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Abstract

:

Products from the materials of the Ti-Al system are difficult to manufacture. This often restricts the use of such materials despite their outstanding properties. Some of the promising methods for manufacturing products, which allows working with materials of the Ti-Al system, are powder injection molding (PIM) and material extrusion additive manufacturing (MEAM) technologies. In the present study, powder composites Ti-48Al-4W with different powder size distribution, obtained by the electric explosion of wire (EEW) method, were investigated. The powder was used in PIM technology to produce bulk samples. After polymer debinding, PIM samples were sintered in a vacuum and using hot isostatic pressing (HIP) at the same temperatures and isothermal holding times. The results show the influence of size distribution and sintering method on the structure, phase composition, mechanical properties and oxidation resistance of pre-sintered PIM samples. It is found that both the size distribution and sintering method affect the mechanical properties. The smaller the particle size of the powder in the material, the greater the resistance to oxidation of such samples.
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1. Introduction


Additive manufacturing (AM) technologies have been developed in recent years and are beginning to be applied in new industries. Metallic AM is now mainly represented by powder bed fusion technologies, such as electron-beam and laser melting technologies [1,2]. These technologies have disadvantages; in particular, the samples obtained have high thermal stresses and can bend and crack [3,4]. In this regard, there is a growing interest in material extrusion AM (MEAM) technologies [5,6]. Initial materials for MEAM are thermoplastics, highly filled with metal or ceramic powders. This filled polymer is a so-called feedstock, and it can be represented as granules or a string (filament). The first feedstock-based manufacturing technology is powder injection molding (PIM) [7,8,9,10], which allows for obtaining products by injection molding of feedstock into injection molds.



Details obtained by MEAM and PIM are called “green”. After removal of the polymer binder (catalytically or in solvents), a “brown” part is formed [10,11]. To give the final properties to the product, it is sintered in accordance with the powder metallurgy technology applicable to the metal powder used. The above technologies make it possible to work with a wide range of materials, and today PIM and MEAM are used to obtain parts from iron [12], stainless steels (316L [13] and 17-4PH [14]), tungsten [15], WC-Co [16], copper [17], and many others. Titanium-based materials (Ti64 [18], TiC and TiN [19], Ti-Nb [20]) are also of interest for feedstocks. An especially interesting material is the TiAl intermetallic compound (IMC) that is widely used in the automobile and aircraft industries, as well as in medicine [21,22,23,24].



Fluidity is a key characteristic of the feedstock performance, and particle shape and size distribution are important factors, defining the fluidity. It was shown that feedstocks with blended micron- and nanosize particles have higher fluidity [25,26,27]. Moreover, a mixture of particles with a bimodal size distribution forms a bimodal grain structure that will affect the deformation process and, thus, the mechanical properties of bulk samples [28,29,30]. However, homogeneous mixtures of micron- and nanosized particles are not easy to prepare, and the further segregation of components may occur. A promising process for the fabrication of micro/nanoparticle mixtures without a mixing step is the electric explosion of wires (EEW), which is a single-stage process that allows the production of spherical particles with the desired particle size distribution in the range of 10    − 8    to 10    − 5    m. The literature describes many advantages of this method, such as energy efficiency, powder sphericity, fraction size control, and others [31,32]. The EEW for fabrication of homogeneous micro/nanoparticle mixtures with different components is available when intertwisted wires are exploding. In this case, spherical particles of various phase compositions and size distributions are formed. Using this powder in PIM and MEAM technologies improves both feedstock fluidity and bulk sample characteristics.



Higher functional characteristics of the TiAl IMCs can be achieved by further alloying them with other metals, and tungsten is one of these metals. Materials of the Ti-Al-W system are distinguished by increased mechanical properties, stability [33,34,35], and high-temperature creep strength [36,37,38,39] since W works both as dispersion, strengthening particles on a microlevel, and participates in diffusion processes and prevents the propagation of dislocations at the atomic level. Another phase for improving the properties of TiAl is Ti   2  AlC, which is also known as one of the MAX-phases [40,41]—a family of the ternary carbides and nitrides with the general formula M    n + 1   AX   n   (n = 1, 2, 3, 4), where M stands for early transition metal (such as Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo), A represents elements from groups IIIA and IVA in the periodic table, and X is C and/or N [42]. The formation of a Ti   2  AlC phase is possible during the formation of Ti-Al intermetallics in carbon-containing systems, where the Ti   2  AlC phase can increase the mechanical properties and oxidation resistance of a system [43,44,45,46,47,48,49].



In this work, Ti-48Al-4W powder composites with different powder size distribution obtained by the EEW method were investigated. Three different explosion series with different explosion parameters were conducted to change the particle size distribution in the powders. The obtained powder was used in PIM technology to produce bulk samples. After polymer debinding, PIM samples were sintered in a vacuum and using hot isostatic pressing (HIP) at 1000 °C and 8 h holding time. For a better understanding of the phase transformations and the effect of particle size and heat treatment method (vacuum sintering and HIP) on the structure and properties of the material, pre-sintered compacts were obtained at a temperature of 1000 °C. This will help to reduce the number of experiments in future studies. The main purpose of this work is to show the feasibility of PIM production of bulk samples using EEW Ti-Al-W powders.




2. Materials and Methods


2.1. Sample Preparation


Ti-Al-W powders were synthesized by the electric explosion of wire (EEW) method using three different sets of explosion parameters. The EEW process was conducted in an argon atmosphere on a special setup reported earlier [50]. To obtain a three-component powder during the explosion, a twist of three wires (Ti, Al, and W) was used. Dispersion of the powders was controlled by changing the EEW parameters (Table 1). The parameters presented in this work were empirically selected based on previous experiments [51,52]. After the EEW process, the obtained powder was moved to an argon-filled glove box in a sealed container and then unsealed and mixed with the polymer.



The main parameter of the EEW is the energy input (W), which is dependent on the wire length (l), capacity of the capacitor (C), and voltage (U   0  ). To successfully explode the wire and obtain a powder, energy input W should be close to the sublimation energy E   c   of a material. To predict the size distribution of the powder, the ratio of the energy in all wires during explosion (E) to the total sublimation energy of three wires ( Σ E   c  ) is necessary. The closer the ratio to 1, the higher the quantity of the nanopowder in the final product. Thus, TAW1 samples have the largest number of micron particles, TAW3 have more nanoparticles, and TAW2 have a bimodal (micro-nano) distribution. The size distribution of Ti-Al powders, obtained at similar explosion parameters, is described in [51].



The following polymers were chosen as polymer binders: polyamide brand LX-2040 (OleoChemical, Hamburg, Germany) and polyol polymer brand MC-2163 (OleoChemical, Hamburg, Germany), in a volume ratio of 55:45, respectively. The feedstock was produced by mixing polymer and powder together using an MTE-20 twin-screw extruder (Meizlon, Jiangsu, China) and then granulated in cylindrical granules using a dicing cutter (length = 5 mm, ∅ = 1.75 mm).



Test PIM samples (Figure 1) were obtained on a Babyplast 6/10P injection molding machine (Rambaldi+Co, Lecco, Italy). The feedstock was heated to a temperature of 140–145 °C before injection. The injection was carried out at 145–150 °C at the pressure of 120–130 bars. The samples were held for 80 s in the machine after injection at 40–45 °C. The samples were then removed from the machine and cooled to room temperature. Before sintering, the polymer was partially extracted. Debinding in an acetone bath was chosen as the polymer extraction method. From this point of view, the amount of MC-2163 did not exceed 45 wt.%, since its further increase will reduce the strength of the part after removal.



After debinding, the samples were sintered in a vacuum furnace and a sealed container filled with argon (hot isostatic pressing or HIP) at 1000 °C. Vacuum sintering was performed in a Nabertherm (Lilienthal, Germany) vacuum furnace with a heating rate of 5 K/min and isothermal exposition for 8 h. The heating was started after evacuation of the chamber to 10    − 6    Pa; this pressure was maintained during the sintering process. The HIP process was performed on a Foshan Rongdongsheng Furnace Industry furnace. Before the HIP process, the sintering chamber was filled with argon to 200 bar pressure and then sealed. At 1000 °C, the pressure in the chamber was 1500 bar. Heating rate and isothermal exposition were the same as for the vacuum sintering (5 K/min and 8 h, respectively). For both vacuum sintering and HIP, an extra isothermal exposition for 2 h was done at 550 °C to remove residual polymer.




2.2. Sample Investigation and Testing


The microstructure and fracture surfaces of the fabricated samples were examined using a LEO EVO 50 (Carl Zeiss, Jena, Germany) scanning electron microscope (SEM) using secondary electron (SE) and backscattered electron (BSD) detectors. The attachment for energy-dispersive X-ray spectroscopy (EDX) was used to investigate the point elemental composition of the samples (Oxford instruments, Abingdon, UK). The phase composition was investigated by means of X-ray diffraction (XRD) using the Shimadzu XRD-7000 (Shimadzu, Kyoto, Japan) set-up in a Bragg–Brentano configuration with CuK α  radiation (wavelength  λ  = 1.54 Å) at 40 kV and 30 mA. The PDF4+ 2021 database and SIeve software (2.0, Retsch GmbH, Haan, Germany) were used to identify the phase composition of the samples.



The Vickers hardness was measured using a Duramin-500 (Struers, Copenhagen, Denmark) hardness tester at 500 gf load and 10 s dwell time. Mechanical properties were determined using a three-point bending test (ASTM E290) on a Gotech Al-7000M test machine with one impact and two supporting rollers. The Gotech data acquisition software was used to trigger the minimum load (0.1 N) on the sample and to start data collection. The acquisition frequency was 124 Hz. The loading rate was set as 0.5 mm/min according to the ASTM standard (E290). The span distance was equal to 22 mm. Rectangular samples with dimensions (L × W × H) 170 × 20 × 10 mm   3   were produced by PIM and used for the test. A series of five samples was used in mechanical testing.



For oxidation resistance experiments, cubic samples with size   10 × 10 × 10   mm   3   were used. All samples had been prepared by precise cutting and final polishing on 4000-grit SiC paper. Before testing, the samples were ultrasonically cleaned with ethanol, and then dried. All samples were oxidized in a muffle furnace with a hole (∅= 20 mm) for air recirculation. The mass of the samples was measured before and after oxidation using an Adventurer Pro AV264C laboratory balance (Ohaus, NJ, USA) with an accuracy of ±0.1 mg.





3. Results and Discussion


3.1. Structure and Phase Composition


All samples have nearly the same structure after vacuum sintering and HIP. The main structure of all the samples consists of pre-sintered initial powders, since the sintering temperature is relatively low for the investigated materials. The morphology of the micron-size or smaller particles is maintained the same as in the initial powder. Tungsten particles are also concentrated on the boundaries of the large Ti and Al particles.



The main structural feature of all the samples is the formation of particles with a core–shell structure (Figure 2) on large titanium particles. During sintering, the melting of Al particles begins after 660 °C. This melted aluminum reacts with titanium and forms a TiAl intermetallic phase. Initial powder does not contain titanium particles with a size of 15  μ m and more, but in the sintered products, Ti/TiAl core–shell structured particles with a size up to 70  μ m are formed. Consequently, during sintering, liquid Ti-Al melt forms a core on the surfaces of titanium particles. Further penetration of aluminum inside the titanium particles follows the high-temperature diffusion mechanism, described by classical powder metallurgy theory [53,54].



The results of the XRD analysis (Figure 3) show that alongside initial elemental powders (Ti, Al, W), two new phases are found in the samples after sintering. The first one is the TiAl intermetallic, which is also observed in the SEM data (Figure 2). In the XRD patterns, Al and TiAl peaks are overlapped, so it is difficult to quantitatively distinguish these phases using XRD. The TiAl phase is formed on the surfaces of large titanium particles after reaction with aluminum and form a shell. This intermetallic shell hinders the low-temperature sintering process, which leads to the high porosity of the samples.



Another phase found by XRD is a Ti   2  AlC MAX-phase. In our case, a carbon was formed as a result of the thermal decomposition of the backbone polymer during sintering. This process inevitably occurs during the heat treatment of a PIM product. The Ti   2  AlC has a lamellar structure, which helps to detect it. However, the cross-section of the sample (Figure 2) does not show any lamellar structures in the sample. When in situ synthesized as a hardening phase, Ti   2  AlC may have a size less than 10  μ m and form locally. In this case, the investigation of fracture surfaces (Figure 4) may be a better way to visualize the Ti   2  AlC phase. However, one of the possible means of the Ti   2  AlC formation is the nano- or submicron particles on the boundaries of the TiAl particles [55], which is possible in our case.




3.2. Mechanical Properties


The Vickers hardness (HV 0.5/10) was measured for all the samples obtained (Figure 5a). For all samples, a monotonically decreasing dependence of hardness on powder dispersion is observed. The smaller the E/ Σ E   c  , the more microparticles are formed in the powder [51,52]. On the contrary, as E/ Σ E   c   increases, a nanopowder is formed. In our case, E/ Σ E   c   increases from TAW1 to TAW3, which leads to a decrease in the particle size. At the same time, micron particles are present in all powders to provide the ball bearing effect during PIM [56]. The decrease in hardness with decreasing particle size is explained by macroeffects—in samples with a finer powder, less strong pre-sintering occurs, and therefore the samples are more loose. At the specified load on the indentor during hardness measurement, an area with several particles is captured, and the hardness is determined both by the hardness of each individual particle and by the friability of the powder in this area.



For the same reason, the hardness of samples after HIP is higher than that of samples after vacuum sintering. This is true for every studied composition (Figure 5). After HIP, the particles are more densely sintered with each other, and the friability of the samples decreases. In HIP samples, the hardness of the particles makes a greater contribution to the overall hardness. The obtained hardness values exceed the hardness for TiAl [57,58,59], including that dispersively strengthened by Ti   2  AlC [60]. This is the effect of the addition to the powder of nano- and submicron W particles, alongside dispersion strengthening by the MAX-phase. Another possible reason is the hardening of Ti as a result of carbon dissolution. As long as the Ti   2  AlC phase is formed in all samples, then the powders have enough carbon on their surface to ensure the reaction. Carbon can form an interstitial solid solution with titanium, increasing its hardness significantly [61]. At the same time, if carbon is excessive, the TiC   x   phase will form. In our case, we do not have enough carbon to form TiC   x   since it is not detected by XRD, but a Ti-C solid solution may form.



The bending strength of the samples decreases with an increasing amount of nanoparticles (from TAW1 to TAW3), and for each sample, its strength after HIP is higher than after vacuum sintering (Figure 5a). For TAW2 samples, an increase in the average strength values is observed. However, taking into account the deviation, the increase is insignificant. TAW3 specimens differ insignificantly in strength after HIP and vacuum sintering. The stress–strain curves (Figure 5b) demonstrate a sharp break, which indicates brittle fracture. The curve is unstable and contains parts of stress fluctuations, which are accompanied by a crackling sound during testing. This indicates the crack formation during the test, which finally leads to full breakage of the sample.



The fracture surfaces (Figure 4) demonstrate that the morphologies of the initial powder are maintained in the samples. The sintering process is only at the initial stage at the investigated temperature (1000 °C) and characterized by the growth of the sinter bond from the initial single point contact [62]. The sintering is fully in the solid state according to the phase diagram [63]. However, in powder systems, the liquid aluminum phase may form above its melting point in a pure state (660 °C). In this case, the samples can lose weight, caused by Al leaking, and/or an Al matrix may form. Both of these options did not occur in the studied samples. The formation of TiAl intermetallics is also not proof of liquid Al formation, since TiAl may form at temperatures lower than the Al melting point [53]. This confirms the high homogenization of the powders after EEW as a result of the joint explosion of the three components.



On the fracture surfaces of the vacuum-sintered samples (Figure 4a), holes of pulled-out particles and pores are visible. The vacuum sintering at low temperatures does not provide the shrinkage of the samples and the porous structure is maintained from the PIM samples. At 1000 °C, the sintering is in the initial stage and interparticle connections are still very weak. Destruction of the samples propagates along interparticle connections, which are the weakest points of the samples. In the samples after HIP, the structure is denser and micron-size pores are absent (Figure 4b). HIP allows the application of additional pressure to the samples, which helps to densify samples and accelerate the sintering processes. The destruction of micron-size particles occurs in the internal structure and brittle fractures are formed (Figure 4b). This indicates that in HIP samples, interparticle connections are stronger than the inner strength of the particles.



No traces of layered kinks of the MAX-phase were found on the fracture surface. However, on the surfaces of large particles, elongated small particles with a several-micron size are observed. These particles may be the MAX-phase particles [43]. In particular, this is evidenced by the formation of the TiAl phase in this region. During the formation of TiAl, titanium and aluminum interact on the surfaces of large particles and form a shell. Since the residual polymer is also located on the surface of the particles, the MAX-phase is formed either on the inner or on the outer surface of the shell in the “core–shell” particles.




3.3. Oxidation


The samples after the oxidation test were investigated via XRD. Both titanium (IV) oxide and alumina are detected on the surfaces of the samples (Figure 6b) after oxidation, despite the fact that the formation of Al   2  O   3   is more preferable over the oxidation of titanium according to the Gibbs free energy (Figure 6a). Oxidation occurs at a sufficient concentration of oxygen, as evidenced by the formation of the most stable phases. Titanium has many metastable oxide phases that form with a lack of oxygen [64]. Tungsten prevents the fast oxidation and does not form oxides at the investigated temperature [65,66,67]. However, to obtain higher oxidation resistance, a fully intermetallic composite should form [66]. No MAX-phases, intermetallic phases, or oxides were detected on the surface. This is due to the fact that TiAl and Ti   2  AlC are formed on large titanium particles, mostly located in the inner structure of the sample.



Weight gain curves (Figure 7a) and their squares (Figure 7b) represent different oxidation kinetics for all samples. The test was carried out on both vacuum-sintered and HIP samples. The curves (Figure 7) represent the kinetics of only HIP samples, since vacuum-sintered and HIP samples show the same kinetics. The samples after the oxidation test are covered with a yellow matte film, which is a result of an anatase–rutile phase transformation [70]. This transformation occurs at temperatures higher than 400 °C and most active in the 800–850 °C interval. According to the XRD results (Figure 6b), the TiO   2   phase detected at the surface of the samples after oxidation is a rutile (Pdf-4 No. 84-1284).



All samples show nearly the same oxidation rates for the first 30 min. The weight gain reaches 40 mg/cm   2   for all samples. After the first 30 min, the weight gain behavior changes for all samples. For the TAW1 sample, the weight continues to rise and surpasses 100 mg/cm   2   after 11 h (660 min). The TAW3 sample starts plateauing around 50 mg/cm   2   after 6 h (360 min) of oxidation. The TAW2 sample noticeably reduces the weight gain after several hours of oxidation, but does not reach a plateau, as with TAW3, and after 11 h (660 min), it has a 60 mg/cm   2   weight gain value. The oxidation rates obtained are higher than values for TiAl [71,72] but less than those for pure Ti [73], Al [74], and W [75,76], which demonstrates the ability of the composite to better prevent oxidation compared to pure components.



The dependence of the squared mass gain on time is close to linear for all samples. The closest to linear dependence is for TAW1 (R   2   = 0.988), and the least for TAW3 (R   2   = 0.675). For TAW1 samples, the classical parabolic oxidation law [77] is realized; in the remaining samples, oxidation proceeds according to a mixed mechanism. The K   p   value for TAW1 samples is 212.6  μ g   2  cm    − 4   min    − 1   , which is 12 times higher than for TAW2 samples (17.7  μ g   2  cm    − 4   min    − 1   ) and 90 times higher than for TAW3 samples (2.3  μ g   2  cm    − 4   min    − 1   ).



The composition and particle size in the samples are more important for oxidation resistance than the sintering technique. Both vacuum and HIP show the same oxidation rates within the same composition. Using finer particles (TAW3) may help to reduce the oxidation rate. Since oxidation starts from the surface, it is necessary to prevent the diffusion of oxygen deep into the material to slow down the oxidation. At the first stage of oxidation, metal particles are oxidized on the surface of the sample, which leads to high oxidation rates. After the near-surface layer is oxidized, oxygen diffuses into the sample. In this case, samples with small powder particles better stop oxygen diffusion into the depths for the following reasons: (a) fine powders form a thinner surface layer, (b) fine powders have a significantly larger surface area at a lower mass (compared to micron powders) [78,79,80]. Thus, during the oxidation, micron particles are oxidized faster [80], while they do not prevent the diffusion of the oxygen into the sample. The oxidation of small particles consumes more oxygen due to the large surface area, while the mass gain is slower. The presence of intermetallic particles in the sample also has a positive effect on reducing the oxidation rate in the late stages of oxidation. The results obtained demonstrate that it is necessary to perform a more detailed study of the oxidation kinetics in a separate investigation. Such work will be carried out later.





4. Conclusions


In the work, EEW Ti-Al-W powders were used to obtain bulk samples by the PIM method. In the final samples, in addition to the initial components, the TiAl phase and the MAX-phase Ti   2  AlC are formed. The TiAl phase forms as a shell on the surfaces of large titanium particles. It was found that during sintering at 1000 °C in vacuum and by the HIP method, the Vickers hardness of the samples is in the range of 557 to 766 HV, which is significantly higher than the hardness of the components separately. The hardness of the HIP samples is higher than the hardness of samples sintered in vacuum for all compositions. Oxidation resistance is largely independent of the heat treatment method (vacuum sintering or HIP), but strongly dependent on particle size. The smaller the particle size of the powder in the material, the greater the resistance to oxidation of such samples. The bimodal powder TAW2 obtained at E/ Σ E   c   = 0.64 can be considered as the optimal powder in terms of forming the optimal combination of mechanical properties and oxidation resistance.
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Figure 1. Typical PIM samples obtained using different EEW powders. 
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Figure 2. Microstructure of the TAW1 (a), TAW2 (c), TAW3 (d) samples in a cross-section after HIP and EDX spectra of the TAW1 (b). 
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Figure 3. XRD spectrum of the TAW2 sample after HIP at 1000 °C. 
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Figure 4. Fracture surfaces of TAW1 (a,b), TAW2 (c,d), and TAW3 (e,f) samples after vacuum sintering (a,c,e) and HIP (b,d,f). 
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Figure 5. Vickers microhardness and maximal engineering stress (a) of the samples after vacuum sintering and hot isostatic pressing (HIP), and stress–strain curve of the HIP samples (b). 
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Figure 6. Gibbs free energy change ( Δ G) for TiO   2   [68], Al   2  O   3   [68], and WO   3   [69] as function of temperature (K) (a) and XRD spectrum of the TAW2 sample surface after 660 min of oxidation at 900 °C (b). 
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Figure 7. 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 900 °C. 
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Table 1. EEW parameters.
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Sample

	
Wire Diameter d, mm

	
E    c   , J

	
l, mm

	
C,   μ  F

	
U    0   , kV

	
W, J

	
E/  Σ  E    c   




	
Ti

	
Al

	
W

	
Ti

	
Al

	
W






	
TAW1

	

	

	

	

	

	

	

	

	
15

	
180

	
0.40




	
TAW2

	
0.31

	
0.25

	
0.07

	
235

	
115

	
15

	
70

	
1.6

	
18

	
259

	
0.64




	
TAW3

	

	

	

	

	

	

	

	

	
21

	
352

	
0.92
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