,54], the higher the Wt and Wp values, the greater the ductility and toughness of the material. The results of nanoindentation confirm the increase of strength and ductility induced by the K890-II, already highlighted by the tensile tests.



It is worth noting that gaussian distributions of HI and Wt highlight the positive effect of a homogeneous microstructure in reducing the scatter in the mechanical properties of the investigated tool steel.




3.4. Fatigue Behaviour


The fatigue strength of notched and unnotched specimens was evaluated by rotating bending fatigue tests carried out following the staircase method, described in detail in ISO 12107 standard [50]. According to this method, the specimens are tested sequentially, starting from a defined stress for the number of cycles of interest or until failure, whichever comes first. In the present work, the stress has been chosen close to the expected steel fatigue strength, identified on the base of previous tensile tests and literature review. If the specimen fails the stress is decreased of a fixed step, if it survives the stress is increased of the same step. Commonly, this stress step is close to the expected standard deviation of the fatigue strength. According to this method at least 15 samples have to be tested to obtain accurate mean fatigue strength and standard deviation at the fixed number of cycle.



Images of the machined notches, obtained by 3D-digital microscope, are reported in Figure 11; the average surface roughness Ra of the notches ranges between 0.2 and 0.4 µm.



The results of the fatigue tests are summarized in Table 4, where the fatigue strength of notched S’ek and unnotched S’e specimens, the theoretical stress concentration factor for notched specimens Kt (estimated according to Noda [48] and Young [49]), and the fatigue notched factor Kf (ratio between S’e and S’ek [57]) are reported.



The experimental data point out the positive impact of the K890-II treatment on fatigue behaviour of the PM tool steel for both unnotched and notched specimens, as already observed for the static properties. Similar findings are also reported by [22,23,25] where the authors explain the effect of cryogenic treatment on the mechanical properties of tool steels. The K890-II unnotched samples have a fatigue strength 15% higher than the K890-I ones, while the K890-II notched samples have a fatigue strength approximately 25% higher than the K890-I ones.



Moreover, as also observed for static mechanical properties, the substantial absence of segregations, large carbides or carbides clusters and porosity, in both K890-I and K890-II, leads to a low scatter of the results of fatigue tests. As a matter of fact, the standard deviation for the unnotched samples is lower than 3% while for the notched samples is lower than 5%.




3.5. Fracture Surface Analyses


Different fracture surface appearances were detected in unnotched and notched specimens, especially for the nucleation stage.



The fracture mechanisms of high strength tool steels are widely described in the literature [8,11,12,18,58]. According to the findings of the researchers, the main microstructural features that influence the fatigue behaviour of these steels are: large primary carbides, carbides clusters, inclusions (mainly aluminium-oxide or calcium-sulphides), segregations and voids [18]. All these features act as fatigue nucleation sites and reduce the cycles needed for initiating the crack in the material stage that requires the largest part of the total fatigue life [58]. For these steels, therefore, the improvement of fatigue behaviour is mainly achieved by promoting the development of a fine and homogeneous and microstructure.



Fracture surface analyses of the K890 I and K890 II confirmed these statements and, moreover, highlighted the different fracture nucleation mechanisms between unnotched and notched specimens.



Fracture surfaces of the unnotched samples are substantially flat and smooth, without evidence of plastic deformation even if the nucleation sites, the propagation and failure regions are clearly visible (Figure 12 and Figure 13). In the samples in Figure 12 the absence of large microstructural defects and the small size of carbides leads to the development of crack initiation sites in the surface region (Figure 12) due to a flaw (Figure 12c–e) or to the accumulation of dislocation in slip bands (Figure 12a,b) [18]. However, the analyses highlighted that, in unnotched specimens, the cracks mainly originate from internal inclusions, showing a classical fish-eye morphology (Figure 13), despite no inclusions being observed by metallographic analyses because of their very low amount. Fish-eyes have been widely described and several studies have been carried out to investigate their formation and features [9,11,12,58]. All these studies agree with the fact that fish-eyes: (i) mainly occur under high number of loading cycles (above to 106) in high strength steels and, in particular, tool steels; (ii) develop in correspondence with carbides clusters, primary large carbides or non-metallic inclusions, due to both particle cracking and debonding; (iii) their typical features are the result of different crack growth mechanisms that take place during the early stages of crack propagation within the fish-eye.



According to [11,12], in presence of a fish-eye, the stage corresponding to the fish-eye growth takes up almost the total fatigue life of samples/components. Only when the fish-eye reaches a critical size (depending on loading and material properties) does the crack growth rate increase, until the moment final failure takes place (Figure 14). This final stage of the sample fatigue life happens remarkably fast while also taking up less than 1% of total fatigue life. In the presence of surface defects (or flaws), however, the higher stress-intensity factor induced by the defect (or flaw) allows the critical crack to grow faster than the fish-eye, reducing the cycles required for the crack initiation phase [12,58].



It should be noted that for both K890-I and K890-II samples, the fish-eye did not develop close to the surface, despite rotating bending fatigue tests inducing maximum stress on the surface of the specimen. This is probably due to the presence of surface compressive residual stresses, induced by the machining processes for sample production, which inhibit the crack of inclusions or carbides or their debonding from the matrix. Similar findings have also been reported in [7,9,18,59,60,61].



Due to the high strength and low ductility of the tested steel and the high crack propagation rate, no clear fatigue striations are detected in the propagation region, even at high magnification, and no clear boundary between the crack propagation and final failure regions has been observed (Figure 14); the transition between the smooth surface present in the propagation region close to the fish-eye and the rough surface of the final failure is continuous. Moreover, no clear effects of the microstructure on the crack path were highlighted by the fractographic analyses, in agreement with the statements of Shiozawa et al. [10]. In particular, because of their small size, no fractured carbides were observed both in the propagation and in the final failure zone, in which the fine microstructure leads to the formation of micrometric and submicrometric dimples. On the contrary, in the notched specimens, the high surface stress concentration induced by the notch promotes the development of multiple initiation sites (even if no large carbides, inclusions, or voids have been detected) (Figure 15) [62] or single surface initiation sites close to the machining flaws of the notch root (Figure 16). In the first case, the cracks develop on different planes and connect during the final failure of the specimen.



The morphologies of the fracture surfaces in the propagation and failure zones, however, are comparable to the corresponding areas of the unnotched specimens (Figure 17).





4. Discussion


Although the authors are fully aware that a thorough understanding of the effect of the two heat treatments on the microstructure, in particular on the formation of secondary carbides, can only be provided by TEM analyses, a possible explanation of the positive effect of K890-II heat treatment on the microstructure and mechanical behaviour of PM K890 tool steel is proposed, based on a bibliographic survey.



It is widely recognized [24,26,27,28,29,30,31,32] that heat treatment optimization of tool steels is often aimed at reaching a compromise between the need to: (i) increase hardness and strength; (ii) ensure adequate toughness; (iii) reduce the amount of retained austenite.



Therefore, in conventional quenching and tempering heat treatment, the austenitization temperature is defined in order to avoid an excessive dissolution of primary carbides, and the consequent carbon enrichment of the austenite. As a matter of fact, high C content leads to the formation of harder and thus more brittle martensite and increases the amount of retained austenite (RA) after quenching. In order to enhance toughness and to reduce the amount of retained austenite, high strength steel generally undergoes multiple tempering cycles, at a relatively high temperature, in order to transform RA and to obtain a tougher tempered martensite. In fact, the presence of the metastable retained austenite reduces steel hardness, toughness and fatigue strength [24,26,28,31], since it may transform into brittle martensite in working conditions [27,29,34,35,63,64,65].



The cryogenic heat treatment, carried out after quenching or after tempering, allows these limits to be exceeded. In point of fact, during the cryogenic phase of the heat treatment, the transformation of RA into martensite takes place and secondary fine carbides are formed. These are in addition to the secondary carbides that develop during tempering, and increase mechanical properties, toughness, and wear resistance [22,63,64]. The microstructural evolution and the carbides precipitation induced by cryogenic treatment in tool and high carbon steels in particular, is discussed by several authors, such as Gavriliuk et al. [66], Patil [22] and Das [63,64]. These authors demonstrate that carbon atoms are immobile at temperatures below −100 °C. However, during the heating up to room temperature from cryogenic and during subsequent tempering, ageing of the carbon-supersaturated martensite (starting from −50 °C) leads to martensite decomposition. This induces precipitation of submicrometric carbides with a reduction of the compressive residual stresses according to [65,67].



However, the formation of these fine and homogeneously dispersed carbides has a positive effect on the ductility and toughness of the steel that compensates the effect of the reduction of compressive residual stresses on the fatigue behavior [9,65,67]. In the light of the above, the austenitization temperature can be increased and the tempering temperature reduced when a cryogenic treatment is applied, since a higher amount of C in solid solution in the austenite before quenching and a lower tempering temperature are no longer critical for the final toughness of the steel.



As a result, the new K890-II treatment that is proposed can lead both to an increase in the hardness and strength of steel and a slight increase in its ductility, toughness and fatigue strength.



The synergic positive effect of increasing the austenitizing temperature, reducing the tempering temperature and cryogenic treatment on the mechanical performance of the investigated tool steel is confirmed by the results of hardness and tensile tests. As a matter of fact, K890-II treated steel, has a higher degree of hardness, YS and UTS (10, 11 and 13% respectively) and even a slightly superior elongation to failure (2.3 vs. 2.1%) compared to K890-I treated steel.



These results are corroborated by the indentation tests data, which highlight that the combination of a higher austenitizing temperature, cryogenic treatment and a lower tempering temperature increases the Indentation Hardness of the K890 steel without decreasing its toughness, in terms of energy absorbed by the material during the deformation. Indeed, K890-II has higher total hardening work (Wt) compared to K890-I steel, and this is probably due to the reduction of its tendency to microcrack, induced by the lower residual stress resulting from the lower supersaturation of martensite due to the precipitation of fine carbides during cryogenic treatment [33,35]. Moreover, it is well known [67] that a reduction in the maximum carbide size reduces the probability of fracture and/or debonding from the matrix, and can therefore further increase steel toughness.



As for fatigue behaviour, the increase in the static strength of the K890-II treated steel leads to a proportional increase in the unnotched fatigue strength (S’e) equal to 1314 MPa for K890-II and 1186 MPa for K890-I, with a S’e/UTS ratio of about 0.47 for both K890-II and K890-I steels. As reported in [68,69,70,71], a similar S’e/UTS ratio suggests that similar fatigue failure mechanisms take place. This statement is in agreement with the fracture surface analyses already described in Section 3.5. In fact, according to these, the crack nucleation sites in both K890-I and K890-II unnotched samples were primarily characterized by the presence of fish-eyes, mainly developed in correspondence with small inclusions, while the propagation stage of the fracture took place with a high propagation rate, so that even at high magnification no fatigue striations were detected.



It can seem, therefore, that the increase in the S’e value of the K890 unnotched samples is largely due to the increase in its hardness and strength, which mainly influences the initiation phase of the cracks, while no effect can be attributed to the toughness.



The importance of steel toughness on the fatigue strength of K890 steel becomes instead clear by comparing the fatigue notch factor Kf, for both the K890-I and K-890-II notched samples.



The fatigue notch factor Kf for metallic materials measures the reduction in the fatigue strength of a sample due to the presence of a notch, and is defined as the ratio of the fatigue strength of the unnotched specimen (S’e) to the fatigue strength of the notched specimen (S’ek) [57]:


   K f  =      S ’ e       S ’ ek       



(1)







The Kf coefficient is obtained experimentally and depends on steel chemical composition, heat treatment, type of notch and geometry of the specimen. Its value ranges between 1 (material notch- insensitive) and the theoretical stress concentration factor Kt (material fully notch-sensitive).



Kt is the ratio between the greatest elastically calculated stress in the region of the notch (or other stress concentrators) to the corresponding nominal stress. Kt is a theoretical factor that depends only on the geometry of the notch and the type of stress (normal stress, bending or torsion) [57].



Experimental tests show that in most cases Kf is less than Kt because metals locally undergo stress values higher than their yield strength, and therefore a local plasticization of the material and a redistribution of the stresses occurs at the notch root. The fatigue limit of the notched components cannot therefore be evaluated solely by considering the maximum theoretical value of the tension σmax at the notch [60] but the stress gradient, the ductility and the toughness of the material also have to be considered because of their influence on both crack initiation, from defects or surface discontinuities, and their subsequent growth [68,69,70].



In order to consider these aspects Khun [69] developed the following relationship:


   K f  = 1 + q    K t  − 1    



(2)




where the notch sensitivity parameter q ranges between 0 and 1 and takes into account both the notch geometry and the mechanical performances of the material. This parameter is assumed to increase with increasing UTS because, according to Khun [69], an increase of UTS corresponds to a decrease of ductility and toughness.



Based on similar considerations, several empirical relationships were developed between the 1930s and 1970s to evaluate q on the basis of notch geometry and UTS.



According to Neuber [71]:


  q =  1  1 +  π  π − ω      A r           



(3)







And therefore:


   K f  = 1 +    K t  − 1   1 +  π  π − ω      A r         



(4)




where ω is the notch flank angle, r is the notch root radius, and A is the Neuber constant, which is related to the tensile strength of the material. The A1/2, in fact, can be approximated by a third-order polynomial fit of UTS.



According to Peterson [72]:


  q =  1  1 +  a r     



(5)







And therefore:


   K f  = 1 +    K t  − 1   1 +  a r     



(6)




where a is a material constant (in mm) and for the steels is defined as:


  a = 0.025       2070   U T S       1.8    



(7)







According to Heywood [73]:


   K f  =    K t    1 +   2    K t  − 1      K t       b     r         



(8)




where b (in mm) is a constant that takes into account both the material strength of UTS and the notch geometry. For the geometry of the notched fatigue specimens, b is given by:


  b =   104   U T S    



(9)







A comparison of the experimental Kf coefficients (reported in Table 5) highlights that the increase of ductility and toughness induced by the K890-II compared to K890-I treatments leads to lower Kf values. Furthermore, the comparison of the experimental Kf coefficients with those calculated according to previous relationships, emphasises again the importance of considering not only UTS for new PM tool steels, as in the past, but also ductility and toughness, in order to correctly assess their fatigue behaviour in the presence of notches. It is worth noting that the Neuber relationship (4) cannot be applied to the K890 steel since for high UTS it yields Kf > Kt, while Peterson and Heywood relationships overestimate the fatigue notch sensitivity of the K890 by about 30%. As shown in Table 5, Kf values for K890 can be, alternatively, more accurately predicted by the relationship (10) developed by Hu and Cao [70] for low notch sensitivity materials, which considers the deformation and strain hardening behaviour of the material rather than the UTS.


   K f  =  K t  2 /   3 + n      



(10)




where n is the strain hardening coefficient and can be evaluated by means of the following relationship [74]:


  n = 1 −       Y S   U T S      2   



(11)







As reported by Hu and Cao [70], because n represents the homogeneous deformation due to strain hardening, the greater the n, the greater the possibility of homogeneous deformation, and the greater the decrease in stress concentration at the notch root.



Despite its high strength, K890 steel exhibits lower fatigue notch sensitivity compared to traditional tool steels, thanks to its increased ductility and toughness, resulting from the steel production process, as well as from a proper optimization of the heat treatment parameters [9,18,22].



In fact, this positive combination of high strength, ductility and toughness, and the presence of fine carbides induced by the K890-II treatment actually prevents or slows down the nucleation of the cracks and their growth.



In the light of the above, and considering that K890 steel, in particular after K890-II treatment, has Kf values comparable with steels for structural applications [68,70], it is possible to infer that it could provide a viable option for the production of high performance components, even those with complex geometries, such as camshafts or crankshafts.




5. Conclusions


The aim of this present study is to evaluate the effect of an optimized heat treatment, including a cryogenic treatment before the last tempering, on microstructure and mechanical behaviour of the powder metallurgy K890 tool steel. Conventionally heat-treated steel (austenitizing at 1070–1100 °C for 30 min, gas quenching, triple tempering at 540–560 °C for 2 h, referred to as “K890-I”) was compared with the same steel which underwent the new heat treatment (austenitizing at 1150–1180 °C for 30 min, gas quenching, double tempering at 510–520 °C for 2 h, cryogenic treatment in nitrogen at −80 °C for 2 h and final tempering at 520–530 °C for 2 h, referred to as “K890-II”). The following main conclusions can be drawn:




	
The K890-II treatment improved tensile strength without decreasing elongation to failure, probably thanks to both a finer and more homogeneous carbide distribution into the martensite matrix and a decrease in martensite carbon supersaturation.



	
Nanoindentation tests confirmed the tensile test data. The K890-II increased Indentation Hardness and indentation work compared to K890-I, which resulted in a reduction in microcracking tendency.



	
Compared to the K-890-I treatment, the simultaneous higher strength, ductility and toughness induced by the K890-II treatment led to an increased fatigue strength for both the unnotched and notched specimens. Fatigue strength of the K890-II samples was about 15% and 25% higher for unnotched and notched samples, respectively, in comparison with the K890-I treatment.



	
Fracture surface analyses showed that in unnotched specimens the cracks mainly originate from internal inclusions, showing a classical fish-eye morphology, while in the notched ones the cracks mainly develop from the surface.



	
This present work demonstrates that the fatigue notch factor Kf of the K890 tool steel, after optimized heat treatment, is comparable with that of high strength steels. This makes K890 steel an highly attractive material for the production of high performance mechanical components, such as crankshafts.
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Figure 1. Schematization of K890-I (a) and K890-II (b) heat treatments. 
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Figure 2. Shape and dimensions (mm) of the rotating bending fatigue test specimens: (a) unnotched and (b) notched (in this figure the commas has been used as decimal sign). 
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Figure 3. Optical micrographs of K890 Microclean steel after: (a) conventional K890-I and (b) K890-II heat treatment. 
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Figure 4. SEM-BSE representative micrographs of sample treated according to K890-I (a) and K890-II (b). 
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Figure 5. Representative SEM-BSE micrograph of the K890-II treated steel with MC carbides along grain boundaries and M6C carbides inside grains. The light grey carbides, M6C type, are Mo and W rich, while the dark grey carbides MC type are V rich. 
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Figure 6. Gaussian distribution of carbides size in K890-I and K890-II specimens. K890-II presents smaller carbides size (peak value) and a more homogeneous (amplitude) carbide distribution. 
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Figure 7. XRD patterns of samples subjected to K890-I and K890-II treatments. The amount of retained austenite is lower than the detection threshold of the equipment for both heat treatments; therefore, no peaks related to the γ phase can be observed. 
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Figure 8. Comparison of stress-elongation curves of the K890 steel subjected to K890-I and K890-II heat treatments. 
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Figure 9. Nanoindentation load (Fn) vs. penetration (Pd) curves of K890-I and K890-II samples. 
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Figure 10. Gaussian distribution of HI (a) and Wt (b). In both graphs, the peak corresponds to the mean value and the curve amplitude to the standard deviation. 
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Figure 11. Representative images of the surface finishing of the notches for the (a) K890-I and (b) K890-II fatigue samples. 
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Figure 12. Fatigue fracture surface of unnotched samples. (a,b) crack initiation sites in the surface zone due to the accumulation of dislocation in slip bands (MPa 1150, cycles 7.5·106) and (c–e) presence of a flaw (MPa 1100, cycles 6.9·106). 
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Figure 13. SEM-SE low magnification fatigue fracture surface of an unnotched sample (MPa 1100, cycles 5.4·106) with the crack initiation site in the sub-surface zone (a) and high magnification of the “fish-eye” with corresponding SEM-EDS analysis of non-metallic inclusion from which developed the “fish-eye” (b). 






Figure 13. SEM-SE low magnification fatigue fracture surface of an unnotched sample (MPa 1100, cycles 5.4·106) with the crack initiation site in the sub-surface zone (a) and high magnification of the “fish-eye” with corresponding SEM-EDS analysis of non-metallic inclusion from which developed the “fish-eye” (b).
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Figure 14. SEM-SE micrographs of smooth propagation zone (a) and rough final failure zone (b) of an unnotched sample. 
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Figure 15. SEM-SE micrographs of multiple crack initiation sites in notched specimen. The outermost zone of the fracture surfaces of the specimen was partially damaged by the final stage of fracture. 
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Figure 16. SEM-SE low magnification fractography of a notched sample (a) and high magnification of the crack nucleation site in correspondence of machining flaws of the notch root (b,c). 
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Figure 17. SEM-SE micrographs of propagation and failure zone of unnotched (a,b) and notched samples (c,d). 
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Table 1. Chemical composition (wt%) of the studied Böhler K890 Microclean steel.






Table 1. Chemical composition (wt%) of the studied Böhler K890 Microclean steel.





	C
	Mn
	Si
	Ni
	Co
	Mo
	V
	W
	Fe





	0.80

± 0.02
	0.35

± 0.01
	0.59

± 0.01
	4.14

± 0.04
	3.90

± 0.02
	2.99

± 0.01
	2.30

± 0.03
	2.43

± 0.01
	Bal.
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Table 2. Hardness and tensile properties (mean values and standard deviations) of the K890 steel subjected to K890-I and K890-II heat treatments.






Table 2. Hardness and tensile properties (mean values and standard deviations) of the K890 steel subjected to K890-I and K890-II heat treatments.












	
	HV30
	YS (MPa)
	UTS (MPa)
	A% (%)





	K890-I
	741 ± 3
	2153 ± 20
	2513 ± 10
	2.1 ± 0.1



	K890-II
	817 ± 17
	2381 ± 15
	2848 ± 22
	2.3 ± 0.1
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Table 3. Indentation Hardness (HI), Total hardening Work (Wt) and plastic Work (Wp) obtained by nanoindentation tests (mean values and standard deviations).






Table 3. Indentation Hardness (HI), Total hardening Work (Wt) and plastic Work (Wp) obtained by nanoindentation tests (mean values and standard deviations).











	
	HI (GPa)
	Wt (pJ)
	Wp (pJ)





	K890-I
	12.5 ± 1
	21,400 ± 875
	15,171 ± 135



	K890-II
	14.4 ± 2
	22,268 ± 220
	16,635 ± 160
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Table 4. Results of bending fatigue tests carried out on notched S’ek and unnotched specimens S’e; fatigue strength at 107 cycles for a failure probability of 50%. Kt is the theoretical stress concentration factor; Kf is the fatigue notch factor.






Table 4. Results of bending fatigue tests carried out on notched S’ek and unnotched specimens S’e; fatigue strength at 107 cycles for a failure probability of 50%. Kt is the theoretical stress concentration factor; Kf is the fatigue notch factor.













	
	     K  t   e s t i m a t e d      
	    S  ’ e    ( MPa )    
	    S  ’  e k     ( MPa )    
	     K f  =   S  ’ e    S  ’  e k        
	       S ′  e   U T S      





	K890-I
	3
	1186 ± 29
	525 ± 26
	2.25
	0.47



	K890-II
	3
	1314 ± 39
	692 ± 31
	1.9
	0.46
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Table 5. Notch factor Kf values for the K890-I e K890-II treated steel evaluated by means of empirical (Peterson [72], Heywood [73], Hu and Cao [70]) and experimental relationships.






Table 5. Notch factor Kf values for the K890-I e K890-II treated steel evaluated by means of empirical (Peterson [72], Heywood [73], Hu and Cao [70]) and experimental relationships.





	

	
Peterson (Empirical)

	
Heywood (Empirical)

	
Hu and Cao (Empirical for Low Notch Sensitivity Materials)

	
Experimental






	
K890-I

	
Kf=2.8

	
Kf=2.6

	
Kf=2.0

	
Kf = 2.2




	
K890-II

	
Kf = 1.9

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
—— K890-1

(un Aenar) Aisuai

%0

80

70

60

50

40

30

20

20)





media/file4.png
476

1 %45

@ 12 W

et — -

175
' [4Y] o
3 ’ |© @ ooms|A-8|
3
2 |
>
S Ra 0,1 max/ Rz 02 max
/
J
100

(a)

8

(47.6)
2

l T 'g .;"r‘!
A /%" X°
t!g 212.80r

(a} ;I

|

|

l

| R

: :-2 1
c l

| 0.05

15A8

|

I

I

I

i

#12.80r [0]20.1]A]
@_“gﬁ*l: ~20.08]
8 __
/]






media/file30.png





media/file18.png
Fn (mN)

300

250

200

50

500

1000

Pd (nm)

1500

2000

e K890 |
— K890-1I





media/file21.jpg





media/file26.png
Atomic%

- P Y s S
B cpl .«"M"' o

66.37
21.40
1146
0.78






media/file27.jpg





media/file3.jpg





media/file22.png





media/file19.jpg
freq. Gauss

frea. Gauss

-
a9

HIT (GPa)





media/file7.jpg





media/file28.png





media/file10.png
M,C
V 1.41 wt%

Cr3.95wt% |

Co 2.27 wt%
Mo 13.96 wt%

W 18.05 wt% |

MC |

V 26.7 wt%

Cr4.15 wt% |

Co1.21 wt%
Mo 9.75 wt%

W 8.98 wt% |

.
WD: 14.31 mm
Det: BSE

SEM HV: 20.0 kV
View field: 8.91 pm

SEM MAG: 23.3 kx  Date(m/dly): 11/26/19

| | | I

| 2pm

-

MIRA3 TESCAN

UNIBO DIN

Sub-micrometric MsC

carbides inside the grain

\ Micrometric MC carbide at

grain boundary





media/file33.jpg
Propagation zone failure zone

3
s
H






media/file32.png
e toon, 3 i iy
W*f-’na:‘fﬁ«:';;v"m:&‘ e






media/file14.png
— K890 - |
—_— K890 - I

(un Areayauy) Aususyul

90

80

70

60

50

40

30

20

20 (°)





media/file11.jpg
Freq. Gauss

035

030

025

020

015

010

050

02

04

06 08

Carbide size (um)

10

——K8901

—8—K890 11

12

14





media/file6.png





media/file15.jpg
Stress (MPa)

3000

2500

2000

1500

1000

500

2
Elongation (%)

K890-11_1
© K890
- k890113






nav.xhtml


  metals-12-00900


  
    		
      metals-12-00900
    


  




  





media/file16.png
Stress (MPa)

3000

e et g
2500 ;;;‘ e ———
-
&
2000 7
1500 7 K890-1_1
7 K890-1_2
7 * K890-1_3
HO0 53 K890-11_1
7 K890-11_2
500 | # * K890-11_3
F
-
0
0 1 ) 3

Elongation (%)





media/file2.png
Temperature {(*C)

Temperature {°C)

austenitizing
1070-1100°C, 30 min

(a)
Pre-heating
850°C, 2h
Pre-heating
650°C, 2Zh . .
Triple tempering
540-560°C
Time, {h)
aystenitizing (b)
1150—1180°C, 30 min
Pre-hseating
850°C, 2h
Pra-heating
B50°C, Zh Double lempenng Third tempering
210-520°C 520-530°C
Time, h

N/

Cryogenic treatment
—80°C, 12h}





media/file20.png
freq. Gauss

0.30

0.25

0.20

0.15

0.10

0.05

- @®--K890- |
c~®--K890- Il

e
. ‘?%;
P : T
F i =¥
T'. o .‘\
°® 7 o
X ad 4 N
7’ t..f-
10 15 20
HIT (GPa)

frea. Gauss

0.0007

|
== ® = K890-| -
0.0006 |-
o=@ = K390-Il 5
T
0.0005 =
T
* T
=0
0.0004 T
[ ]
¢
: .
0.0003 =
SR
0.0002 7S s
d 4 o3
7 : Qe
0.0001 7 v -%
OT = »
- -~ L)
10,000 15,000 20,000 25,000

(b)

Wt (pJ)

30,000





media/file23.jpg
faire

nucation

(©)

propagatior






media/file5.jpg





media/file24.png
propagation

(©)

failure

101 Mag= 200 KX EHT=15.00KkY  Signal A= SE1  Date :30 Jan 2013
— : WD=85mm  PnolaNe.=9335  Time :9:55:05

EHT = 15.00 kv Signal A= SE1  Date :30 Jan 2013

Mag= 58X :
o WD = 85mm Photo No, =9894  Time :9:50:08

2pm EHT = 15.00 k' Slgral A= QBS0 Date :30 Jan 2013

Mg ORI WD=85mm  PnolaNe.=9937  Time :$:56:07






media/file29.jpg





media/file1.jpg
Tomperature (°C)

austonilizing
1070-1100°C. 30 rin

Temporaiue (C)

(a)
Pre-heating
850°C. 20
Pre-heating
650°C, 2n Triple tempering
540-560°C
“Time, (n)
oustentzing ®)
1SO-11B0'C. 50 min
Boubie ampenng Thed tomporing
510-520C 520-530C.
T

Cryogent eatment
Za0c. an,





media/file31.jpg





media/file25.jpg





media/file12.png
Freq. Gauss

0.35

0.30

0.25

0.20

0.15

0.10

0.50

0.2

0.4

0.6 0.8

Carbide size (um)

1.0

—®—K890 |

—8—K890 II

1.2

1.4





media/file9.jpg
M
Viaiwk
3w,
0227wk
Mo 136wk,
W18.05 sk

we
V267w
cratsws
Co121m%.
Mos 75w,
W%

Sub-micrometric MsC
carbides inside the grain

Micrometric MC carbig

grain boundary






media/file0.png





media/file8.png
EHT =20.00kV Signal A=QBSD Date :18 May 2017 Mag = 20.00 K X EHT =20.00 kV Signal A=QBSD Date :1231?19
WD=85mm  PhotoNo.=5211 Time :12:45:27 WD=90mm  PhotoNo.=4106 Time :12:32:

Mag = 20.00 K X






media/file34.png
Propagation zone failure zone

-
()
N =
Q
4=
O
T
c
=






media/file17.jpg
500

1000

Pd (nm)

1500

2000

—— 8901
—— k89011





