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    Abstract


    Vanadis tool steels which are trademarks of the Uddeholm AB Company are high vanadium content (along with chromium and molybdenum) steels with unique mechanical properties such as very high wear resistance along with a good machinability, dimensional stability and grindability. They are widely used in blanking operations, stamping, deep drawing, cutting and slitting blades. Microstructural features of Vanadis steels are directly depended upon the distribution of different carbide phases. In this study, the effects of laser hardening on the Vanadis 4 extra and Vanadis 10 grade tool steels are investigated. Following the laser hardening route on the samples, abrasive wear behaviour, microstructural changes and microhardness values were determined. Wear test results and microhardness data are correlated with the resulting microstructural features. It was found that the increase in microhardness and thus wear resistance is attributed to the finer grain size for both of the Vanadis 4 extra and Vanadis 10 grades. The results were also compared with the same Vanadis grade samples which were hardened using heat treatment processes. It is found that there is a considerable increase in the microhardness values for the Vanadis 10 samples. The data shows 100.6% increase in the laser treated samples compared to the heat treated Vanadis 10 samples. Only a very slight increase (about 4%) of the microhardness value for the laser treated Vanadis 4 extra was recorded.
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    Introduction


    Vanadis tool steels are high vanadium content (along with chromium and molybdenum) steels with unique mechanical properties such as very high wear resistance along with good machinability, dimensional stability and grindability. Vanadis steels are manufactured using powder metallurgical routes (starting from the alloy powders to the sintering) and they also offer a combination of high hardness and good toughness [1]. Vanadis tool steels have a very homogeneous microstructural features and highly refined grain size distribution compared to other conventional tool steels and given such distinctive characteristics, they are widely used in blanking operations, stamping, deep drawing, cutting and slitting blades [1,2].


    Research suggest that there are two major types of carbides in Vanadis steels following austenitizing, i.e., M7C3 secondary carbides (dissolved in the austenite) and eutectic MC carbides (stable up to 1150 ℃) along with small spherical carbides as alloyed cementite [2-5]. Laser hardening method is another technique to improve the properties such as hardness and wear resistance for these tool steels [4].


    Such superior mechanical and wear properties are due to the type of carbides and the matrix phase. Homogeneous microstructure, controlled and uniform size distribution of carbides as eutectic and secondary carbides due to powder metallurgical process, effect the tool performance and tool life [3,6]. In this regard, various heat treatment techniques could improve desired features for specific properties to enhance tool performance. Laser hardening technique has also the advantage of self-quenching i.e., the quenching step during heat treatment is not required at all [4,7-10].


    Laser hardening technique requires careful choice of the workpiece laser scanning velocity to ensure that the absorbed surface energy is enough for the right transformation without surface melting and consequent distortion. Other parameters, such as the power, size, and shape of the laser beam are also critical for the proper treatment of the surface with a good depth in the microstructure [11].


    This study aimed to determine the effects of laser hardening on the Vanadis 4 extra and Vanadis 10 grade tool steels. Following the laser hardening route on the samples, abrasive wear behaviour, microstructural changes and microhardness values were tested and determined. Wear test results and microhardness values are correlated with the resulting microstructural features. In the previous study, the effect of heat treatment on the Vanadis 4 extra and Vanadis 10 grade tool steels were investigated. Following the annealing and quenching cycles on the same Vanadis steel samples, abrasive wear behaviour, microstructural changes and microhardness were presented and discussed in this work [1]. Findings and research results of microhardness measurements and wear tests of laser hardening and heat treatment are also presented and compared with the resulting microstructural features.


    Material and Method


    The sample materials used in the experiment were Vanadis 4 extra and Vanadis 10, both provided by a local company supplying tool materials (Rukosen Abkant). Analysis and testing of samples were carried out by careful preparation of cross-sections for measuring and determining the properties. This involved processing of materials into rectangular shapes using the punch pressing machine. The surfaces of each specimen were ground and polished for a smooth appearance. Chemical compositions of the samples of Vanadis 4 extra and Vanadis 10 manufactured via powder metallurgical routes are shown in Table 1.


    
      Table 1: Chemical composition of the samples in mass fractions (wt %). View Table 1

    


    Laser hardening process


    The selected surfaces were irradiated with a REIS P.203 model high power diode laser (HPDL). 3 kw laser power was applied and the laser beam velocity was set at 4 mm/sec. The temperature varied between 1100-1300 ℃.


    Hardness and microhardness measurements


    Surface hardness measurements were conducted using Hardy Test UCI 300 instrument, the results of which are given in Table 2. The Vickers microhardness testing method (HV 0.2) was also completed to determine the microhardness data of both as-received and laser treated samples. Five measurements were taken and the average values were used and tabulated. For the as-received samples, the average microhardness values of the Vanadis 4 extra and Vanadis 10 were found to be 278 ± 15.5 and 313.6 ± 6.5, respectively. For the laser-treated samples, further measurements were conducted to determine the depth of hardness. Ten measurements were taken, starting from surface towards the center with a uniform distance of 0.1 mm in each measurement. The results are presented in Figure 1 illustrating the microhardness profile with the depth of measurement from the surface.


    
      Table 2: The results of hardness measurements, HRC. View Table 2

    


    
      Table 3: The results of microhardness measurements, HV 0.2. View Table 3

    


    Pin-on-disc wear testing


    Wear tests were conducted on the as-received and laser treated samples using the Pin-On Disk (POD) wear test rigs. ASTM G 99-95a was used to perform the tests [12]. Test samples were cut into cylindirical shape using wire erosion technique. D-2 Çold-working tool steel disc was used as the sliding platform for wearing under dry conditions. The steel disc has the hardness value of 62 Rockwell HRC. 10 N load was applied to both Vanadis 4 extra and Vanadis 10 samples.


    In all the tests, the sliding rate was fixed at 310 rev/min. For each 1000 m wear travel distance, 3092 revolutions were recorded. The number of revolutions increased with the increasing travel distance: For each 2000 m, 3000 m, 4000 m and 5000 m, the number of revolutions recorded were 6184, 9276, 12 368 and 15 460, respectively. The weight after each 1000 m wear travel and the weight loss was calculated from the difference in weight of the specimens measured before and after the wear test using an electronic balance at a sensitivity of 0.1 mg. The results are presented in Figure 2 and Figure 3.


    Weight loss (in mg) vs. time (in min.) graphs are shown in Figure 1 and Figure 2 demonstrating the effect of laser treatment on the wear resistance which shows no wear loss for the laser treated Vanadis 4 extra and Vanadis 10 samples respectively.


    
      Figure 1: Depth of microhardness measurements from the top surface towards the center. View Figure 1

    


    
      Figure 2: Pin-on-Disc wear test results for untreated and laser treated Vanadis 4 extra samples. View Figure 2

    


    
      Figure 3: Pin-on-Disc wear test results for untreated and laser treated Vanadis 10 samples. View Figure 3

    


    Microstructural investigation


    Microstructural analysis of both as-received and laser treated samples was examined using a scanning electron microscope, SEM Philips XL 30 SFEG with resolution 1.5 nm at 10 kV and the Field Emission Scanning Electron Microscope (Zeiss supra 40 VP) at 20 kV. Standard metallographical sample preparation route (grinding, polishing, fine polishing and etching) was used to prepare the as received samples for SEM analysis. On the other hand, fractured surfaces of laser treated samples started from the surface towards to the center were also investigated using similar SEM analysis technique. In the case of heat treated samples, microstructural analysis for both untreated and heat treated were conducted using a scanning electron microscope, SEM Philips XL 30 SFEG with resolution 1.5 nm at 10 kV [1].


    Results and Discussion


    Microhardness and the depth of microhardness results


    Results of microhardness measurements indicate a considerable increase in the microhardness values of both Vanadis 4 extra and Vanadis 10 samples. The data shows 161% increase for the Vanadis 4 extra and 101% for the Vanadis 10 following the laser treatment. There is a direct correlation between microhardness and the depth of measurements. Evidence for this interpretation can be seen in the fact that microhardness values vary with the depth from the surface (see Figure 4a and Figure 4b) toward the center.


    
      Figure 4A: Changing microhardness values for the Vanadis 10 with the depth of measurements. View Figure 4A

    


    
      Figure 4B: Changing microhardness values for the Vanadis 10 with the depth of measurements. View Figure 4B

    


    In Figure 4a, measurements with 100 micron interval shown on the SEM micrograph reveal a gradual decrease of microhardness values with changing microstructures of the Vanadis 4 extra. A fine grained and high hardness zone down to 300 micron depth depicts a complete phase transformation of hard martensites, while at 400 micron depth, larger size carbide grains of 35-50 micron show partial dissolution and grain growth.


    In Figure 4b, the microhardness and microstructure profile of Vanadis 10 sample within the depth of 600 micron is quite different than Vanadis 4 extra. Fine martensitic lamelles are homogeneously distributed within the depth of laser hardened layers and some secondary carbides can be observed.


    Pin-on-disc wear testing results


    Weight (mg) vs. travel time (min) presented in Figure 2 and Figure 3 demonstrating the effect of laser treatment on the wear resistance. No significant weight loss results were measured for Vanadis 4 extra and Vanadis 10, not even at 3000-5000 m travel distances under given condition. High wear resistance of the laser hardened microstructure can be attributed to increasing microhardness and finer grained microstructure within the hardened zone.


    Microstructural investigation results


    SEM micrographs of as-received Vanadis 4 extra and Vanadis 10 samples are shown in Figure 5 and Figure 6 with different magnifications (x5000 mag. and x20000 mag.). Figure 7 and Figure 8 illustrate the microstructures of the laser treated Vanadis 4 extra and Vanadis 10 with different magnifications. As can be seen in Figure 5 and Figure 6, the as-received structures of Vanadis 4 extra and Vanadis 10 consist of carbide grains (both eutectic carbides, MC and secondary carbides, M7C3 and other finer grain size carbides) embedded in a ferrite matrix. MC type carbides appear darker since they contain higher amount of carbon while other carbides reveal brighter appearance due to less amount of carbon and more iron and chromium [6]. The Vanadis 4 extra microstructure has very few porosity while the Vanadis 10 microstructures reveal more porosities along grain boundaries and in triple junctions. These porosities are the results of the powder metallurgical route starting with the powders, pressing them into appropriate shapes, sintering and densification.


    
      Figure 5: SEM Micrographs. a) As-received the Vanadis 4 extra sample (x5000 mag); b) As-received Vanadis 4 extra sample (x20000 mag). View Figure 5

    


    
      Figure 6: SEM Micrographs. a) As-received the Vanadis 10 sample (x5000 mag); b) As-received Vanadis 10 sample (x20000 mag). View Figure 6

    


    
      Figure 7: SEM Micrographs. a) Laser treated the Vanadis 4 extra sample (x430 mag); b) Laser treated Vanadis 4 extra sample (x1500 mag). View Figure 7

    


    
      Figure 8: SEM Micrographs. a) Laser treated the Vanadis 10 sample (x20000 mag); b) Laser treated Vanadis 10 sample (x4000 mag). View Figure 8

    


    
      Figure 9: a) SEM Micrographs of the heat treated Vanadis 4 extra samples (x20000 mag); b) Heat treated Vanadis 10 samples (x20000 mag). View Figure 9

    


    As can be seen in Figure 5 and Figure 6, for the Vanadis 4 extra and Vanadis 10 grades, untreated microstructure reveals of carbides embedded in a ferrite matrix. Following the laser treatment of relatively high power of 3 kW and a slow scanning rate of 240 mm/min, extensive carbide disolution can be observed for both samples. For both of the samples, the microstructure within the hardened layer can be characterized as martensitic. In case of the Vanadis 4 extra, starting from the top of the surface, small carbide particles have dissolved in the metallic matrix, whereas in about 0.04 mm depth, larger carbide particles of 35-50 micron size are embedded in the matrix. Since the temperature range was measured in between 1100-1300 ℃, secondary carbides were not detected within the microstructure (Figure 7). It should be noted that the microstructures are free of any porosity meaning that an efficient pore closure and pore filling occured during the laser irradiation via instant high temperature.


    In case of the Vanadis 10 grade sample, lamellar shaped carbide grains resulted from carbide dissolution lead to extensive finer grained martensitic structure (less than 10 micron) (Figure 8). Some secondary carbide precipitates and austenite seem to be retained within the microstructure resulting lower microhardness values compared to Vanadis 4 extra.


    Comparisons of the results and findings with the heat treated Vanadis 4 extra and Vanadis 10


    It was reported in the previous study, the Vanadis 4 extra samples were annealed at 1000 ℃ for 9 mins and Vanadis 10 at 800 ℃ for 5 minutes and quenched into water at room temperature (heat treatment procedure was selected according to Uddeholm AB Materials Safety Data Sheet) [1].


    Vickers microhardness values for both as-received and heat treated samples were determined using the same Vickers microhardness parameters. Table 3 shows all the microhardness measurement results including laser hardened samples. Please note that the microhardness values are all measured on the surfaces of the samples. A distinct increase in the microhardness values (app. 161% increase following the heat treatment) is shown for the Vanadis 4 extra while there is no change in microhardness values for the Vanadis 10 revealing that these samples were not effected by the heat treatment.


    It should be noted that the weight loss data for the heat treated Vanadis samples demonstrates significant decrease in weight (50% for Vanadis 4 extra; 75% for Vanadis 10) loss after 40 and 50 mins due to strain hardening effect in between the surfaces of the samples and the disc [1]. While, wear data for the laser treated samples for both of the Vanadis 4 extra and Vanadis 10 revealed almost no wear loss within the same wear travel distances.


    As given in Figure 9a there can be seen considerable changes in the microstructures of the Vanadis 4 extra samples following the heat treatment process. In this microstructure, secondary carbides, M7C3 are dissolved in austenite while MC type carbide grains are still stably distributed in the matrix. Characteristic martensitic needle-like structure and retained austenite can be observed in this micrograph along with dissolved carbide grains in ferrite matrix. On the other hand, following the laser treatment of Vanadis 4 extra, small carbide particle that are fully dissolved in the metallic matrix can be seen, while in about 0.04 mm depth, larger carbide particles of 35-50 micron size are embedded in the matrix and the microstructures are free of any porosity due to higher temperature reached instantly during laser irradiation.


    Figure 9b show no hardening effects in the microstructures and in microhardness data of the Vanadis 10 samples revealing no quenching structures in the meantime meaning that no carbide grains are dissolved. However, in case of the laser treatment, lamellar shaped carbide grains resulted from carbide dissolution lead to extensive finer grained martensitic structure (less than 10 micron) (Figure 8).


    Results of microhardness measurements for heat treated and laser treated samples indicate a considerable increase in the microhardness values for the Vanadis 10 samples. The data shows 100.6% increase in the laser treated samples compared to the heat treated Vanadis 10 samples. Only a very slight increase (about 4%) of the microhardness value for the laser treated Vanadis 4 extra was recorded.


    As for the comparison of the wear test results, it was shown that the effect of heat treatment on the wear resistance results in approximately average 54% and 76% decrease in weight loss in 40 mins for the heat treated Vanadis 4 extra and Vanadis 10 samples respectively [1]. However, wear loss data in this work shows no wear loss at all.


    Conclusion


    1. The homogeneous microstructure of the Vanadis 4 extra which consists of fine grained martensite starting from the surface through the laser hardened zone of approximately 400 micron depth following embedded carbide grains. A considerable increase in microhardness values and considerable increase in wear resistance would be the results of such microstructural reformation.


    2. Considerable increase in microhardness and wear resistance of the laser treated Vanadis 10 is due to finely distributed martensite lamellear microstructure within the ferrite matrix.


    3. For both of the Vanadis grade samples, the increase in microhardness and thus wear resistance is attributed to the finer grain size. Relatively high power of 3 kW and a slow scanning rate of 240 mm/min results in carbide dissolution but very limited diffusion of alloying elements and some retained austenite (for the Vanadis 10 sample).


    4. The laser hardening technique applied in these Vanadis grade samples provides increasing surface hardness with a considerable depth and wear resistance in selective areas where it is critical for longer and efficient tool/die life.


    5. Comparisons of the results in between the heat treated and laser treated samples demonstrate a considerable increase in the microhardness values for the Vanadis 10 samples. The data shows 100.6% increase in the laser treated samples compared to the heat treated Vanadis 10 samples. Only a very slight increase (about 4%) of the microhardness value for the laser treated Vanadis 4 extra was recorded.
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