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Abstract

:

In this work, the samples of the WC-Fe-Ni-Co composition were obtained and studied. Alloy NiCo 29-18 is used as a binder (Fe-Ni-Co). In this paper, a comparative analysis of the samples obtained using commercial micron-sized WC powder and the samples obtained is carried out using nano-WC synthesized via the electric explosion of wire (EEW) method. The samples were subjected to vacuum sintering, then their structure, density, and porosity, as well as microhardness and oxidation resistance, were studied. Five different additives were used to stabilize sintering: VC, Cr3C2, NbC, Y2O3, and Nd2O3. All these additives are described in the literature as additives that are used in the sintering of materials of the WC-Co system. Also, the samples from the WC-Fe-Ni-Co material were obtained using additive manufacturing technology with material extrusion. Bending strength and hardness of the additively fabricated samples were determined.
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1. Introduction


WC-Co hard alloys have been known since the middle of the twentieth century [1]. Since then, they have not lost their relevance and have been used as cutting tools, pressing equipment, and in other areas [2,3,4,5,6]. Modern WC-based materials contain more complex binders, for example, with the addition of Ni [7,8] and other metals and alloys or compositions, like Fe-Ni-Co [9,10,11]. This is necessary to create promising and cheaper materials based on WC, since the use of a pure Co binder in materials is not always economically reasonable [12]. The use of Ni additives makes it possible to increase the corrosion resistance, and the addition of Fe gives an increase in the toughness of materials [13]. To improve the sintering process in WC-Co alloys and provide better mechanical properties, stabilizing additives are used.



Stabilizing additives such as carbides (NbC [14], VC [15], Cr3C2 [16]), oxides (Y2O3 [17,18,19], and Nd2O3 [20]) and other additives (e.g., Re [21]) are commonly used. The introduction of stabilizing additives makes it possible to suppress the growth of WC grains during sintering, which increases the hardness and strength of the resulting materials. In addition, the introduction of additives makes it possible to increase the sinterability of the samples, increase their resistance to oxidation, and so on. The effect of additives presented above has been studied for the WC-Co system; in systems with a more complex binder, the effect of additives has not been studied so well.



Alloys and composites of the WC-Co system are used in industry as cutting tools. Today, additive technologies are gaining popularity, and to date, no data on the fabrication of WC-Co materials using additive manufacturing technologies are available in the literature. Most of the popular additive manufacturing technologies use high-energy sources (laser or electron beam), which do not allow for forming metal–ceramic products of the WC-Co system. The present work uses material extrusion additive manufacturing (MEAM) technology, which provides sintering using classical powder technology. MEAM has great prospects in terms of the additive formation of ceramic materials.



In this paper, materials of the WC-Fe-Ni-Co system sintered with various stabilizing additives are investigated. The NiCo 29-18 alloy was used as the Fe-Ni-Co alloy. The composition of the WC-binder was calculated from the ratio for the WC-6Co alloy. The following additives were used in the samples: VC, Cr3C2, NbC, Y2O3, and Nd2O3. The hardness, density, and oxidation resistance of the samples were studied. Also, the samples from the WC-Fe-Ni-Co material were obtained using additive manufacturing technology with material extrusion. Bending strength and hardness of the additively fabricated samples were determined.




2. Materials and Methods


The powder composites with WC and the NiCo 29-18 alloy were obtained. Two different WC powders were used—synthesized nanopowder and commercial micropowder (KZTS, Kirovgrad, Russia). Nanopowder synthesis (W and NiCo 29-18) was carried out via the electric explosion of wire (EEW) method, and the production technology and the study of the powder are given in the article [22].



The samples with nanopowders were prepared from the following components: W, NiCo 29-18, carbon black treated with vaseline oil, stabilizing additive (0.8 wt%). Different W:C ratios were used, and the content of NiCo 29-18 was 10 wt.% for all samples. The samples with micropowders were prepared from the following mixtures: WC-89.5 wt.%, NiCo 29-18-10 wt.%, sintering additives-0.5 wt.%. The following additives were used in the samples: VC, Cr3C2, NbC, Y2O3, and Nd2O3. A sample without additives was also prepared for a comparison. Mixing of the powders was carried out in a turbula-type mixer (Turbula S2.0, Vibrotechnik JSC, Saint-Petersburg, Russia). Petroleum ether grade 70–100 (5–7 cm3) and dioctyl adipate (7–10 drops) as a plasticizer were added to the powder mixtures, and the resulting suspensions were dispersed via ultrasonication for 30 min in an ultrasonic bath (STEGLER 5DT, Stegler, Moscow, Russia China). Then, the solvent was evaporated and the resulting dry residue was ground. Tablets were obtained from each composition by pressing at 200 MPa in a mold with a diameter of 10 mm using a hydraulic press with a maximum load of 200 tons.



The samples were sintered in a vacuum furnace (Nabertherm GmbH, Lilienthal, Germany). Heating to 450 °C was carried out at a rate of 20 K/min, followed by holding at 450 °C for 1 h. Heating to 1150 °C was carried out at a rate of 10 K/min, followed by holding at 1150 °C for 1 h. Heating to 1440 °C was carried out at a rate of 5 K/min, followed by holding at 1440 °C for 4 h. Next, the samples were cooled with a furnace.



For oxidation resistance experiments, cylindrical samples (⌀ = 10 mm, h = 5 mm) were used. All samples have been prepared by polishing on a 4000 grit SiC paper. Before testing, the samples were ultrasonically cleaned with ethanol and then dried. All samples have been oxidized in a muffle furnace with a hole (⌀ = 20 mm) for air recirculation. The mass of the samples has been measured before and after oxidation using an Adventurer Pro AV264C laboratory balance (Ohaus, Parsippany, NJ, USA) with an accuracy of ±0.1 mg.



The microstructure and fracture surfaces of the fabricated samples were examined using a LEO EVO 50 (Carl Zeiss, Oberkochen, Germany) scanning electron microscope (SEM) using secondary electrons (SE) and backscattered electron (BSD) detectors. The attachment for energy-dispersive X-ray spectroscopy (EDX) was used to investigate the elemental composition of the samples (Oxford instruments, Abingdon, UK). The phase composition was investigated using X-ray diffraction (XRD) on the Shimadzu XRD-7000 (Shimadzu, Kyoto, Japan) set up. The Vickers hardness was measured using a Duramin-500 (Struers, Copenhagen, Denmark) hardness tester at a 500 gf load and a 10 s dwell time.



Demo samples of 5 × 5 × 18 mm3 were fabricated (Figure 1) to demonstrate the feasibility of fabricated WC-Co granulated feedstock products using additive manufacturing technology (Material Extrusion Additive Manufacturing, MEAM). Polyol polymer brand MC-2163 (OleoChemical, Hamburg, Germany) was used as a polymer binder. The feedstock was produced by mixing polymer and powder together with a 60:40 polymer/powder ratio using an MTE-20 twin-screw extruder (Meizlon, Nanjing, China), and then it was granulated in cylindrical granules using a dicing cutter (length = 5 mm, ⌀ = 1.75 mm).



The MEAM process was carried out on a commercial Prusa i3 printer with an upgraded print head to work with granulated feedstocks. The samples were obtained at a print speed of 60 mm/min, a printed layer height of 0.15 mm, and a nozzle diameter of 0.8 mm, a 100% fill density, and a rectilinear fill pattern. A nozzle temperature of 155 °C and heating of the printing table of 60 °C were chosen.



Debinding of the MEAM samples was carried out in acetone. Acetone was used as a binder removal agent for the green samples. The samples were kept in an acetone bath at 45 °C for 24 h. The MEAM samples were sintered in a vacuum furnace at 1300 °C for 4 h. During sintering, isothermal exposure was performed at a temperature of 260 °C and 360 °C for 2 h to remove the residual binder. The rate of heating and cooling was 5 K/min. The melt flow index (MFI) according to ASTM D1238 was chosen as a criterion to evaluate flowability and formability. All compositions were tested using an extrusion plastometer at a load of 50 N and a temperature of 160 °C.




3. Results and Discussion


3.1. Synthesis of n-WC


As stated earlier,  μ -WC and n-WC powders were studied in this work. Powder n-WC was synthesized because such powders are not commercially available. When WC is synthesized during product synthesis, the correct W:C ratio must be selected. A lack of carbon reduces the yield of the target WC phase, and hence, the hardness, and excess carbon located between the WC grains reduces the density and strength of the part. A strictly stoichiometric ratio is also not optimal—a small excess of carbon is required to shift the equilibrium of the W + C = WC reaction towards the formation of the reaction product. To exclude the influence of the polymer binder composition and printing parameters on the characteristics, the samples of a W + C + NiCo 29-18 + plasticizer composition were studied, in which the molar ratio of carbon to tungsten was 0.93; 0.96; 1.00; 1.03; 1.08; and 1.13. The samples were sintered in a vacuum furnace at a maximum temperature of 1300 °C with a dwell time of 4 h.



According to the diffraction pattern of the sample with a ratio of 0.93, it contains WC, W2C, unreacted W phases, and two double carbides: FeW3C and Ni2W4C (Figure 2a). Starting from the ratio of 0.96, only the target phases, WC and the Co-containing FCC phase, are present in the sample (Figure 2b). The size of the coherent scattering regions (CSR) for WC determined by the Scherrer method increases from 63 nm to 82 nm with the increasing W:C ratio (Figure 3).



The optimum ratio of W and C in feedstocks, in which WC is formed during the sintering of parts, is 1.08 mol of carbon per 1.00 mol of tungsten, at which the maximum microhardness and density are achieved (Figure 4). The low absolute values of microhardness of the samples are related to the large grain size of tungsten carbide. Inhibiting additives were used to solve this problem.




3.2. Microstructure and Phase Composition


The microstructure of the samples (Figure 5) differs significantly depending on the additives used, despite the fact that the samples were sintered simultaneously. The introduced additives segregate along the grain boundaries [23,24]. As a result, grain growth is limited during the sintering process. In addition, the powder particles coalesce, which leads to an increase in the density of the samples. In all samples, a uniform distribution of the additives over the sample volume is observed. All investigated additives make it possible to limit the grain growth and improve the sintering process in the WC-Co system, but not all additives are effective in this work. The reason is the more complex composition of the binder. For example, the presence of NbC in the samples with iron [25] leads to an increase in the grain size.



Additives VC (Figure 5c,d) and NbC (Figure 5i) do not suppress grain growth during sintering for both micron ( μ -WC) and nanopowders (n-WC) of WC. The addition of Nd2O3 to the  μ -WC powder also does not suppress grain growth, besides large pores forming in the sample (Figure 5e). The most effective grain growth suppression was observed with the addition of Y2O3 (Figure 5a,b) and Cr3C2 (Figure 5g,h). When using these additives, large pores do not form in the microstructure of the samples. The addition of Nd2O3 to the samples with n-WC (Figure 5f), in contrast to the samples with micron particles, makes it possible to suppress grain growth; nevertheless, large pores are formed in the sample.



The elemental composition of the samples with the addition of Y2O3 provides valuable evidence of an even distribution pattern throughout the sample, supported by the uniform intensity of the yttrium. Factors such as proper mixing protocols, homogenous and deagglomerated starting materials, and proper sintering conditions contribute to achieving an even distribution of yttrium oxide in the sample. Particularly noticeable is the non-uniformity of the material distribution over the spectrum of iron—its highest concentration is contained in the areas that have a dark color on the original SEM image (pores).



The density and porosity of the samples were examined (Figure 6). The samples with  μ -WC powder did not sinter without the addition of additives. The remaining samples with  μ -WC have a density in the range of 13.0–14.3 g/cm3 for all samples, regardless of the additives used. For the samples with n-WC powder, when Y2O3 is added, the density is higher than that for a sample without additives (11.5 g/cm3). When other additives are used, the density of the samples is lower than without their use. A similar trend is observed with porosity— μ -WC powders have a porosity of no more than 5% for all samples, while the smallest porosity for the samples with n-WC is 18% with the addition of Y2O3. Thus, the additives used in the article gives a better effect when using with  μ -WC powder. When using n-WC powder, the sintering kinetics change and the additives work differently.



The additives are used to suppress grain growth during the sintering process. In WC-Co alloys, inhibitors are preferentially dissolved in cobalt during the sintering process. After the inhibitors are dissolved, their distribution in volume becomes uniform. Inhibitors affect the adsorption/desorption of WC in Co, which prevents the sintering of WC grains. Grain growth is slowed down by reducing effective contacts, leading to the aggregation of WC grains. In addition, additives can inhibit the dissolution–precipitation process during sintering, which also reduces the growth rate of WC grains.



Maintaining a fine-grained structure by suppressing the growth of WC grains is necessary to ensure high mechanical properties in the sintered material, achievable only with small grains. WC-Co alloys with large grains have lower strength, hardness, and wear resistance, while being more ductile. This combination of properties is unacceptable for the use of WC-Co as a tool material. The use of grain growth inhibitors in materials with n-WC is the only way to effectively suppress grain growth.



In addition to suppressing grain growth during sintering, additives ensure the formation of a more dense material structure. When a WC grain grows, a change in the volume of the sample occurs. The grain growth rate without additives can be high, as a result, intense shrinkage will not occur and the final sample will have high porosity. In addition, it is even possible to increase the volume of the sample. The densification mechanism of  μ -WC and n-WC powders is the same, but due to the different surface area and surface energy, the processes occurs differently. For example, nanopowder is actively oxidized, forming an oxide layer on the surface that prevents reactions, sintering, and coalescence.



All additives used in this work show good solubility in Co, and theoretically, all of them can be used to suppress grain growth. However, suppression of grain growth does not provide high hardness or oxidation resistance. The effectiveness of inhibition is different for all additives by different reasons, including different solubility in Co.




3.3. Microhardness


Additives limit grain growth and affect the sinterability of materials. Thus, the additives should affect the mechanical properties. The hardness of all obtained samples was measured (Figure 7). It was found that the samples with n-WC and Y2O3 additives, as well as the samples with  μ -WC powders and a Nd2O3 additive, demonstrate the highest hardness. Thus, the hardness is provided by different mechanisms in  μ -WC and n-WC powders. References are made in the literature to the Hall–Petch effect [26,27,28], which states that as the grain size decreases, the hardness increases. However, using n-WC does not provide a higher microhardness than in the samples with  μ -WC. As our experiments show, this mechanism of hardness formation is provided not only by the Hall–Petch effect, and it is not the most prevailing one in the formation of the hardness of the studied materials.



Dispersion strengthening by carbide and oxide particles is not so obvious in carbide materials, since WC is a high-strength material. The introduction of inhibiting particles, which are oxide and carbide additives, allows for the formation of a more dense structure with smaller carbide grains. This makes a greater contribution to the increase in hardness than the introduction of inhibiting additives as strengthening ones.



The most noticeable tendency for the indirect effect of additives on hardness is observed in the samples with n-WC. The hardness of the samples with n-WC follows the trend for density. Thus, the introduction of additives that increase the sinterability of n-WC and form a more dense structure provides higher hardness of the samples. Pores and other macrodefects affect the strength and overall hardness of the samples.



In the samples with  μ -WC powder at densities close to each other, the hardness is very different. Hardness is more correlated with grain size in these samples. The  μ -WC powders do not sinter without additives, so it is not possible to compare the hardness results of the samples with and without additives. Despite the fact that the porosity has the same value in the samples with  μ -WC, the nature of the pore distribution itself differs. In the samples with Nd2O3 and VC additives, large macropores are present, while in the samples with other additives, the pores are mainly interparticle. At the same time, the hardness of the samples with Nd2O3 is the highest of all samples with  μ -WC, and that of the samples with VC is one of the lowest (the hardness of one sample with the addition of Cr3C2 is lower).



The hardness of the samples of the same composition with  μ -WC and n-WC powder also differs significantly. The hardness of the samples with  μ -WC powder and Nd2O3 additives is the highest among all samples with  μ -WC powder, while the hardness of the samples with n-WC and Nd2O3 additives is the lowest. At the same time, the grain size is smaller and the porosity is lower for the sample with n-WC.



Thus, for  μ -WC powders, the additives mainly work at the intergranular level and macrodefects do not have a strong effect on microhardness. For nanopowders, the main purpose of additives is to increase the density of the samples during sintering, which leads to an increase in hardness.



A series of experiments on the influence of the Y2O3 amount on the hardness of the obtained samples was carried out. The samples were sintered at 1300 °C for 4 h. The content of the Y2O3 additive (Figure 8) was varied. With the increasing yttrium oxide content, the hardness of the sintered samples monotonically increased. At the same time, the samples with a Y2O3 content = 0.7% cracked after sintering, and the samples with 0.9% were completely delaminated after sintering. Thus, the optimum content of yttrium oxide from the point of view of mechanical properties and the quality of the samples is 0.5 %.



The purpose of introducing yttrium oxide is to suppress the growth of WC grains in the sintering process. When yttrium oxide particles are distributed along grain boundaries, grain growth can be suppressed most successfully. Y2O3 also limits the formation of extrinsic phases, such as Co3W3C, which embrittle and reduce the hardness of the material. At too high a concentration, yttrium oxide begins to prevent sintering of the material, forming complex compounds and solid solutions in the interparticle layer [17,29].



It is difficult to compare the contribution of grain size and porosity into the strength properties of the material. A series of the samples with different porosities but the same grain size, as well as a series of the samples with different grain sizes and the same porosity, are required. In the framework of this work, such an experiment was not carried out, and possible factors affecting hardness were taken on the basis of the literature data. Porosity makes a negative contribution to the strength properties, but in addition to the absolute value of porosity, pore size and the distribution of pores over the volume is also important.




3.4. Oxidation


Additives also affect the resistance of the samples to oxidation. Oxidation experiments were carried out on all obtained samples in the air at a temperature of 800 °C. It was found that the samples with n-WC powder oxidized much faster than the samples with  μ -WC. Nanosized powders, including those obtained by the EEW method, have a high surface activity. As shown earlier, the samples with n-WC are characterized by higher porosity and finer grain size. Thus, the samples with fine WC powder are characterized by a high surface area of contact with oxygen, which additionally increases the rate of sample oxidation.



During oxidation, the chemical composition of additives plays a role. Tungsten carbide is more resistant to oxidation than cobalt, so oxidation primarily begins with cobalt layers. If there are inhibiting additives in cobalt, the rate of oxidation of the sample will be determined by the activity of interaction of the inhibiting additives with oxygen. Thus, the ideal additive would be a material that both inhibits grain growth and is resistant to oxidation.



The samples with  μ -WC powder oxidize slower; however, the samples with VC and NbC additives show extreme oxidation (mass gain over 1 g/cm2 per hour) and are completely destroyed after 10 h of oxidation. The samples with commercial  μ -WC powder and additives Nd2O3, Cr3C2, and Y2O3 showed (Figure 9) the highest resistance to oxidation (the smallest mass gain).



The most intense oxidation of the samples occurs in the first hour. The largest weight gain is demonstrated by the sample with Y2O3 additives. In the next hours, the mass gain slows down, but does not reach a plateau. The dependence of the squared mass gain on time is close to linear for all samples (R2 from 0.965 to 0.979 for all samples). Proximity to linearity shows that the classical parabolic oxidation law [30,31] is realized for all samples. Additives affect the kinetics of the oxidation reaction, but do not change the mechanism of oxidation. The Kp value for all samples are 5.98 mg2cm−4min−1 (Nd2O3), 5.29 mg2cm−4min−1 (Cr3C2), and 19.76 mg2cm−4min−1 (Y2O3).



The obtained data on oxidation resistance correlate with the data on the density of the samples—the higher the density, the lower the oxidation rate. It should be noted that carbide ceramics perform worse, both for the formation of strength and resistance to oxidation of the samples. The samples with the addition of Cr3C2 are highly resistant to oxidation and limit the weight gain due to the behavior of chromium carbide. Chromium dissolves in the material of the samples, limits oxidizing activity, and forms chromium oxide, which further slows down the oxidation process at high temperatures [32,33,34].



Oxide additives (Nd2O3 and Y2O3) increase the oxidation resistance of materials, but it is necessary to regulate the content of additives because, when a certain limit is reached, the oxidation resistance, on the contrary, begins to decrease [35,36,37,38]. When the content of additives is 0.1–0.6 wt.%, the highest resistance to oxidation of the materials studied by the authors is retained; when 0.8 wt.% is exceeded, the resistance to oxidation decreases, meaning that the results may be worse than for the samples without additives.



In the present study, the addition of 0.5 wt.% Nd2O3 and Y2O3 improves the oxidation resistance. Oxide particles of additives are segregated along the grain boundaries, which makes it possible to slow down diffusion processes during oxidation and, in general, reduce the oxidation rate [39]. Since oxide particles do not dissolve in the material, their presence at the grain boundaries affects not only the oxidation resistance, but also the grain growth rate and strength properties, as shown above.




3.5. MEAM Samples


Test specimens in the form of beams for bending tests were obtained. Within the framework of the present work, the task was to show that the samples formed could work with the material in MEAM technology. In the future it will be necessary to work out modes of printing of the samples.



When testing the printed samples, it was found that under normal loading to the printing plane, the bending strength is 113 MPa (Figure 10). Thus, we calculated Young’s modulus, E = 198 GPa, which is lower than the value reported in the literature for a similar test (500–800 GPa [40]). During loading, there is a gradual destruction of the inner layers of the specimen, which, on the diagram, looks like load jumps. Also, in the process of testing the specimens, a characteristic crunching of the specimens is heard. The study of fractures showed that the specimens have interlayer defects as well as macroscopic pores in the center of the specimen. The presence of macroscopic pores significantly reduces the strength of the specimens, which is especially noticeable when loading a specimen with a horizontal arrangement of layers. In the future, it is necessary to improve the printing, debinding, and sintering modes of the samples in order to reduce the number of defects in the sample, which will lead to an increase in the values of the strength properties of the material.



The hardness of the samples when examined on different surfaces shows the same result: 1120 ± 270 HV 0.5/10, which is at a sufficient level for the materials under study. According to the data of the compressed samples, these values can also be increased by increasing the density of the samples and optimizing the debinding and sintering regimes.



The low values of mechanical strength are caused by internal macro-defects in the material. These defects are caused by suboptimal printing and debinding modes. During printing, various defects can occur that are caused precisely by incorrect printing modes. In particular, since the feedstock used has a high viscosity (58 g/10 min), insufficient spreading and filling of cavities during printing may occur. Since it was necessary to demonstrate the performance of the obtained feedstock in the present work, the printing modes were not optimized. In the future, the modes will be optimized to take into account the identified features.





4. Conclusions


	-

	
In this work, a comparative study of the WC-Fe-Ni-Co samples with commercial  μ -WC and n-WC synthesized via the EEW method was carried out. It was found that the formation of the structure in the samples is very different depending on the additives used. An additive was not found that would allow for obtaining a combination of dense structure, high hardness, and oxidation resistance as when using both  μ -WC and n-WC.




	-

	
The effect of additives on the structure and properties is very different depending on the WC used, with the same sintering parameters and compositions of the samples. The n-WC samples are much more sensitive to additives in terms of structure formation and properties, and the samples with  μ -WC do not sinter without additives.




	-

	
Of the five additives studied, only two additives provide an acceptable combination of properties in the samples—Y2O3 and Cr3C2. At the same time, the addition of Y2O3 makes it possible to form a denser structure, and Cr3C2—a higher resistance to oxidation. The hardness of the samples with n-WC and these additives exceeds the hardness of the sample without additives and is 1820 ± 290 HV (Y2O3) and 1570 ± 230 HV (Cr3C2), respectively.
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Figure 1. Sintered demo MEAM sample of WC-NiCo 29-18 feedstock. 
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Figure 2. Diffractograms of the samples with W:C ratio = 0.93 (a) and 0.96 (b). 
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Figure 3. Dependence of WC CSR size in the samples with the different molar ratio of W to C. 
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Figure 4. Dependence of microhardness (a) and density (b) of the sintered samples on the mass ratio of W to C in the initial powder. 
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Figure 5. Structure of the WC-{NiCo 29-18} samples sintered with  μ -WC (a,c,e,g) and n-WC (b,d,f,h,i) powder and different additives: Y2O3 (a,b), VC (c,d), Nd2O3 (e,f), Cr3C2 (g,h), and NbC (i). 
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Figure 6. Density (a) and porosity (b) of the sintered WC-{NiCo 29-18} samples. 
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Figure 7. Vickers hardness HV[0.5/10] of the WC-{NiCo 29-18} samples with n-WC and  μ -WC powder and different additives. 
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Figure 8. Microhardness of the samples with different Y2O3 content. 
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Figure 9. Weight gain per unit surface area ( Δ W/A) (a) and their squares (b) as a function of oxidation time for all samples after isothermal oxidation testing at 800 °C. 
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Figure 10. Bending strength of the MEAM samples. 
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