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Abstract

:

The paper describes the method for producing WC-10wt%Co hard alloy with 99.6% of the theoretical density and a Vickers hardness of ~1400 HV 0.5. Experimental data on densification dynamics, phase composition, morphology, mechanical properties, and grain size distribution of WC-10%wtCo using spark plasma sintering (SPS) within the range of 1000–1200 °C are presented. The high quality of the product is provided by the advanced method of high-speed powder mixture SPS-consolidation at achieving a high degree of densification with minimal calculated grain growth at 1200 °C.
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1. Introduction


Tungsten carbide (WC)-based hard alloys represent an important class of materials for various engineering applications [1,2,3,4,5,6,7,8]. Today, WC can be considered the most popular material, which is most widely used in industry to produce a wide range of tool cutting products. Due to such properties as high hardness (80–92 HRA) and heat resistance (800–1000 °C), hard alloys can be used at high cutting speeds. Due to the high demand and widespread use, hard alloys based on various binders continue to be studied intensively, as evidenced by a large number of publications in recent years. It is applied to the use of WC in composite coatings [9], coatings on high-strength steel [10], and coatings for tribotechnical purposes [11]. Furthermore, the use of WC is actively studied for the tasks of diamond tool making [12], as one of the components of the filler of matrices of high hardness materials based on the diamond [13] and in the composition of the diamond film [14].



Among the relevant problems traditionally solved by current science and industry are increasing the strength of hard alloys and compensating the drawbacks associated with the lack of impact toughness. Furthermore, much attention is paid to studying the effect of thermal cycling modes on hard alloys’ mechanical and tribological properties. The processes of WC material fabrication by electro spark deposition (ESD) and laser beam machining (LBM) methods and also Cr-WC electrodeposition by direct (DC) and pulsed (PC) currents are topical [15,16]. WC production simplification and cheapening tasks deserve particular attention [17]. Furthermore, the issues of recycling and utilization of WC-containing materials do not lose their relevance [18].



The high sintering temperature of WC causes the use of metal-bonding alloys to synthesize WC, which gives the products bending strength. Research is continuing in the direction of studying the use of traditional and alternative binders based on the combination of iron and aluminum [19], Co and Ni3Al [20], Fe/Ni [21], as well as alternative binders based on metals with high melting temperatures accompanied by a phase formation during spark plasma sintering (SPS) reaction [22]. There are known cases of the application of complex medium-entropic compositions of hardened combined binders, including those used to manufacture alloys of high-tech products such as gas turbines [23]. Chromium-based transition metal borides (CrB2 [24]) are used to manufacture metal-cutting tools suitable for work in extreme conditions. WC is used as a cermet component with multi-component composition [25]. However, despite the widely conducted research with alternative binders, the most popular alloy is still based on the WC-Co system. Around 90% of tungsten carbide hard metals are made using a cobalt binder [26,27,28]. The possibility of obtaining composite WC-Co system micro-powders with spherical particle shape having submicron and nanoscale (50 nm) structure [29] with uniform distribution of W, Co, and C among powder nanoparticles in the nanoscale range has been widely experimentally confirmed. Recent studies indicate the possibility of obtaining ultrafine spherical microparticles by electric discharge erosion of cemented WC-Co [30], also in DC arc discharge plasma [31].



Combining the sintering process with pressing pressure is justified for the formation of high-density WC structures of hard alloys. In particular, SPS belongs to perspective and well-proven methods of obtaining products from powdered materials, including WC hard alloys [21,32,33,34,35,36]. SPS demonstrates clear advantages over conventional consolidation methods of powder compositions, including hot isostatic pressing (HIP) and sintering, high-frequency induction heating, isostatic pressing and sintering. Significant compaction is achieved at a relatively lower temperature and shorter time [21,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53]. This process provides a high rate of heating and sintering of a dense product in one stage and, in some cases, avoids the introduction of carbide grain growth inhibitors into the consolidated reaction mixture. For WC alloys, the SPS method, compared to traditional sintering methods, demonstrates the smallest grain size, the highest hardness, the lowest fracture toughness [54]. The application of the SPS technology makes it possible to reduce the sintering temperatures by 200 °C, which preserves the WC grain size, uses alternative molds [55], and provides reactive synthesis [56]. Considerable experience has been accumulated in using traditional and modern methods of sintering WC-Co nanopowders produced by plasma chemical synthesis [57]. The influence of carbon on the SPS kinetics of WC-10wt%Co nano- and submicron powders has been investigated [58]. Publications of recent years show that the technology of alloy production of this standard system is developing, in particular, by microwave synthesis [59]. Hard alloys produced by SPS [60] and a combination of mechanochemistry and SPS [61] are being synthesized. SPS has proven to be a perfect method for consolidation of various applications [36,55,62,63,64], porosity reduction for materials where high density is a critical property [65], including hard alloys and high-temperature materials [66,67,68], and coating [69,70,71]. The issue of controlling the grain growth of ceramic materials during sintering in various media remains relevant [50,72,73,74]. It is widely known that SPS preserves the grain size of a wide range of ceramic materials for various purposes due to rapid heating at constant pressure [75,76,77].



The purpose of the present paper was to study the dilatometry features of 10 wt% cobalt binder WC-based hard alloy SPS synthesis, with further study of phase composition, microstructure (grain size), and physical-mechanical properties. The composition of WC -based hard alloy with 10 wt% cobalt binder is chosen due to the widespread use of this composition of tungsten-cobalt single-carbide alloys in the industry as a material for manufacturing cutting tools, wear parts of machines and devices, for making tools and accessories for material pressure treatment processes, for making precise measuring tools, etc.




2. Materials and Methods


2.1. Materials


WC, Co commercial powders with a mass fraction of 99.9% (Sigma-Aldrich) were used to synthesize the initial mixtures.




2.2. Initial Powder Production


Preparing of WC-10%Co initial mixtures was carried out using Changsha Tianchuang Powder Technology Co. Ltd. (Changsha, China) tungsten carbide grinding bowls on vertical planetary ball mill Tencan XQM-0.4A (Changsha, China). WC-balls with diameters of 10 mm and 5 mm were used as grinding bodies. A total of 50 g of powder (WC—45 g; Co—5 g) was milled in the presence of 15 balls with a total mass of 125 g. Milling was carried out at 700 rpm for 7 cycles; each cycle consisted of 15 min of milling followed by 15 min of cooling of the milling vessel. Grinding was carried out wet in an anhydrous isopropanol medium (50 mL). To prevent powder materials oxidation, isopropanol was pretreated with argon to remove dissolved oxygen, and argon was additionally pumped into the milling container to displace air. After grinding was completed, the container was depressurized and placed in an oven at 80 °C to remove the isopropanol.




2.3. SPS Consolidation


Spark plasma sintering of the samples was carried out on an SPS-515S machine (Dr. Sinter LABTM, Tokyo, Japan) at a constant pressing pressure of 57.3 MPa and heating rate of 85–90 °C/min. The maximum sintering temperature did not exceed 1200 °C. Sintering was carried out according to the following scheme: 8 g of powder was placed in a graphite mold (diameter of 10.5 mm), then pressed (20 MPa) and placed in the sintering chamber, vacuumed (10–5 atm), and where were sintered. The temperature of the SPS process was controlled by an optical pyrometer Hitachi IR-AHS (Tokyo, Japan).




2.4. Characteristics of Research Methods


The powders’ particle size distribution (PSD) was determined on a laser particle analyzer Analysette-22 NanoTec/MicroTec/XT (Fritsch, Germany). Each sample was measured three times; then, the results were averaged.



Hard alloys samples were examined from a pre-polished cross-sectional surface. The samples were sawed with a diamond disk at a rotational speed of 3000 rpm while cooling with a water emulsion solution on an automatic high-speed precision cutting machine Metkon Micracut 201 at a cutting speed of 2 mm/min.



Automatic polishing of samples following the standards of preparing samples for microstructure studies was carried out on an automatic grinding and polishing station PRESI MECATECH 234 (Grenoble, France).



X-ray diffraction analysis (XRD) of the initial powders and alloys was carried out on a multipurpose X-ray diffractometer D8 Advance Bruker AXS (Karlsruhe, Germany). CuKα radiation, Ni filter, average wavelength (λ) 1.5418 Å, shooting angle range 10–80°, scanning step 0.02°, recording rate of spectra—5°/min. The scanning electron microscopy images were captured using an ULTRA 55+ (ZEISS, Jena, Germany) scanning electron microscope (SEM) operating at 2 kV, which was also used to record the elemental mapping with an X-Max 80 EDS system (Oxford Instruments, Abingdon, UK) at 20kV. Grain size distribution and average grain size of the samples were calculated by the linear intercept method [78,79]. At least 300 grains were analyzed for each measurement.



The specific gravity of sintered samples was measured by hydrostatic weighing on AdventurerTM OHAUS Corporation (Parsippany, NJ, USA) scales. Calculation of the relative density from the theoretical alloy samples was carried out by the formula (RD):


  RD  ( % )  =   100      ω 1     ρ 1    +    ω 2     ρ 2       



(1)




where, ω—mass fraction of the component, ρ—theoretical density of the component.



Microhardness of the samples obtained was measured at a load of HV0.5 (4.903 N) on a microhardness tester Shimadzu HMV-G-FA-D (Kyoto, Japan).





3. Results and Discussion


3.1. WC Grinding


The particle size distribution of WC-10%Co powder after seven milling cycles obtained from the initial raw materials has particle size WC 4–30 μm, Co particles 2–20 μm, represented by a broad fraction of particles 0.1–10 μm in size (Figure 1). The minor fraction up to 100 nm represents less than 4% of the total powder. The main fraction is represented by particles lying in the 1–10 μm size range and making up more than 95% of all particles. It is shown that in this milling mode, the WC particle size decreases by 30% of the original size.




3.2. SPS Consolidation of Powder of the WC-10Co System


The sintering temperature range of 1000–1200 °C is chosen for several reasons. The temperature value is limited by the melting temperature of the cobalt binder. The analysis of the dilatometric curves shows that exceeding the temperature above 1200 °C leads to excessive melting and leakage of the cobalt binder in a sample. At the same time, the sintering temperature of WC alloys by the SPS method is significantly lower (200–250 °C) than in the case of traditional liquid-phase sintering methods (1400–1500 °C) due to the specifics of powder sintering in a spark plasma current with simultaneous application of external pressing pressure.



The kinetics of WC-10wt%Co powder shrinkage while sintering with pressure assisting (57.3 MPa) was studied by consolidation dynamics under heating to 1200 °C. The temperature measurement started at 110 s of the sintering process (counting at ~580 °C).



Analysis of the shrinkage rate time-dependence curves (Figure 2) made it possible to establish that compaction of the powder understudy at the initial stage had the same character for all samples. During the first two minutes of the sintering process, the powder is compacted due to mechanical impact, consisting of the destruction and regrouping of WC particles.



The beginning of intensive densification and sintering of the powder for all samples occurs at 780 ± 2 °C and passes to the active stage in the range of 900–1060 °C at 5–6.5 min of the process. Dynamic compaction during heating in this range is related to the intensification of plastic and creeping currents in the sintered powder, and the initial temperature of the active sintering stage depends on the heating rate. The shrinkage of the sample is slowing down after the cessation of heating.



A marked increase in the density of the samples occurs with an increase in the sintering temperature in the value range from 1000 °C to 1150 °C. At the same time, significant densification of the powder mixture during sintering occurs in the range of 1150–1200 °C (Figure 2) with reaching the densest packing at 1200 °C without recording further densification. The invariance of the phase composition of the SPS-consolidated samples over the entire range of temperature values is confirmed by the XRD results (Figure 3). With increasing sintering temperature, the distribution of the cobalt binder in the matrix improves with increasing homogeneity of the alloy.



Figure 4 shows the secondary electron images (SEI) of the cross-sectional surface of a sintered WC-10wt%Co samples indicate a significant influence of the sintering temperature during consolidation on the packing density of WC and especially on the quality of the cobalt binder distribution in the sample volume. The lowest of the selected sintering temperatures (1000 °C) leads to insufficient compaction of the sintered mixture, as evidenced by the residual structure defects in the form of significant pores and voids (up to several microns in size). At the same time, the insufficient cobalt binder’s ability to spill in the sample limits its entry into the dead-end areas between the WC grains, formed due to their direct contact. At the same time, areas of increased concentration of the cobalt binder in the WC volume are observed (Figure 4). Sintering in the temperature range of 1100–1200 °C as a result of the intensification of the liquid-phase sintering process densification occurs due to improved flowability of the Co binder, which results in a qualitative change of the alloy microstructure, due to reduction of the number of pores and increases in density (Figure 4) with achieving the best distribution indicators of the cobalt binder at sintering at 1200 °C (Figure 4a,a*).



Analysis of the morphology of WC-10wt%Co alloys indicates that with sintering temperature increasing from 1000 up to 1200 °C, the average size of grains slightly increases from 3.3 μm to 3.9 μm with the contribution of the more significant grain fraction with size > 4 μm. However, the maximum size does not exceed ~11 µm (Figure 5). The result obtained is related to the fact that thermally activated mass transfer processes aim to decrease the system energy by reducing the intergranular boundaries [80]. In this case, the growth of WC grains is limited by the number and branching of the Co-bonding channel networks in the WC volume (Figure 4). In this connection, the additional separation by increasing the fluid flowability of the Co phase made it possible to avoid the uncontrolled growth of WC grains even at relatively high SPS temperatures (in the context of our WC-10wt%Co system).



In conventional sintering of WC-Co powder compositions, the sintering temperature is above the eutectic temperature of WC-Co. The temperature of 1200 °C is the temperature generated directly by the automation of the SPS unit and is additionally measured from the surface of the graphite die using an optical pyrometer. The temperature determined at the survey point from the surface of the mold (calculated temperature) and the local temperature in the microregions on the surface of the material grains differs significantly due to the specifics of the SPS process. The primary sintering energy (Joule–Lenz heat) is generated at the grain boundary. At these contact points, the material in the near-surface region can almost instantaneously transition to a plasma state. These are very small microregions, and their number in the entire sample volume can be significant. However, this does not mean that this effect is observed for every particle and in every contact. It is impossible to measure the temperature in such microregions, so the total temperature of the system is measured after the heat from the microregions has been distributed and equilibrated throughout the sample. We can state an excess of the actual local temperature in the sintering zone for the cobalt binder based on the results in paper [81], which presents a physical model according to which the actual cobalt melting temperature exceeds the design sintering temperature of the SPS process during sintering. Consequently, the temperature in the sintering region can indeed exceed the eutectic temperature in the microvolume (at the particle boundary). Thus, it is fair to state that since the maximum sintering temperature for a given alloy composition is limited by the melting temperature of the cobalt bond, the maximum grain growth in this sintering temperature range is also limited by the melting temperature conditions of cobalt.



The surface images with indentation of the micro-hardness tester at HV0.5 show the absence of cracking tendency in SPS-derived WC-10wt%Co hard alloys at various sintering temperatures (Figure 6). The microhardness of the WC-10wt%Co hard alloy obtained via SPS at the optimal sintering temperature (1200 °C) is comparable with commercial WC-Co medium grain hard alloys. The primary mechanism of the alloy components compaction is the rearrangement of tungsten carbide particles, the enhancement of diffusion processes, and the viscous flow of the cobalt binder.



To analyze the microhardness, a “box-and-whiskers” diagram was plotted, which is an indirect estimate of the strength microheterogeneity of the material (Figure 6). The data obtained show that the hardness of materials grows from ~300 to 1600 HV with increasing sintering temperature. The non-uniform scatter of hardness values can be compared with the grain growth. For example, up to 1100 °C “box with whiskers” the scatter of values decreases and corresponds to 500 HV, and when the temperature increases up to 1200 °C, along with the formation of WC-Co monophase active growth of agglomerates occurs as revealed by SEM (Figure 4), which results in anisotropy of characteristics in local areas of material volume.





4. Conclusions


The practical method of WC-10wt%Co alloy production by SPS consolidation was demonstrated. It was experimentally proved that SPS provides WC-10wt%Co alloy at 1000, 1100, 1150, and 1200 °C with short heating and holding time, not more than 13 min. Optimal parameters of SPS consolidation (1200 °C, 57.3 MPa, 10 min) of WC-based hard alloy containing Co binder for binder spreading in the alloy volume have been determined. Physical and mechanical studies have established that the hardness and mechanical strength of WC-10wt%Co alloy samples increase up to the sintering temperature. The sample reaches 99.6% density of the theoretical value, hardness ~1400 HV 0.5 without cracking. Analysis of the WC-10wt%Co hard alloys morphology indicates that with increasing temperature from 1000 to 1200 °C, the average WC grain size increases slightly from 3.3 μm to 3.9 μm with an increasing contribution of a fraction of larger grains with a size > 4 μm.
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Figure 1. Particle size distribution of the initial (a) WC and (b) Co powders, as well as (c) after grinding the mixture WC-10wt%Co for 7 grinding cycles. 
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Figure 2. Compaction of WC-10wt%Co powder with different SPS temperatures (1000, 1100, 1150, 1200 °C): (a) displacement/time; (b) displacement rate/temperature; (c) displacement rate/time. 
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Figure 3. Phase composition of WC-10wt%Co hard alloys obtained by SPS-consolidation at different temperatures (1000, 1100, 1150, 1200 °C). 






Figure 3. Phase composition of WC-10wt%Co hard alloys obtained by SPS-consolidation at different temperatures (1000, 1100, 1150, 1200 °C).



[image: Materials 15 01091 g003]







[image: Materials 15 01091 g004 550] 





Figure 4. Microstructure and EDS maps of WC-10wt%Co hard alloys obtained via SPS-consolidation at various sintering temperatures: (a,a*) 1200 °C; (b,b*) 1100 °C; (c,c*) 1150 °C; (d,d*) 1000 °C (RD—relative density). 
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Figure 5. Grain size distribution of WC in WC-10wt%Co alloys SPSed at 1000–1200 °C. 
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Figure 6. Vickers microhardness dispersion (left) of WC-10wt%Co ceramic samples, and microphotographs of microhardness indentor prints at HV0.5 on the surface of tested samples (right) WC-10wt%Co obtained by SPS consolidation at different temperatures: (a)—1000 °C (×5000); (b)—1100 °C (×10,000); (c)—1150 °C (×12,000); (d)—1200 °C (×15,000). 
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