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High-performance complex gear cutters and high-temperature bearings are just some of the applications where high-speed steels (HSSs) shine as a preferred material choice owing to their high hardness and outstanding wear resistance. In this work, the effects of sintering temperature on the microstructure and mechanical properties of S390 HSS prepared via spark plasma sintering (SPS) were investigated with a range of sintering temperatures from 930°C to 1,090°C, a uniaxial pressure of 50 MPa, and a holding time of 5 min. The results demonstrated that the improvements in density, hardness, red hardness, and three-point bending strength were confirmed as the sintering temperature increased from 930°C to 1,090°C. Temperature-induced microstructure evolutions were assessed for their contribution to property enhancement, such as powders with varying dimensions and carbides with diverse morphology and diameter. The specimen with the best comprehensive mechanical properties (67.1 HRC and 1,196.67 MPa) was prepared at 1,050°C via SPS. The wear coefficients decreased as the sintering temperature increased, and the observation results of worn surfaces of test pins confirmed that abrasive wear and oxidation wear dominated the wear experiments. Furthermore, the wear mechanism of dense and porous SPS HSS was illustrated and analyzed in terms of the debris and trapped carbides.
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1 INTRODUCTION
Given its outstanding hardness and wear resistance throughout the working process, high-speed steel (HSS) is an essential industrial material for the production of sophisticated cutting tools and high-temperature bearings (Xiang et al., 2020; Zhang et al., 2021; Furuya et al., 2022; Wang et al., 2022; Xu et al., 2022). One of the advantages of HSS over hard metals and ceramic materials is its ability to achieve the complicated shapes with the necessary and desirable bending strength. As technology and industry advance, the application of powder metallurgy (PM) technology in manufacturing HSS has refined the size and distribution of carbides, which has also allowed for the production of PMHSS with a higher alloy content. The powder metallurgy process has the potential to eliminate the segregation of carbides, and the different consolidation techniques might be doing this, such as hot isostatic pressing (HIP) (Benito et al., 2021; Yang et al., 2021), spark plasma sintering (SPS) (Hu et al., 2022; Madej et al., 2022), and metal injection molding (MIM) (Herranz et al., 2017; Mukund and Hausnerova, 2020). In contrast to other PM processes, the SPS technique, in which temperature and uniaxial pressure are simultaneously applied to the powder, has the advantages of a short sintering time and a low sintering temperature, and the Joule heating effect and electric field effect caused by pulsed direct current accelerate the consolidation process (Zhang et al., 2017; Shen et al., 2019; Zeng et al., 2019; Shen et al., 2020).
Controlling the microstructure and mechanical characteristics of PMHSS is dependent on the sintering and heat treatment parameters, such as pressure and temperature (Leskovšek and Podgornik, 2012; Peng et al., 2018a; Peng et al., 2018b; Yan et al., 2022). During the sintering process, temperature plays a crucial role in densification; a suitable temperature might not only achieve the aim of obtaining a specimen with almost full density but also prevent the formation of the liquid phase in order to limit carbide precipitation and growth. When sintering temperatures rose and particle size decreased within a particular range, the density of as-sintered specimens approached that of full density (Matteazzi and Wolf, 1998). Excessive sintering temperatures stimulate the production of massive carbides at the prior powder boundary, which weakens the impact toughness (Romero et al., 2020; Li et al., 2023). Moreover, the absence and composition of the atmosphere have an impact on the PM specimens, particularly their microstructure and characteristics (Asgharzadeh and Simchi, 2005; Shashanka and Chaira, 2016). An extra attention should be focused on the holding time of SPS process, numerous studies have shown that proper extension of the sintering holding time could improve the densities and properties of the specimens (Park et al., 2011; Yamanoglu et al., 2013; Oke et al., 2018; Wang et al., 2021; Hasan et al., 2023). However, prolonged high temperature heat treatment of HSS might lead to the growth of carbides and grains, and the low lifetime of graphite dies.
The impact of heat treatment on the mechanical characteristics of HSS has been the subject of many investigations. The influence of sintering temperature on properties and microstructure, with respect to the less dense PMHSS in particular, has been the subject of a few small academic studies. Mechanical properties and microstructure in PMHSS have not been shown to be affected by SPS sintering temperature.
The purpose of this research is to demonstrate how the various temperatures of sintering influence the microstructure and mechanical properties of SPSed S390 HSS specimens. Moreover, an analysis was performed on the wear behavior and characteristics of dense and porous SPSed S390 HSS specimens as a function of temperature.
2 MATERIALS AND METHODS
S390 PMHSS is primarily utilized for its microstructure of dispersed carbide particles and martensite, which are considered agents the material exceptional hardness, red hardness, and wear resistance. The S390 HSS nitrogen-atomized spherical powders (C: 1.63; Mo: 2.28; W: 10.09; Cr: 4.91; V: 5.12; Co: 8.0; Fe: bal.) was utilized in current study. Dimensional parameters of the powders included 8.44 μm for D10, 32.35 μm for D50, and 117.11 μm for D90, with a flow rate averaged 18.7 s for every 50 g. To obtain a uniform powder mixture, S390 HSS powder and stainless-steel balls were poured into stainless steel jars and mixed for 2 hours at 400 rpm in a planetary ball mill (QM-3SP2, China). The mass ratio of powder to stainless steel balls is 7:1, and the mass ratio of 3 mm stainless steel balls to 5 mm stainless steel balls is 1:1. In order to prevent an increase in oxygen content of powder, sampling and sieving were delayed until the temperature of the jar reached room temperature. The uniform powder mixture was dried to improve the flowability in an air-blowing thermostatic oven (DHG-9035A, China) set to 120°C.
The characterizations of S390 HSS powders were displayed in Figure 1 via scanning electron microscope. The morphology of the powders was captured in Figure 1A, and basically the spherical powders were utilized in this study. The powder corroded by aqua regia is shown in Figure 1B, and the remaining carbides show a three-dimensional distribution of dendrites, which were formed during the rapid cooling of the tiny droplets in gas-atomization process (Ma et al., 2016). Figure 1C exhibited the cross section of the powder under back-scatter electron mode, and the dendrites were distributed evenly in the iron matrix. The states of elements distribution were demonstrated in Figures 1D–I via energy dispersive spectrometer (EDS), the main elements in the matrix were Fe and Co, and the major elements in the carbide dendrites were W, Mo, V and Cr. S390 HSS powders with an irregular morphology, including flaky and hollow powder, were almost removed from the mixture via sieving in order to achieve high density.
[image: Figure 1]FIGURE 1 | Characterizations of S390 HSS powders:(A) Morphology; (B) Carbide dendrites; (C) Cross section microstructure; (D–I) EDS results.
2.1 Spark plasma sintering and heat treatment
Powder consolidation was achieved in the Dr. Sinter SPS machine (SPS 1050, Japan), and the schematic diagram and related macro photos of spark plasma sintering is illustrated in Figures 2A, B. The powders were uniformly mixed before being poured into the graphite die, as shown in Figure 2C, and a layer of graphite foil was inserted between the powders and die to facilitate the process of removing the specimens from the die after sintering. The above specimens (Φ 30 × 18 mm) were prepared at eight different sintering temperatures, each with a uniaxial pressure of 50 MPa and a holding time of 5 min: 930°C, 950°C, 970°C, 990°C, 1,030°C, 1,050°C, 1,070°C, and 1,090°C. The physical pictures of the sintered specimen with different dimensions were shown in Figures 2D–F, an as-sintered specimen with graphite foils should be polished and ground before tests and measurements. With uniaxial pressures beyond 50 MPa, the graphite dies frequently crack during the SPS process, so that no viable specimen was acquired. Since the surface of the as-sintered specimens was not perfectly smooth and was prone to cracking after heat treatment, it was necessary to ground the specimens after removing the graphite foils and before sending them for further heat treatment.
[image: Figure 2]FIGURE 2 | Schematic diagram and physical photos of SPS: (A) Schematic diagram; (B) SPS furnace; (C) Graphite dies; (D) As-sintered specimen with graphite foils; Dimensions of the ground and polished as-sintered specimen: (E) Diameter and (F) Height; End face liquefaction phenomenon (G) 1,070°C and (H)1,090°C.
The heat treatment process for HSS primarily consists of a quenching process and triple tempering processes (Becker, 2017). Due to the poor thermal conductivity of HSS, a uniform temperature was unachievable for the specimen, where an uneven temperature easily leads to bending and cracking. Hence the quenching process of HSS is usually a three-stage preheat: low temperature 450°C–650°C, medium temperature 750°C–850°C, and high temperature 1,050°C–1,200°C (Roberts et al., 1998). The carbide in HSS continually dissolves into the matrix at the austenitizing temperature, and the number of carbides in HSS steadily reduces, and the alloying elements diffused into the matrix improve the hardness and wear resistance of the martensitic matrix. It is widely assumed that a high quenching temperature would result in low toughness due to the coarse grain size. Given that the quenching of high-speed steel microstructure contains a high percentage of martensite and residual austenite, tempering should be conducted as soon as possible to ensure microstructure transformation, residual stress reduction, and secondary hardening (Li, 2017). The current heat treatment process was devised with reference to extensive literature and previous experimental results (Peng et al., 2018a; Peng et al., 2018b; Firouzi et al., 2022; Hu et al., 2022). As with the heat treatment depicted in Figure 3A, two-step heating (550°C and 850°C) was employed to guarantee a consistent temperature throughout the austenitizing procedure in a muffle furnace (KJ-A1200-80LWQ, China) with an argon atmosphere. The specimens were then heated to an austenitizing temperature of 1,150°C and oil-quenched to room temperature. An electrical spark incision was utilized to remove the decarburization layer. Finally, the specimens were triple-tempered at 550°C for 1 h, and the cooling procedure was performed at room temperature under air conditioning.
[image: Figure 3]FIGURE 3 | Schematic diagram of heat treatment and the sampling position for mechanical tests: (A) heat treatment curve (B) sampling positions and dimensions. 
2.2 Characterizations
The densities of the polished as-sintered specimens were measured by weighing them in air and water utilizing the Archimedes’ method and converted into a relative density value (the full density was 8.2 g/cm3). The SPSed S390 HSS specimens were ground with abrasive papers and polished with diamond paste using the traditional metallographic method before optical microscope (OM, Axio Scope 5, German) observation and scanning electron microscope (SEM, Zeiss Gemini 500, German) analysis with secondary electron mode (SE) and back-scatter electron mode (BSE). Before microstructure analysis, some of specimens were necessarily to be etched with FeCl3 solution for 5–10 s. The ImageJ software was utilized for quantitative analysis and statistics on sintered pores (Schneider et al., 2012). The Intermodes mode in the Threshold module extracted pores from OM pictures (certain images were in need of sharpening, especially the images with high sintering temperatures), which were subsequently quantified using the Analyze Particles module. For quantity and feret diameter, the calculations and analyses were repeated in at least four different regions to guarantee the accuracy of the average data.
A digital Rockwell hardness tester (HRS-150D, China) was employed to obtain the room temperature hardness with an applied load of 1471 N and a dwell time of 10 s, and the test should be performed at least five times to obtain accurate average macrohardness values under the same experimental conditions. The red hardness was measured with the specimens tempered at 620°C for 4 h under the same test parameters and experimental conditions. For the three-point bending strength tests, test bars with dimensions of 3 × 6 × 30 mm3 were cut from the prepared specimens, and at least three test bars were tested for every produced specimen before fracture morphology observations. Figure 3B illustrates the schematic diagram of the sampling position for mechanical tests. In the middle of the specimens, four three-point bending test bars were cut out, as well as four sets of wear pins were cut out from the nearby area. The polished specimens were tested for hardness, and the red hardness was acquired by repeating the tempering test on the tested three-point bending test bars.
An instrument known as a pin-on-disk test machine (MMU-10G, China) was employed to conduct wear tests (MMU-10G, China) as shown in Figure 4A. The two test pins with dimensions of Φ 4 × 15 mm were cut from the materials that had been produced via SPS, and the abrasive disks with a diameter of 43 mm and an average hardness of 68.0 HRC were sliced from the HIPed S390 PMHSS materials. A sliding distance of 553 m (the circumference of the wear track is 0.0692 m in Figure 4B) was accomplished during the wear test that lasted for 20 min and included applying a force of 1000 N to the pins while rotating at a rotating speed of 400 rpm. In order to identify the quantity of mass that was lost due to wear on the pins, the experiment was performed a minimum of three times under identical conditions.
[image: Figure 4]FIGURE 4 | The pin-on-disk wear test machine: (A) test machine (B) schematic diagram.
The wear coefficient k of prepared specimens was calculated by the given expression (1):
[image: image]
The weight loss was measured using an electronic balance with 0.0001 g precision to calculate the abrasive volume ∆V, which was estimable with the following expression (2):
[image: image]
3 RESULTS AND DISCUSSION
3.1 Density and microstructure
Figure 5 depicts the correlation between S390 powder HSS density and sintered temperature. As seen in the graph, the sintered density exhibits an overall upward trend with increasing temperature before reaching a steady state. At a sintering temperature of 930°C, the sintered specimen has a density of 7.1 g/cm3 (86.5%). The density of the specimens increases dramatically with temperature until 1,030°C, reaching a maximum of 8.14 g/cm3 (99.2%) at 1,070°C. Increasing the sintering temperature further has no major effect on the density of the specimens. During the sintering process, the increase in temperature promotes atomic vibrations and facilitates diffusion behavior, beginning with the formation of adhesive contact points between the powders, then gradually forming sintering necks with increasing time, and finally growing and bridging the sintering necks to spheroidize the pores. In addition, as shown in Figures 2G, H, for the discharge plasma sintering process, the high sintering temperature causes the powder material to melt and be extruded onto the end face of the specimen, thereby reducing the effect of the applied pressure on the internal powder and reducing the density of the sintered specimen to 8.13 g/cm3 (99.1%) at 1,090°C.
[image: Figure 5]FIGURE 5 | Density and relative density of SPSed S390 HSS as a function of sintering temperature.
Micrographs taken using an OM and a SEM, respectively, exhibiting sintering at various temperatures are shown in Figures 6, 8. It is clear from examining Figure 6A that the pores in the sintered specimen at 930°C take up a considerable amount of space. Even in the sintered specimen shown in Figure 6H at 1,090°C, a tiny number of pores were detected, suggesting the impossibility of a total eradication, as the size and area of the pores in the specimen shown in Figures 6B–G progressively diminish and gradually spheroidize as the sintering temperature rises. Since the analysis and statistics of sintering pores have been conducted on OM images via ImageJ software, Figure 7 shows that as the sintering temperature raised, both the quantity of pores and their diameter decreased significantly, from an average of 1,521 pores per field of view down to 17 pores and from 19.5 μm down to 4.8 μm, respectively. Furthermore, a simulation study on spark plasma sintering reveals that the temperature field of the powder in sintering was not uniform, and the circular pores in the hollow powder that were easily seen in specimens sintered at low temperatures were also seen in specimens sintered at high temperatures, but their size was much smaller and not completely eliminated, which might be related to the local soft melting and viscosity reduction of the powders at high temperatures (Liu et al., 2006; Zhang et al., 2022; Yu et al., 2023). The microstructure of S390 powdered HSS in SEM backscattered electron mode at various sintering temperatures is shown in Figure 8. All of the sintered specimens showed granular carbides that get larger with higher temperatures. The EDS spectra and chemical composition of the 990°C sintered specimens revealed that the white carbides were mostly M6C with a high intensity of W and the dark gray ones were MC with a high intensity of V, the similar microstructure analyses have been reported (Godec et al., 2010; Leskovšek and Podgornik, 2012; Jin et al., 2020). Thus, increasing the sintering temperature has a substantial impact on pore removal. Sintering necks get larger as temperatures rise because more elements diffuse into the material, yet tiny pores are eliminated as grain sizes grow. Sintering raises the temperature, causing the two carbides to precipitate either along the carbide dendrites or directly in the iron matrix, where they eventually form two granular carbides that are widely dispersed over the matrix.
[image: Figure 6]FIGURE 6 | Morphology of SPSed S390 HSS specimens at various sintering temperatures:(A) 930°C; (B) 950°C; (C) 970°C; (D) 990°C; (E) 1,030°C; (F) 1,050°C; (G) 1,070°C; (H) 1,090°C.
[image: Figure 7]FIGURE 7 | Quantity and diameter of pores as a function of sintering temperature.
[image: Figure 8]FIGURE 8 | Microstructure of S390 HSS specimens at various sintering temperatures: BSE-SEM: (A) 930°C, (B) 950°C, (C) 970°C, and (D) 990°C; SE-SEM: (E)1,030°C, (F) 1,050°C, (G) 1,070°C, and (H) 1,090°C; EDS spectrums and chemical compositions: (I) M6C, (J) MC.
3.2 Mechanical properties
The hardness of HSS is the most crucial property, since higher hardness is typically associated with better wear resistance. Figure 9 shows the effect of sintering temperatures on hardness and red hardness. Overall, the hardness variation tends to grow fast below 1,030°C and stabilizes beyond this temperature. The specimen sintered at 930°C measured the softest (48.46 HRC), and hardness rose with increasing sintering temperature, reaching 56.1 HRC in a specimen prepared at 990°C. Nonetheless, this was still much lower than predicted. Sintered specimens entered a stable hardness zone at temperatures over 1,030°C, with all specimens exhibiting a hardness greater than 66 HRC and the specimen sintered at 1,070°C having the maximum hardness of 67.2 HRC. Excellent hardness was demonstrated by the specimens produced at this range of sintering temperatures, and the strengthening mechanism of dense PMHSS consists of two main aspects: on the one hand, the solid solution strengthening mechanism stems from the austenite to martensite transformation of the iron matrix, and on the other hand, the dispersion strengthening mechanism stems from two fine and uniformly distributed high-hardness carbides (MC and M6C) (Peng et al., 2018a; Peng et al., 2018b; Mao et al., 2021; Cui et al., 2022). Hardness refers to the ability of a material to locally resist the pressure of a hard object into its surface. For specimens with sintering temperatures below 990°C, the relative density values of these specimens were less than 94%, and the main microstructural modification was the simultaneous decrease in the quantity and dimensions of the pores, which might be the chief explanation for their increased hardness. Significant changes in the microstructure also occurred at this stage, such as a shift from rod-like carbides to particulate carbides, that might be primarily responsible for the increase in hardness compared to the specimens sintered at temperatures greater than 1,030°C. For the specimens sintered at temperatures higher than 1,030°C, the relative density values of these specimens were relatively close, and the microstructures all presented a homogenous distribution of carbides of similar size on the iron matrix, hence their hardness values were in a stable zone above 66 HRC. These hardness values of the specimens after the red-hardness test followed a generally similar trend regardless of their sintering temperatures, with the exception of a little drop (2.5 HRC) in hardness for the specimens sintered at 1,070°C and 1,090°C, and the highest hardness value was measured in a specimen sintered at 1,050°C. Carbide formation is related to the hardening of high-speed steel after using it, and the absence of elements that form carbides from the iron matrix weakens the strengthening effect of the matrix on the steel due to solid solution. This phenomenon has been thoroughly explored in several scholarly works. The hardness and red-hardness test results demonstrated that the specimen sintered at 1,050°C had a better performance in service.
[image: Figure 9]FIGURE 9 | Hardness and red hardness of SPSed S390 HSS as a function of sintering temperature.
Inadequate toughness, for example, might induce chipping in cutting tools, hence, toughness is an essential HSS attribute that greatly affects the quality and lifespan of cutting tools. As shown in Figure 10, a higher sintering temperature resulted in greater three-point bending strength. The tendency for three-point bending strength was divided into three main stages. For the first stage, the three-point bending strengths of specimens sintered at 930°C and 950°C were 450 and 570 MPa, respectively. Specimens sintered at 970°C and 990°C exhibited a three-point bending strength of 884 and 896 MPa, respectively, nearly twice that of the first stage. The final stage specimens all had strengths greater than 1,100 MPa, with the specimen sintered at 1,150°C achieving the highest (1,196 MPa). Thereafter, as the sintering temperature rose, the three-point bending strength steadily declined. Referring to the results in Figure 8, the carbide characteristics might be one of the factors affecting the three-point bending strength. In the first stage, the carbides appeared as a short rod, while in the second stage, their carbides morphology transformed into a particle shape with a diameter of less than 1 μm, and in the last stage, the carbides completely transformed into a particle shape with a size slightly larger than 1 μm. The higher sintering temperature could cause the growth of carbides, which might deteriorate the three-point bending strength in the last stage. A study of SPSed M3:2 HSS reckoned that excessive growth of grains due to high sintering temperatures might be attributed to declination of properties (Zhou et al., 2014). As has been investigated by numerous researchers on impact toughness and bending strength, coarse carbides or an uneven distribution of carbides is a frequent cause of inferior toughness in HSS. The toughness of HSS is affected by the quantity, variety, shape, and distribution of carbides, all of which are typically influenced by the forming and heat treatment procedures (Lu et al., 2016; Lyu et al., 2021; Firouzi et al., 2022).
[image: Figure 10]FIGURE 10 | Three-point bending strength of SPSed S390 HSS as a function of sintering temperature.
The fracture surfaces of the test bars at multiple sintering temperatures were studied using SEM with SE mode to further investigate the factors affecting the three-point bending strength, as shown in Figure 11. Slight amounts of large powders (above 50 μm, Figures 11A, B) fractured during the first stage of the test bars, whereas substantial quantities of tiny particle powders (below 50 μm, Figures 11C, D) that retained their spherical shape could be seen at the fracture surfaces in Figures 11A, B. At the second stage, shown in Figures 11C, D, the test bars had flatter fracture surfaces, and the pores were smaller and less noticeable than in the first. At this stage, all but a tiny quantity of the fine powders (below 20 μm) had contributed to the three-point bending strength tests. Figures 11G, H showed fractures at the prior powder boundary as well as quasi-cleavage fractures, defined by tiny facets and tear ridges (Cho et al., 2021; Yuan et al., 2023), on the fracture surfaces of test bars at this stage in Figures 11E–H. In the first stage, the sintering temperature was lower, and due to the large surface area of the larger powders, their probability and number of forming the sintering neck were much higher than that of the smaller powders. Furthermore, a simulated investigation of the sintering neck between two metal powders in the SPS process demonstrated that the sintering neck of large powders was wider than that of tiny powders (Liu et al., 2006). Thus, the larger powders would preferentially fracture and contribute to the three-point bending strength. In the second stage, as the sintering temperature increased, the smaller powders also formed sintering necks with other powders. The formation and growth of the sintering necks reduced the size and number of pores, and although the carbides in the microstructure of the specimens at the second stage transformed into particles, the flat fracture surface indicated that the strength of the sintering necks was higher than that of the powder interiors. In the last stage, the fracture surface exhibited similar characteristics to the other HSS, but fractures along the original powder boundary were seen in the two specimens with higher sintering temperatures, which might be related to the excessive sintering temperatures in the SPS process resulting in incomplete loading of the end face because of high-temperature-induced liquefied powders.
[image: Figure 11]FIGURE 11 | Fracture morphologies of SPSed S390 HSS specimens after three-point bending strength tests at various sintering temperatures: (A) 930°C, (B) 950°C, (C) 970°C, (D) 990°C, (E) 1030°C, (F) 1050°C, (G) 1070°C, (H) 1090°C.
3.3 Wear property and mechanism
The wear coefficient, defined as the volume of wear induced by sliding a unit distance under a unit force, could be utilized to quantify the wear resistance of a material. As shown in Figure 12, the wear coefficient decreased as the temperature rose, indicating that the wear resistance of the specimens improved. The specimen with the weakest wear resistance was sintered at 930°C with an average wear coefficient of 8.89 × 10−15 m2/N, while the specimen with the strongest wear resistance was sintered at 1,090°C with an average wear coefficient of 1.33 × 10−15 m2/N. Notably, the wear coefficients of the specimens sintered at 990, 1,030, and 1,050°C were almost identical (3.12 × 10−15, 3.34 × 10−15, and 3.11 × 10−15 m2/N). The improvement in wear coefficient as a function of sintering temperatures could be attributed to the microstructure evolution, which was actually characterized by the removal of pores and the growth of carbides. Recent research results on the wear coefficient of PMHSS were basically similar to the present study. M3:2 PMHSS were prepared with multiple carbide reinforcement schemes, and the strongest average wear coefficient (about 1.15 × 10−14 m2/N) was measured in a specimen sintered at 1,190°C with 10 vol.% of TaC and NbC (Gordo et al., 2000). The high-vanadium HSSs were prepared, and the highest wear coefficient of specimens sintered at 1,250°C was 4.31 × 10−15 m2/N (Wan et al., 2019). The 10.8 wt.% Cr addition could enhance the wear coefficient of a high-boron HSS to around 4.82 × 10−14 m2/N (Guo et al., 2022).
[image: Figure 12]FIGURE 12 | Wear coefficients of SPSed S390 HSS as a function of sintering temperature.
More details were revealed by observing the worn surfaces of the pins via SEM, and the results are exhibited in Figures 13, 14. Referring to Figures 6, 8, besides the carbides and sintered pores uniformly distributed on the iron matrix, furrows with a width of around 2 μm in SE-SEM images and pores filled with oxide debris and carbides in BSE-SEM image morphology were also noted in Figures 13A–D for specimens sintered at 930°C–990°C. And the worn surfaces of specimens sintered at 1,030°C–1,090°C were featured with about 3 μm wide furrows and a small amount of oxide layers. The wear mechanism of the behaviors were illustrated in Figure 15, numerous scientific reports had revealed that the wear mechanism of dense HSS contained abrasive wear characterized by furrows (Wei et al., 2005) and oxidation wear characterized by debris and oxide layers (Guo et al., 2022), and the detached debris and carbides accelerated the transition between two-body and three body abrasive wear (Trezona et al., 1999), which was also confirmed in this study and depicted in Figure 15A. As for the wear coefficients of the specimens sintered at 990, 1,030, and 1,050°C were almost identical (3.12 × 10−15, 3.34 × 10−15, and 3.11 × 10−15 m2/N), this phenomenon might be explained by two behaviors. The first behavior could be low mass loss because of the debris and carbides trapped inside the sintering pores (Salahinejad et al., 2010), while the second behavior might be a high quantity of carbides on the worn surface due to the trapped hard carbides in Figure 15B. For porous test pins, the trapped carbides not only increased the quantity of carbides on the worn surface and thus improved the wear resistance of the surface for a short period of time but also reduced the effect of three-body abrasive wear. For the wear mechanism of porous materials, trapped debris might reduce the mass that should be lost; however, a material reinforced with hard particles, which have a lower dimension than pores, could enhance the worn surface by the process of hard particle detachment and re-servicing.
[image: Figure 13]FIGURE 13 | Worn surfaces of SPSed S390 HSS at various sintering temperatures: (A) 930°C; (B) 950°C; (C) 970°C; (D) 990°C.
[image: Figure 14]FIGURE 14 | Worn surfaces of S390 HSS at 1,050°C: (A) Furrows; (B) Oxide layer.
[image: Figure 15]FIGURE 15 | Wear mechanism of PMHSS: (A) Dense PMHSS; (B) Porous PMHSS.
4 CONCLUSION
In this study, the effects of sintering temperatures on the microstructure and mechanical properties of S390 PMHSS were considered. The outcome of this research could be summarized as follows:
(1) The density and relative density were improved by the elevated sintering temperature, and the sintering temperature had an influence on the microstructure, especially in the morphology and dimension of pores and carbides. The analysis and statistics of pores showed that the quantity of pores and their diameter decreased significantly. Besides, the diminish of the circular pores in the hollow powder was related to spark plasma sintering process and the local soft melting.
(2) Mechanical properties such as hardness and three-point bending strength improved significantly as the sintering temperature rose. The reduction of pores contributes to the hardness increase in the low sintering temperature stage, while the solid solution strengthening mechanism in martensitic matrix and the dispersion strengthening mechanism from fine high-hardness carbides serve as reasons for the elevated hardness in the high sintering temperature stage; the specimen with the best comprehensive mechanical properties (67.1 HRC and 1,196.67 MPa) was prepared at 1,050°C.
(3) The wear coefficients exhibited a downward tendency with increasing sintering temperatures, and the observation results of worn surfaces of test pins confirmed that abrasive wear and oxidation wear dominated the wear experiments. Besides, the wear mechanism of dense and porous SPS HSS was illustrated and analyzed.
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