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Abstract

:

In the presented research work, 3D materials were fabricated by additive moulding by means of extrusion of a mixture of high filled polymers and nanopowders of Ti-Al intermetallides with subsequent sintering at 1100 ± 20 °C, 1200 ± 20 °C and 1250 ± 20 °C (MEAM-HP process). Nanopowders of Ti-Al intermetallides were obtained by the electrical explosion of intertwined aluminium and titanium wires. It was found that the structure of the materials comprises an AlTi matrix with Ti2AlN MAX-phase particles distributed within it, surrounded by a composite layer of Ti3Al-Ti2AlN. Sintering temperature increases led to changes in the concentration of TiAl, Ti3Al and Ti2AlN phases in the samples. Besides that, aluminium oxide particles were discovered in the structure of the materials. It was found that as the sintering temperature was increased from 1100 ± 20 °C to 1250 ± 20 °C, the average microhardness of the samples increased from 193 to 690 HV0.1.
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1. Introduction


The main requirement put forward for materials by aerospace and transportation industries is minimal density while retaining required mechanical properties [1]. The density of intermetallides based on titanium and aluminium is as follows: Al-Ti (titanium aluminide) has density that is 1.5–3 times lower than that of alloys based on nickel and titanium, and their mechanical properties (tensile strength, yield stress, etc.) at room temperature and increased temperature are comparable or superior to those of the alloys [2,3]. Additionally, intermetallides of this grade have higher resistance to oxidation and corrosion, which allows for their use in aggressive media at increased temperatures [4,5,6,7]. Titanium aluminides are successfully used in the fabrication of turbine blades for aircraft engines, as well as for wheel disks and exhaust valves of automotive engines [8,9,10,11]. With these materials, part weight can be reduced to 55% of that of nickel alloys, thus increasing fuel efficiency while lowering carbon footprint, which is in line with the trends in the development of state-of-the-art, environmentally conscious manufacturing technologies [12,13]. Materials based on Ti-Al intermetallides are normally manufactured by sintering micron-size powders of aluminium and titanium [14]. However, in this case, sintered materials undergo considerable expansion caused by the emergence of the TiAl3 phase at early sintering stages [15]. Additionally, great differences in the diffusion coefficients of titanium and aluminium leads to the manifestation of the Kirkendall effect [16], which is associated with the emergence of large pores and cracks in the volume of materials in the course of sintering [17]. Hot pressing and plasma spark sintering are the most popular approaches to the fabrication of dense materials from Al-Ti intermetallides, as they prevent emergence of pores and cracks in the fabricated items [18,19,20]. Thus, in [21], the authors demonstrated successful use of a plasma sintering process to obtain dense materials from Ti-Al powder mixture with the concentration of titanium at 20, 50 and 80 vol %. Sintering was carried out at 600 °C and 200 MPa over 5 min in air. In [21], it was shown that plasma spark sintering produced intermetallide composites such as Al-Ti with isle structure that comprised Al3Ti, Al5Ti2 and Al11Ti5 phases distributed within the aluminium or titanium matrix (depending on the composition of the initial mixture). The research authors found that there were no pores in the materials obtained while their density was close to the theoretically estimated one. The Vickers hardness of high strengthened areas in the materials obtained from the powder mixtures with titanium concentration of 20, 50 and 80 vol % was 75, 300 and 363 HV, respectively. Despite high efficiency of spark plasma sintering, use of other Ti-Al intermetallide fabrication processes that would be more efficient and economically viable remains an open issue. As of now, additive manufacturing technologies [22] are one of the most promising processes for fabricating materials based on this composition. Additive manufacturing (AM) technologies reached maturity around the year 2010 [23]. Use of AM allows for fabricating items with complex geometry while reducing required human resources, financial costs and production waste products [24]. Khorasani M. et al. [25] demonstrated calculations of laser growth parameters affecting the production cost of a jet engine air collector. These parameters include a powder layer laser cladding process, machining, raw materials, labour costs and post-processing. The parameters were compared to determine the best production strategy. The results of the work showed that AM can solve a number of problems and can improve production through customisation, rapid prototyping and geometric freedom. The authors found that 49–58% of the cost is associated with pre- and post-processing when using laser technology to produce an air collector. Thus, in [26], materials based on the Al-Ti intermetallide were manufactured by direct laser deposition. According to the research findings, the structure of the obtained materials was comprised of platelike γ-TiAl and α2-Ti3Al grains, their size varying from 50 to 100 µm. An investigation into the mechanical properties revealed that Vickers hardness of the materials was 425 HV, and tensile strength was 650 MPa. Here the authors state that the nature of sample destruction was intercrystallite. Chen W. et al. showed in [27] that the replacement of high-temperature, nickel-based alloys with materials additive manufactured from Al-Ti intermetallide has made it possible to reduce engine weight by 100 kg while increasing fuel efficiency by 20%.



Important drawbacks of Al-Ti intermetallides are their low plasticity and impact strength at room temperature, as well as their low creep strength at high temperatures (700–750 °C) [28]. Li X. et al. showed, in [29], that improved mechanical properties are achieved by obtaining fine-grain structure of materials by sintering nanosize particles of the Al-Ti intermetallide. Additionally, the use of nanosize powders will allow the emergence of Kirkendall pores to be suppressed during materials sintering.



Successful use of electro-explosive synthesis to produce nanosize Al-Ti intermetallide powders from intertwined aluminium and titanium wires (with the diameter of 0.35 mm and 0.32 mm, respectively) was demonstrated in [30]. In this work, it was shown that electro-explosive synthesis produces micronsize and nanosize particles of an Al-Ti intermetallide. Increasing voltage input into the wires from 22 kV to 29 kV leads to the production of a reduced share of micron-size particles and average powder particle size reduction from 240 to 133 nm. XRD analysis results have shown the presence of γ-TiAl phases (68.3–78.0 wt%), α2-Ti3Al (7.8–9.2 wt%), α-Ti (14.2–22.3 wt%). Next, 10.05 ± 0.05 mm thick tablets were pressed from the powders obtained; the tablets were then sintered in a vacuum furnace in the temperature range of 800–1250 °C. The authors have determined that in the course of sintering at 1250 °C, fully sintered samples are produced with platelike structure [31] and relative density of 92%. It was shown in the research that diffusion of aluminium towards titanium is taking place in the process of sintering, which leads to the emergence of Ti2Al, TiAl2 and TiAl3 phases. From the data obtained, we can conclude that the process of electro-explosion of intertwined wires made of aluminium and titanium can be used to obtain Al-Ti powder, and that this is a promising technique for the fabrication of 3D materials. However, the use of nanosize powders in the direct laser deposition process is impossible, as they do not have sufficient fluidity, and this may lead to nozzle clogging and deposition process disruption.



The solution to this problem lies in additive manufacturing of materials via extrusion of high-filled polymers that consist of a polymer binder and a powder filler. This technology is a multi-stage process whereby the polymer material is used as a binder for shaping the item during additive deposition. Then, the binder is removed by chemical, thermal or thermochemical treatment, and the fabricated workpiece is subjected to conventional sintering in a vacuum furnace [32]. In [33], Seyedzavvar M. and Boğa C. demonstrated the successful use of an acrylonitrile–butadiene–styrene binder filled with CaCO3 nanoparticles as a feedstock for obtaining samples by the method of extrusion additive technologies. The addition of nanoparticles led to a significant increase in the tensile strength of the obtained samples. The authors of the work showed that the increase in strength is achieved due to the creation of uniformly distributed microvoids due to the blunting effect of CaCO3 nanoparticles in the polymer matrix. Despite the fact that the authors of the work did not set the task of removing the polymer binder, they managed to obtain bulk samples with a uniform structure.



The purpose of the present research is investigating the formation of the structure of materials based on Ti-Al intermetallides obtained via additive manufacturing. A distinctive novelty of the approaches used herein lies in the use of nanopowders that allow the sintering temperature to be lowered and a unique material structure to be obtained.




2. Materials and Methods


To fabricate 3D materials by additive manufacturing via extrusion, a mixture of Al-Ti intermetallide powders and a polymer binder were prepared. Powders of nanosize intermetallides were produced by electro-explosive synthesis. The production technique was presented in [30]. Aluminium (Ø = 0.35 mm) and titanium (Ø = 0.32 mm) wires were intertwined and placed in an air-tight unit block that was then vacuumized and filled with argon to reach the pressure of 0.2 MPa. The synthesis process was initialised by energising the wires at 25 kV from a high-voltage power source. The average intermetallide powder particle size was 180 nm. Intermetallide powders obtained were mixed with the MC2162 polymer binder (Emery Oleochemicals, Loxstedt, Germany) at a ratio of 60:40 vol%. The MC2162 binder is a mixture of polyol ether and polyamide. The mixing was carried out in an argon-filled glove box with an SPQ-10 Z-blade mixer (Welber, Hangzhou, China) at a rotational speed of 60 rpm over 6 h. Then the mixture obtained was placed into an LE45-30 single-screw extruder and heated to 145 °C to produce feedstock. After that, rectangular block samples with the dimensions 10 mm × 10 mm × 5 mm (L × W × H) were fabricated by additive manufacturing by extrusion. A schematic layout of the laboratory unit for additive manufacturing of samples by extrusion is presented in Figure 1.



To remove the binder, chemical treatment of sample in acetone was performed. The samples obtained were heated in the vacuum furnace to 600 °C for 1 h and further subjected to high-temperature sintering at 1100 °C, 1200 °C and 1250 °C for at least 1 h.



The phase composition of the produced samples was studied on a Shimadzu XRD-6000 diffractometer (Shimadzu Corporation, Kyoto, Japan) on CuKα radiation. Crystal lattices from the Powder Diffraction File 4 database were used for reference. The phase composition, lattice parameters and bcc size were calculated by the refinement of the structure via full-profile analysis (Rietveld method). The structure of the samples was observed on a Tescan MIRA 3 LMU scanning electron microscope (TESCAN ORSAY HOLDING, Brno, Czech Republic) fitted with an Oxford Instruments Ultim Max 40 energy-dispersive detector (Oxford Instruments, High Wycombe, UK). Sample microhardness was measured on a Buehler Wilson Micromet 6040 hardness meter (Buehler LLC, Lake Bluff, Illinois, USA).



For example, Figure 2 shows the samples obtained from nanostructured powders based on Ti-Al. Figure 2a shows the sample after 3D printing and removal of the binder. Figure 2b shows a sample after 3D printing and high-temperature sintering. The study of the features of sintering samples in a vacuum furnace showed that the shrinkage is 23.4%. This shrinkage is justified by the use of nanopowders. It was found that thermal cracks and cracks between the layers of the material were not observed in the structure of the material.




3. Results and Discussion


X-ray diagrams of materials obtained by AM extrusion using a mixture of high-filled polymers (MEAM-HP) and Ti-Al intermetallide powders with subsequent sintering at 1100 ± 20 °C, 1200 ± 20 °C and 1250 ± 20 °C are shown in Figure 3a–c, respectively. The results of X-ray diffraction analysis are presented in Table 1.



The phase composition of samples after sintering is represented by TiAl, Ti3Al and Ti2AlN phases. The lattice parameters of the phases obtained are comparable with the data obtained in [34,35,36,37], which suggests minimal distortion of their crystalline structure in the course of sintering. It is worth noting that the Ti2AlN phase belongs to the MAX phases class; these classes possess a strong covalent bond, which leads to the emergence of a unique combination of ceramic metal properties: improved rigidity, modulus of elasticity, heat conductivity, as well as resistance to wear, oxidation, thermal impact, superior resistance to mechanical damage, etc. [38,39,40]. Increases in the sintering temperature lead to changes in the concentration of phases in the samples. As the sintering temperature is raised from 1100 °C to 1200 °C, the ratio of the AlTi phase decreases from 82 to 75 wt%. Increasing the sintering temperature to 1250 °C does not incur a significant change in the weight ratio of this phase. Meanwhile, as the sintering temperature is raised from 1100 °C to 1200 °C, the ratio of the Ti3Al phase increases from 8 to 12 wt%, and at the sintering temperature of 1250 °C, the ratio of the phase is reduced to 9 wt%. Additionally, increases in the sintering temperature lead to linear growth of the concentration of the Ti2AlN MAX phase from 10 to 17 wt%. The research work [19] details the phase composition of Al-Ti intermetallides that were used in the present work. The authors have established that the composition of Al-Ti intermetallide powders is represented by Ti3Al, TiAl and α-Ti phases that are in a solid solution with the content of aluminium up to 10 at% [41]. The authors of [34,41] report that α-Ti undergoes phase transition via two routes:


α-Ti ⟷ Ti3Al + TiAl (T = 1118.5 °C),



(1)






α-Ti ⟷ Ti3Al (T = 1164 °C),



(2)







Apart from that, works [42,43] report that Ti3Al/TiAl phases interact with nitrogen (N2), creating a Ti2AlN MAX phase. From the research findings and literature data, we can make an assumption that phase transitions take place in the process of sintering of materials obtained by MEAM-HP. In the course of material sintering at 1100 ± 20 °C, diffusion processes are intensified, which leads to the transformation of α-Ti into Ti3Al-TiAl. The obtained results and published data allow us to make an assumption about the existence of phase transformation during the sintering of materials obtained by the (MEAM-HP) method. During the sintering of materials at a temperature of 1100 ± 20 °C, diffusion processes intensify, which lead to the transformation of α-Ti into Ti3Al-TiAl. It should be noted that the materials obtained in the process of sintering at a temperature of 1100 °C contain amorphous phases (2θ degree = 10–20°). In [44,45] reports the formation of amorphous phases of titanium nitride by thermochemical treatment of titanium-containing materials with ammonia at a temperature of 400–700 °C, as well as in the process of mechanical grinding of a mixture of titanium and hexagonal boron nitride. Literature data suggest that the amorphous phases of titanium nitride are formed during the annealing of samples from the polymer binder. The polymers contain polyimides, the main chain of which contains amide groups (−CONH−) [46]. During annealing at a temperature of 600 °C, nitrogen from amide groups interacts with intermetallic compounds, forming amorphous phases of titanium nitride. At a sintering temperature of 1100 °C, reactions of interaction of amorphous nitrides with Ti3Al-TiAl intermettalides occur, which leads to the formation of the MAX-phase Ti2AlN.



In addition, the transformation of α-Ti via route (1) leads to an increase in the weight ratio of TiAl in the sample compared to that of the initial powders and materials sintered at 1200 and 1250 °C. In the process of sample sintering at 1200 ± 20 °C, α-Ti transforms into Ti3Al via route (2), which leads to an increase in the weight ratio of this phase in the sample. Apart from that, an increase in the sintering temperature leads to the intensification of the Ti2AlN MAX phase creation processes and an increase in its concentration compared to samples sintered at 1100 ± 20 °C. The maximum concentration of the Ti2AlN MAX phase is observed in the samples obtained at the sintering temperatures of 1250 ± 20 °C. In this case, the concentration of the Ti3Al phase is decreased compared to materials obtained at the sintering temperature of 1200 ± 20 °C, and the concentration of the TiAl phase varies within the margin of measurement error (5–7%). It is assumed that at 1250 ± 20 °C, Ti3Al reacts with nitrogen in the chamber more intensely compared to the TiAl phase, and this leads to a decrease in its concentration in the sintered samples. The works [47,48,49] present the phase diagrams of the Al-Ti-N system at temperatures of 1000 and 1300 °C. The authors of the papers showed that the formation of the Ti2AlN MAX phase at these temperatures occurs according to the mechanism of interaction between the Ti3Al and TiN phases. Comparison of the obtained results with literature data shows that the mechanism of formation of the Ti2AlN MAX phase at sample sintering temperatures, 1100, 1200 and 1250 °C, is comparable with the data presented on the phase diagrams of the Al-Ti-N ternary system at temperatures of 1000 and 1300 °C.



Figure 4, Figure 5 and Figure 6 show structures of materials obtained by the MEAM-HP technique.



Structures of materials obtained by sintering at different temperatures are represented by areas which have different contrast. In the matrix material of the Ti-Al intermetallide (area 3 in Figure 4b, Figure 5b and Figure 6b, respectively), large areas and particles of a lighter colour are observed (area 2 in Figure 4b, Figure 5b and Figure 6b, respectively) as well as black-coloured particles. Areas with different contrast are supposed to correspond to different phases present in the materials. In the structure of the materials obtained at the sintering temperature of 1100 ± 20 °C, isolated light-coloured areas and particles prevail, and do not exceed 30 µm in size. As the sintering temperature is raised to 1200 ± 20 °C and 1250 ± 20 °C, the size of light-coloured areas and particles increases to 50–60 µm and an isle structure is formed inside them. It is assumed that the growth of the size of areas and the formation of an isle structure is related to the processes of crystallite re-crystallisation in the phases present in the materials [50,51]. Figure 7b shows maps of chemical elements distribution. The results of energy-dispersive analysis of local areas of the materials structure are shown in Figure 6c and Table 2. Titanium and aluminium are the main elements present in the materials structure, and their concentration changes depending on the area in question. Nitrogen elements are concentrated in local areas (area 1 and 2) and in small particles; nitrogen corresponds to a lighter tint in the structures presented in Figure 3, Figure 4 and Figure 5. By matching the obtained results against X-ray diffraction images and SEM images of the structures of the sintered materials, it was possible to determine the distribution of phases in the materials. It was found that the materials structure comprises an AlTi matrix with Ti2AlN MAX-phase particles distributed within it and surrounded by a composite layer of Ti3Al-Ti2AlN. From the research findings, it was established that this layer is a transitional layer during the emergence of the Ti2AlN MAX phase in the process of Ti3Al intermetallide reaction with nitrogen. The research findings affirm the assumption that the Ti3Al phase interacts more intensely with nitrogen compared to the TiAl phase, and it is the main source of the emergence of the Ti2AlN MAX phase.



Elementary analysis of more contrasting particles (areas 7–8 in Figure 7a) present in the materials has shown the prevalence of elements of aluminium and oxygen, as well as the absence of elements of titanium and nitrogen. These particles are supposedly aluminium oxide. However, the aluminium oxide phase was not discovered by X-ray diffraction analysis, which is most probably due to its weak intensity compared to other phases, as well as its weight ratio below 5 wt%, which cannot be detected by XRD analysis techniques. It is assumed that Al2O3 particles emerged in the course of interaction of the aluminium component in α-Ti with titanium monoxide via aluminothermal reduction [52].



Figure 8a shows an image of the distribution of hardness in material samples obtained via AM extrusion using a mixture of high-filled polymers (MEAM-HP) and Ti-Al intermetallide powders with subsequent sintering at 1100 ± 20 °C, 1200 ± 20 °C and 1250 ± 20 °C, respectively. It was found that materials sintered at 1100 ± 20 °C have close to linear hardness distribution, with rare minor deviations. Hardness varies in the range from 113 to 470 HV0.1, and the average value is 193 HV0.1. Increasing sintering temperature to 1200–1250 ± 20 °C leads to a significant distortion of hardness distribution in the samples obtained, which is represented by distinct peaks. The value of hardness is rapidly changing in the range between 115 and 1500 HV0,1 (at the sintering temperature of 1200 ± 20 °C), and it reaches 1760 HV0.1 (at the sintering temperature of 1250 ± 20 °C). Here, the average microhardness of the samples increases from 193 to 690 HV0.1 as the sintering temperature is raised from 1100 ± 20 °C to 1250 ± 20 °C (Figure 8b).



Changes in the nature of distribution of material hardness with increasing sintering temperature are related to an increase in the concentration and size of Ti2AlN MAX phase particles, the hardness of that phase being as high as 4.1 GPa [53]. In the samples sintered at 1200-1250 ± 20 °C, MAX phase particles form agglomerates influenced by re-crystallisation processes and van der Waals forces, leading to the formation of an isle structure with large MAX phase areas [54,55]. When the indenter gets into this area, the recorded values vary between 1000 and 1760 HV0.1, which results in the distortion of the distribution of hardness throughout the sample and peaks on the graphical representation. It was found by comparing the research findings with the results from [21,26] that the materials sintered at 1100 ± 20 °C have hardness comparable with the results from those works.




4. Conclusions


A schematic diagram of 3D printing using nanopowders of the ti-Al system is shown. This work researches the phase composition, structure and microhardness of materials obtained by AM extrusion using a mixture of high-filled polymers (MEAM-HP) and Ti-Al intermetallide powders with subsequent sintering at 1100 ± 20 °C, 1200 ± 20 °C and 1250 ± 20 °C. It was found that the materials structure comprises an AlTi matrix with Ti2AlN MAX-phase particles distributed within it and surrounded by a composite layer of Ti3Al-Ti2AlN. Sintering temperature increases lead to changes in the concentration of TiAl, Ti3Al and Ti2AlN phases in the samples. Additionally, aluminium particles were discovered in the material structure; those emerged in the course of interaction of the aluminium component in α-Ti with titanium monoxide via an aluminothermal reduction mechanism. A mechanism explaining the formation of such a material structure was suggested, specifically; one for the particles of the Ti2AlN MAX phase in the course of their sintering at different temperatures. It was found that the average microhardness of the samples increases from 193 to 690 HV0.1 as the sintering temperature is raised from 1100 ± 20 °C to 1250 ± 20 °C.
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Figure 1. Schematic layout of the laboratory unit for additive manufacturing of samples by extrusion. 
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Figure 2. Samples based on nanopowders Ti-Al obtained using additive technologies: (a) Experimental samples based on Ti-Al intermetallic nanopowders (green detail); (b) demonstration sample based on Ti-Al intermetallic nanopowders (after sintering). 
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Figure 3. X-ray diagrams of the samples of additive-manufactured materials: sintering at 1100 °C (a); sintering at 1200 °C (b); sintering at 1250 °C (c). 
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Figure 4. SEM image of materials obtained by MEAM-HP with subsequent sintering at 1100 ± 20 °C: × 550 (a), ×8300 (b), ×82 800 (c). 
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Figure 5. SEM image of materials obtained by MEAM-HP with subsequent sintering at 1200 ± 20 °C: ×1400 (a), ×8300 (b), × 82 800 (c). 






Figure 5. SEM image of materials obtained by MEAM-HP with subsequent sintering at 1200 ± 20 °C: ×1400 (a), ×8300 (b), × 82 800 (c).



[image: Metals 12 01737 g005]







[image: Metals 12 01737 g006 550] 





Figure 6. SEM image of the materials obtained by MEAM-HP with subsequent sintering at 1250 ± 20 °C: ×1400 (a),× 2800 (b) , × 41 400 (c). 
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Figure 7. SEM image of the local materials area obtained by additive manufacturing via extrusion using a mixture of high-filled polymers (MEAM-HP) and Ti-Al intermetallide powders with subsequent sintering at 1100 ± 20 (a), maps of the distribution of chemical elements in a local area of a composite particle (b), results of the energy dispersive analysis of the local areas in the structure of the materials (c). 
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Figure 8. Graphical distribution of hardness in samples (a), dependency of sample hardness on the sintering temperature (b). 
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Table 1. Results of X-ray diffraction analysis of materials obtained by AM extrusion from a mixture of high-filled polymers (MEAM-HP) and Ti-Al intermetallide powders with subsequent sintering.
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Sintering

Temperature, °C

	
Discovered Phases

	
Phase Content, wt%

	
Lattice Parameters, Ǻ






	
1100

	
TiAl

	
82

	
a = 3.9900

c = 4.0715




	
Ti3Al

	
8

	
a = 5.7691

c = 4.6726




	
Ti2AlN

	
10

	
a = 3.0087

c = 13.6947




	
1200

	
TiAl

	
75

	
a = 4.0394

c = 4.0107




	
Ti3Al

	
12

	
a = 5.7699

c = 4.6814




	
Ti2AlN

	
13

	
a = 3.0184

c = 13.6517




	
1250

	
TiAl

	
74

	
a = 3.9911

c = 4.0728




	
Ti3Al

	
9

	
a = 5.8631

c = 4.6334




	
Ti2AlN

	
17

	
a = 3.0095

c = 13.6022
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Table 2. Results of the energy-dispersive analysis of the local areas in the structure of the materials obtained by additive deposition from CrNi-TiN SHS composites using a mixture of high-filled polymers (MEAM-HP) and Ti-Al intermetallide powders with subsequent sintering at 1100 ± 20.
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Area

	
Element, wt%




	
NK

	
OK

	
AlK

	
TiK






	
1

	
8.4

	
<1

	
20.1

	
70.5




	
2

	
9.5

	
<1

	
19.9

	
69.6




	
3

	
4.3

	
<1

	
19.5

	
75.2




	
4

	
3.8

	
<1

	
18.8

	
76.4




	
5

	
1.5

	
<1

	
37.2

	
60.3




	
6

	
2.7

	
<1

	
36.4

	
59.9




	
7

	
<1

	
46.7

	
51.3

	
<1




	
8

	
<1

	
47.3

	
50.7

	
<1




	
9

	
<1

	
46.5

	
51.5

	
<1
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