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Abstract

:

We determined the compactability regularities observed during the cold uniaxial pressing of layered powder green samples, taking into account factors such as composition, height, and number of Ti–B (TiB) and Ti–Al–Nb–Mo–B (TNM) layers. The following composition was chosen for the TNM layer at %: 51.85Ti–43Al–4Nb–1Mo–0.15B, while for the Ti-B layer we selected the composition wt %: Ti-B-(20, 30, 40) Ti. Green samples were made containing both 100 vol % TiB and TNM, and those taken in the following proportions, vol %: 70TiB/30TNM, 50TiB/50TNM, 30TiB/70TNM; multilayer green samples were studied in the following proportions, vol %: 35TiB/30TNM/35TiB, 25TiB/25TNM/25TiB/25TNM, 35TNM/30TiB/35TNM. Based on the obtained rheological data, we determined the rheological characteristics of the layered green samples, including compressibility modulus, compressibility coefficient, relaxation time, and limiting value of linear section deformation. These characteristics were found to vary depending on the composition, height, and number of layers. Our findings revealed that reducing the TNM content in the charge billet composition improves the compaction of powder materials under the given technological parameters of uniaxial cold pressing. Moreover, we observed that increasing the boron content and decreasing the amount of titanium in the Ti–B composition enhances the compactability of powder materials. We also established a relationship between the compaction pressure interval and the density of the layered powder green sample.
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1. Introduction


Currently, third-generation TNM alloys based on the Ti–Al (Nb, Mo) system and β-stabilized γ-alloys are of significant scientific and practical interest. These alloys have a high melting point, low density, high elastic moduli, increasing yield strength with increasing temperature, resistance to oxidation and fire, high strength/density ratio, and heat resistance. These characteristics create favorable conditions for the use of these alloys for new generation aerospace engines [1,2,3,4,5,6,7].



To enhance their physical and mechanical properties, these alloys are modified with a small amount of boron [8,9,10], which is a structure-modifying impurity in the intermetallic compound. For example, materials based on Ti–43Al–6Nb–1Mo–1Cr–(0, 0.6)B were manufactured [11], and it was observed that the addition of boron, along with a multi-stage forging process, improves the microstructure and significantly increases the ultimate tensile strength of alloys. The utilization of novel multicomponent alloys based on titanium aluminides represents a promising method for replacing turbine blades, traditionally made from heat-resistant nickel-based superalloys, with lighter alloys in more temperature-stressed areas of a gas turbine engine.



However, the demand for heat-resistant alloys continues to grow every year, and there are prospects for enhancing the heat-resistant properties of the alloys under development. Presently, a promising approach to increase heat resistance involves reinforcing intermetallic compounds based on titanium aluminides with various strengthening phases [12,13,14,15,16,17,18]. Among the strengthening phases employed, titanium monoboride stands out due to its closely matched coefficient of thermal expansion (7.2 × 10−6 K−1) and excellent chemical and thermal compatibility with the TiAl matrix [19,20,21]. This fact makes titanium monoboride the most suitable candidate for the development of layered composite materials (LCMs) based on TiB/TiAl(Nb,Mo)B. The deliberate design and formation of a layered composite have the potential to enhance its physical and mechanical properties [22,23,24,25,26,27,28,29].



In the study of Hao et al. [30], LCMs based on (TiB/Ti)–TiAl were fabricated using the spark plasma sintering method. These composites were created by alternately stacking layers of TiB2/Ti powder with a thickness of 800 μm and layers of TiAl powder with a thickness of 400 μm. The starting materials consisted of (i) pre-alloyed powder Ti–47Al–2Cr–2Nb with spherical particles with an average diameter of 75 μm, (ii) powder Ti–6Al–4V with spherical particles with a diameter of 50−100 μm, and (iii) powder TiB2 with an average particle size of 3 μm. The authors of this study discovered that the resulting composites exhibited impressive fracture toughness and flexural strength, measuring up to 51.2 MPa m1/2 and 1456 MPa, respectively. These mechanical properties represent an increase of 293% and 108% compared to those of monolithic TiAl-based alloys. The authors attribute this enhancement in mechanical properties to the presence of TiB/Ti composite layers.



Powder metallurgy methods serve as the primary technologies for manufacturing composite materials. These methods encompass various techniques, including selective laser sintering [31,32,33,34,35], hot isostatic pressing [36,37,38], spark plasma sintering [39,40,41,42], self-propagating high-temperature synthesis (SHS) [43,44,45,46], and several other methods [47,48,49,50], wherein pressed powder green samples serve as precursors. The quality of the green sample, which encompasses factors like uniform density along its height and radius, relative density across the entire batch, and technological strength, significantly influences the physical, mechanical, and operational properties of the resulting products.



In most cases, the method of cold uniaxial pressing [51,52,53,54] is employed to create green samples. A critical aspect in both the theory and practice of cold uniaxial powder pressing is the determination of experimental relationships between the applied pressure and the density of the resulting green sample. These experimental dependencies are used to assess the compactability of selected powder materials, enabling the selection of the necessary compaction pressure to achieve a desired green sample density. To accomplish this, numerous experiments are conducted under static loading conditions using a constant compaction pressure mode.



To establish the relationship between green sample density and compaction pressure, a separate experiment was conducted for each pressure value. However, achieving identical density values for a large batch of powder green sample proves to be a challenging task. This significantly prolongs the time required to achieve the desired outcome and complicates and reduces the efficiency of the method for green sample production.



In practice, preliminary cold pressing of green samples is carried out using specialized press molds on hydraulic presses, enabling the application of a constant pressure. Nonetheless, this approach presents significant challenges because the compaction process is essentially non-stationary and the degree of compaction of the green sample continuously changes over time. In other words, when applying the same compaction pressure at different holding times under this pressure, variations in green sample densities will occur. Consequently, the density of the powder green samples, corresponding to a specific pressure, also relies on the duration of the compaction process at that pressure. Presently, researchers must take an empirical approach to address this issue and seek optimal pressing conditions tailored to each unique case.



To determine optimal conditions for pressing powder materials, we were pioneers in introducing a rheological approach [55]. This approach considers the compaction of powder materials as non-stationary deformation processes that are influenced by rheological factors. It enables us to understand the deformation mechanisms of powder materials and ascertain their rheological properties, among other things.



The essence of the approach lies in the construction and study of rheological stress–strain relationships. Experiments are carried out at a constant strain rate. This is the most distinguishing point from traditional methods, which apply constant compaction pressure. The resulting experimental relationships remain consistent regardless of the equipment or the form of the powder green sample. Furthermore, they are obtained continuously from a single experiment. In traditional methods, these dependencies are constructed discretely, i.e., for each point it is necessary to conduct a separate experiment.



The purpose of this work is to establish the influence of the compaction pressure of powder materials, taking into account the pressing time, on the pressing characteristics depending on the composition, height, and number of layers: Ti–B (Ti–B–(20, 30, 40 wt %) Ti) and Ti–Al–Nb–Mo–B (at %: 51.85Ti–43Al–4Nb–1Mo–0.15B).




2. Materials and Methods


2.1. Objects of Research


To obtain layered powder green samples, commercial powder Ti (45 µm, 99.1%), B (1 µm, 94.0%), Al (5–7 µm, 98.6%), Nb (40–63 µm, 99.9%), and Mo (5 µm, 99.1%) were used as starting reagents. These ratios were taken from the calculation of the formation in each layer during the combustion process in the mode of self-propagating high-temperature synthesis of the following compounds: in the cermet layer, TiB–(20–40) wt % Ti (hereinafter we will denote the layer as TiB, Table 1), and in the intermetallic layer, TiAl(Nb,Mo)B (hereinafter we will denote the layer as TNM). The TNM intermetallic layer was chosen with the following composition, at %: 51.85Ti–43Al–4Nb–1Mo–0.15B. Five types of powder green samples were studied; the layers were selected with the content of 100 vol % TiB and TNM, and in the following proportions, vol %: 70TiB/30TNM, 50TiB/50TNM, 30TiB/70TNM (Table 2, Figure 1). To study the characteristics of pressing multilayer powder green samples, the following ratios of each layer were taken, vol %: 35TiB/30TNM/35TiB, 25TiB/25TNM/25TiB/25TNM, and 35TNM/30TiB/35TNM (Table 3). The composition TiB-20 was taken as a model cermet layer in multilayer powder green samples. Photos of powder green samples after pressing are shown in Figure 1 and Figure 2.




2.2. Research Methods


The experiments were carried out using a REM-20A compression testing machine (Metrotest, Kazan, Russia) equipped with a press mold featuring a loading chamber diameter of 25 mm. The maximum pressing force was 20 kN, and a constant deformation rate of 20 mm/min was maintained throughout all load ranges. The powder mixture under study was placed into the assembled press mold, with each bulk layer having a predefined height. The total height of the bulk layer remained fixed at 45 mm, irrespective of the proportion of the TNM and TiB layers. Details of the parameters of the charge billets before and after testing are shown in Table 2 and Table 3.



The initial parameters for the research included: h0, the initial height of the bulk layer; m, the mass of the green sample; ρb, the bulk density; ρc, the density of the compact obtained from a non-porous powder mixture; ρrel, the relative initial density of the powder mixture. The density of the compact green sample was determined using the following Formula (1):


    1     ρ   c     =   ∑  i = 1   n        c   i       ρ   i        



(1)




where ci and ρi are the concentration and density of the i-th component in the mixture, respectively. Relative initial density ρrel of the powder mixture was determined by the following formula: ρrel = ρb/ρ0.



A press mold with a mixture of powders was installed under the plunger of the testing machine and loading was carried out at a constant speed of movement of the plunger to the maximum value of the pressing force (Figure 3). As a result of the experiments, “pressure–time” diagrams were constructed, which were subsequently rearranged into rheological “stress–strain” dependencies. The deformation of the powder mixture was calculated using the formula: ε = Δh(t)/h0, where Δh(t) is the change in the height of the bulk layer depending on the loading time. The compaction pressure was calculated as the ratio of the pressing force to the cross-sectional area of the press mold rod.



The constructed rheological dependencies have allowed us to determine the rheological characteristics of the studied powder green samples, identify the mechanisms of deformation of the powder green samples, and establish optimal compaction conditions. For the analyzed powder green samples, the following rheological characteristics were determined: the compressibility modulus (G), the limiting value of the deformation of the linear section of the rheological stress–strain relationship (ε*), the compressibility coefficient (kc), and the relaxation time. The limiting value of the deformation of the linear section (ε*) characterizes the beginning of the change from the stage of elastic deformation of powder materials to elastoplastic, and it is determined by tangent of a straight line drawn from the point where pressure was applied to the resulting rheological curve. The compressibility modulus (G) is numerically equal to the tangent of the slope of the linear section of the stress–strain diagram. The compressibility coefficient (kc) characterizes the reversible decrease in the height (volume) of a green sample under the influence of applied pressure on the “compaction pressure–change in height” diagram and is quantitatively determined by the Formula (2):


    k   c   = −   1     h   0     ·    h   ′     ∆ p   ′     



(2)




where Δh′ and Δp′ are the limit values for changes in height and compaction pressure in a linear section. In its physical meaning, the compressibility coefficient characterizes the ability of a material to compact at the initial (linear) stage, during which the intensity of compaction is maximum. Induction (relaxation) time is the time at which a sufficiently large pressure value is reached, the change of which has little effect on the change in the value of this parameter.





3. Results and Discussion


Figure 4, Figure 5 and Figure 6 presents the experimental results obtained during the investigation of compaction of both single-layer and two-layer green samples. It illustrates the relationship between the pressing force and the loading time, maintaining a constant speed of movement of the press plunger. Additionally, it displays the rheological curve, indicating the relationship between the deformation of powder green samples and stress. For the three compositions of the cermet layer based on Ti–B under study, the nature of the obtained dependences is similar. The intersection of the curves indicates that at the intersection points the studied green samples of different compositions have the same pressing characteristics.



Let us provide an explanation of the results obtained for a cermet layer made of TiB-30. The placement of the obtained dependences is observed from left to right (relative to the reader) based on the decrease in the TNM powder content in the sample and the increase in the content of Ti–B based powder. Specifically, let us examine the scenario when the deformation stress of the studied compositions is set at 15 MPa (highlighted with a red dotted line and arrows in Figure 5). Figure 5 illustrates that for a given stress level, the degree of deformation also increases from left to right corresponding to the decrease in the TNM powder content in the green sample and the increase in the content of Ti–B based powder: 0.25, 0.263, 0.275, 0.315, and 0.32. This indicates that the deformability of powders with increased TNM powder content is worse than that of Ti–B based powders. Specifically, for pure TNM the maximum degree of deformation did not exceed 0.325, whereas for pure Ti–B, it reached a maximum of 0.36. Therefore, depending on the content of each layer in a single-layer and two-layer green samples, the degree of deformation changes by a factor of 1.3.



The observed experimental dependencies can be elucidated by conditionally identifying three deformation sections on the rheological curves. To facilitate explanation, Figure 7 shows a scheme of the rheological curve, clearly delineating these three deformation stages.



The initial stage of deformation of powder materials is characterized by a linear stress increase as deformation progresses. During this stage, deformation primarily occurs due to the movement of powder particles into the pores. In coarse powder, the slope of the linear portion of the curve is more important due to the increased porosity in the green sample. When a more finely dispersed powder is deformed, the angle of inclination of the linear section of the first stage decreases, because porosity in green samples is less than when using a coarser powder. For the green sample studied, the dispersion of the powders is not high (less than 45 µm); therefore, the first section on the given scale does not look obvious. When the scale is increased, this section is clearly visible. If all the figures are marked with section numbers and enlarged scales, then the figures will not be readable, which will confuse the reader. Therefore, we have presented a generalized curve in Figure 7 for a visual explanation of the obtained dependencies.



Due to the fact that the process at the first stage occurs due to the filling of pores with powder particles, the pressing forces at this stage are low.



The second stage of deformation of powder materials exhibits a sharp, non-linear increase in stress values as deformation progresses. During this stage, the movement of particles within the studied powder occurs due to accommodation (adjustment) between them. Consequently, during this stage, the contact areas between particles increase, leading to the emergence of interatomic interaction forces in addition to their mechanical interaction. This increase in contact area and interatomic forces contributes to the overall strength of the powder green sample. This stage holds particular technological significance because it accumulates a certain amount of plastic deformation within powder green samples. However, it is essential to note that the entire powder green sample does not reach a plastic state, leading to challenges in selecting deformation conditions for porous materials.



During the third stage of deformation of powder green samples, there is a sharp increase in stress over a wide range, accompanied by only minor changes in deformation. To explain this case, we introduce a time characteristic known as the induction time (τi). The induction time represents the time to reach pressure, the change of which has little effect on the values of the induction period. This time can be conventionally taken when the material moves to the third stage of the rheological “stress–strain” relationship; for each powder material studied, this value is different.



Table 4 presents the induction times for the studied compositions, demonstrating an increase as the proportion of TNM in the powder green sample. During the third stage of deformation of powder materials, the compaction primarily occurs due to the expansion of the contact surface during deformation and the brittle fracture of the particles themselves. During this stage, green sample compaction practically ceases. If stress continues to increase, it will eventually surpass the strength of the green sample, leading to its failure. Consequently, for the studied compositions, an increased proportion of TNM results in an earlier stage of brittle deformation within the particles themselves, leading to a rapid increase in compaction pressure with minimal change in the degree of deformation.



Table 5 displays the obtained rheological characteristics of the studied two-layer powder green sample compositions. It is evident that as the TNM content in the powder green sample decreases, the values of the compressibility modulus decrease, resulting in an increase in the values of the compressibility coefficient. Notably, the limiting values of deformation of the linear section of the rheological stress–strain relationship for the TiB–20/TNM and TiB–30/TNM compositions are nearly identical. This observation is particularly pronounced when examining the powder green samples content ranging from 50 to 100% TNM. The most significant variation in the limiting deformation value was observed for the TiB–40/TNM composition, which contains the least amount of boron.



Based on the provided rheological patterns and calculated rheological characteristics, we can conclude that a reduction in TNM content in a two-layer powder material composition results in improved compaction under specific technological parameters of uniaxial pressing. Additionally, an increase in boron content and a decrease in titanium in the powder green sample for Ti–B compositions leads to an improvement in the compactability of powder materials. This is attributed to the smaller boron fraction, characterized by particle sizes less than 1 μm, which more completely fills the voids in the sample during deformation.



Figure 8 presents the experimental results obtained for multilayer powder green samples, depicting the relationship between the pressing force and loading time at a constant press plunger movement speed, as well as the rheological curve, specifically, the relationship between pressing stress and strain. The observed nature of these dependencies for the studied multilayer powder green samples closely resembles that of the two-layer powder green samples.



To evaluate the change in the degree of deformation for each composition, we focus on the obtained values at a compaction pressure of 15 MPa. Under this constant compaction pressure, the degrees of deformation of multilayer powder green sample are as follows: 0.267, 0.287, and 0.299. Consequently, we can conclude that powder green samples composed of alternating layers for the composition 25TiB/25TNM/25TiB/25TNM exhibit the most favorable compaction ability. On the other hand, a green sample consisting of alternating layers of 35TNM/30TiB/35TNM exhibits the least favorable compaction properties. The maximum degree of deformation for multilayer green samples ranged from 0.322 to 0.347.



Drawing from the results obtained regarding the compactability of two-layer powder green samples, we can also deduce that a decrease in the TNM proportion in the powder material composition leads to improved compactability. When comparing the degree of deformation values of multilayer powder green samples with those of two-layer ones, it becomes evident that two-layer powder green samples exhibit superior compactability due to their higher content of TiB-based powder material.



Experimental dependences of the relative density of powder green samples on compaction pressure were obtained for the studied compositions (Figure 9). Since the samples consisted of layers with different densities, to calculate the average density of the green sample, the density values of each layer were taken depending on its share in the overall sample. Using the example of the TiB-40/TNM composition and the relative average density of the green sample equal to 0.45, we will provide an explanation of the obtained dependencies (Figure 9c). An increase in the proportion of TNM in the green sample leads to an increase in compaction pressure to obtain a given average density. Thus, for 100% TNM, it is necessary to apply a compaction pressure of 10 MPa, which is approximately three times higher than for pressing a green sample without TNM content. For multilayer green samples, it was found that compaction deteriorates as the amount of TNM increases (Figure 9d).



The obtained experimental relationships concerning powder green sample compaction allow us to establish the connection between compaction pressure and relative density when producing samples with specific density requirements. These findings are particularly valuable in technologies where it is necessary to achieve a predefined density for the initial green sample, as this parameter significantly influences the technological parameters of the process. For instance, in self-propagating high-temperature synthesis (SHS) technologies, combustion temperature and the propagation speed of the combustion front depend significantly on relative density, which in turn determines the time duration during which the material retains its plastic properties. In spark plasma sintering technology, relative density plays a critical role in influencing sintering temperature and time.




4. Conclusions


	(1)

	
A simple and fast method has been proposed for studying the characteristics of cold uniaxial pressing for layered powder materials. This method makes it possible to determine in one experiment the effect of compaction pressure on the density of a sample, taking into account the time of its compaction. Reducing the TNM content in the charge billet composition improves the compaction of powder materials under the given technological parameters of uniaxial cold pressing. Increasing the boron content and decreasing the amount of titanium in the Ti–B composition enhances the compactability of powder materials.




	(2)

	
An experimental method has been proposed to ascertain the relationship between the degree of deformation and the relative density of powder green samples in relation to compaction pressure and the duration of pressure application. This method applies to single-layer, double-layer, and multilayer materials based on Ti-B–(20, 30, 40) wt % Ti and TNM (at %: 51.85Ti–43Al–4Nb–1Mo–0.15B).




	(3)

	
Rheological patterns were studied during cold uniaxial pressing of powder green samples depending on the composition of the initial components, height, and number of layers Ti-B–(20, 30, 40) wt % Ti and TNM (at %: 51.85Ti–43Al–4Nb–1Mo–0.15B). Layers were selected containing both 100 vol % TiB and TNM, and the following proportions: 70TiB/30TNM, 50TiB/50TNM, 30TiB/70TNM. In addition, multilayers were also studied in the following proportions: vol %: 35TiB/30TNM/35TiB, 25TiB/25TNM/25TiB/25TNM, and 35TNM/30TiB/35TNM. Based on the obtained rheological patterns and calculated rheological characteristics, it was concluded that with a decrease in the TNM content in the composition of the powder green sample, the compaction of powder materials at given technological parameters of uniaxial pressing improves.




	(4)

	
It was found that an increase in boron content and a decrease in titanium content in the composition of the Ti–B powder layer leads to an improvement in the compactability of powder materials. This improvement is attributed to the more effective filling of pore space in the powder green sample by finely dispersed boron powder, surpassing the performance of other components.




	(5)

	
The obtained experimental relationships on powder green sample compaction facilitated the establishment of a correlation between compaction pressure and relative density, which is associated with pressing time.
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Figure 1. Scheme and photo of single-layer and two-layer powder green sample after pressing (composition TiB-20). 
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Figure 2. Scheme (above) and photo (below) of multilayer powder green samples: (a) 35TiB/30TNM/35TiB, (b) 25TiB/25TNM/25TiB/25TNM, (c) 35TNM/30TiB/35TNM (composition TiB-20). 
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Figure 3. Photo and scheme of the experiment for determination of the compactability of powder materials: (1) press mold, (2) green sample, (3) plunger of a compression machine. 
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Figure 4. Experimental dependences for TiB-20/TNM compositions: (a) pressing force versus loading time; (b) rheological curve. 
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Figure 5. Experimental dependences for TiB-30/TNM compositions: (a) pressing force versus loading time; (b) rheological curve. 






Figure 5. Experimental dependences for TiB-30/TNM compositions: (a) pressing force versus loading time; (b) rheological curve.



[image: Metals 13 01827 g005]







[image: Metals 13 01827 g006] 





Figure 6. Experimental dependences for TiB-40/TNM compositions: (a) pressing force versus loading time; (b) rheological curve. 
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Figure 7. Three main stages of deformation of powder green samples. 
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Figure 8. Experimental dependences of compaction for multilayer powder green sample: (a) pressing force versus loading time; (b) rheological “stress–strain” dependence. 
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Figure 9. Dependence of relative density on compaction pressure for compositions: (a) TiB-20/TNM, (b) TiB-30/TNM, (c) TiB-40/TNM, (d) multilayer powder green sample. 
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Table 1. Composition and parameters of layers in powder green samples.
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Composition Designation

	
Content of Free Titanium, wt %

	
Contents of Components in Green Sample, wt %

	
Bulk Density (ρb), g/cm3

	
Compact Density (ρc), g/cm3

	
Relative Initial Density of the Mixture (ρrel)




	
Ti

	
B






	
TiB-20

	
20

	
85

	
15

	
1.327

	
4.01782

	
0.330




	
TiB-30

	
30

	
87

	
13

	
1.253

	
4.07223

	
0.308




	
TiB-40

	
40

	
89

	
11

	
1.280

	
4.1313

	
0.310




	
TNM

	
-

	
-

	
-

	
1.389

	
3.9791

	
0.349











 





Table 2. Parameters of single-layer and double-layer powder green samples before and after pressing.
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Composition

	
Green Sample Composition, vol %

	
Green Sample Height, mm

	
Green Sample Weight, g




	
Started

	
Final






	
TiB-20/TNM

	
100% TNM

	
45

	
45

	
28.33

	
28.33

	
30.66

	
30.66




	
0% TiB-20

	
-

	
-

	
-




	
70% TNM

	
45

	
31.5

	
28.54

	
21.75

	
30.26

	
21.46




	
30% TiB-20

	
13.5

	
6.79

	
8.8




	
50% TNM

	
45

	
22.5

	
28.56

	
16.04

	
29.98

	
15.33




	
50% TiB-20

	
22.5

	
13.2

	
14.65




	
30% TNM

	
45

	
13.5

	
28.3

	
11.7

	
29.7

	
9.2




	
70% TiB-20

	
31.5

	
16.6

	
20.5




	
0% TNM

	
45

	
-

	
28.58

	
-

	
29.3

	
-




	
100% TiB-20

	
45

	
28.58

	
29.3




	
TiB-30/TNM

	
100% TNM

	
45

	
45

	
29.19

	
29.19

	
30.66

	
30.66




	
0% TiB-30

	

	
-

	
-

	
-




	
70% TNM

	
45

	
31.5

	
29.01

	
21.65

	
29.76

	
21.46




	
30% TiB-30

	

	
13.5

	
7.36

	
8.3




	
50% TNM

	
45

	
22.5

	
28.84

	
16.04

	
29.16

	
15.33




	
50% TiB-30

	

	
22.5

	
12.8

	
13.83




	
30% TNM

	
45

	
13.5

	
27.76

	
11.7

	
28.56

	
9.2




	
70% TiB-30

	

	
31.5

	
16.06

	
19.36




	
0% TNM

	
45

	
-

	
27.11

	
-

	
27.66

	
-




	
100% TiB-30

	

	
45

	
27.11

	
27.66




	
TiB-40/TNM

	
100% TNM

	
45

	
45

	
29.19

	
29.19

	
30.66

	
30.66




	
0% TiB-40

	

	
-

	
-

	
-




	
70% TNM

	
45

	
31.5

	
29

	
21.73

	
29.91

	
21.46




	
30% TiB-40

	

	
13.5

	
7.27

	
8.45




	
50% TNM

	
45

	
22.5

	
28.44

	
16.8

	
29.46

	
15.33




	
50% TiB-40

	

	
22.5

	
11.64

	
14.13




	
30% TNM

	
45

	
13.5

	
28.4

	
12.9

	
28.98

	
9.2




	
70% TiB-40

	

	
31.5

	
15.5

	
19.78




	
0% TNM

	
45

	
-

	
28.05

	
-

	
28.26

	
-




	
100% TiB-40

	

	
45

	
28.05

	
28.26











 





Table 3. Parameters of multilayer powder green samples before and after pressing.
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Composition

	
Green Sample Composition, vol %

	
Green Sample Height, mm

	
Green Sample Weight, g




	
Started

	
Final






	
35TiB/30TNM/35TiB

	
35% TiB-20

	
45

	
15.75

	
28

	
7.85

	
29.7

	
10.25




	
30% TNM

	
13.5

	

	
7.25

	
9.2




	
35% TiB-20

	
15.75

	
28.3

	
12.9

	
10.25




	
25TiB/25TNM/25TiB/25TNM

	
25% TiB-20

	
45

	
11.25

	
28.43

	
4.7

	
29.98

	
7.32




	
25% TNM

	
11.25

	
7.13

	
7.67




	
25% TiB-20

	
11.25

	
28.42

	
8.3

	
7.32




	
25% TNM

	
11.25

	
8.3

	
7.67




	
35TNM/30TiB/35TNM

	
35% TNM

	
45

	
15.75

	
28.86

	
10.53

	
30.25

	
10.73




	
30% TiB-20

	
13.5

	

	
7

	
8.79




	
35% TNM

	
15.75

	
29.1

	
11.33

	
10.73











 





Table 4. Induction times of single-layer and double-layer powder green samples.
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	Composition
	100%TNM
	70%TNM
	50%TNM
	30%TNM
	0%TNM





	TiB-20
	51.7
	51.9
	52.8
	55.4
	57.6



	TiB-30
	51.7
	52.8
	54.2
	58.3
	58.5



	TiB-40
	51.7
	52.5
	53.8
	53.8
	54.7










 





Table 5. Rheological characteristics of single-layer and double-layer powder green samples.
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Composition

	
100%TNM

	
70%TNM

	
50%TNM

	
30%TNM

	
0%TNM






	

	
Compressibility modulus (G), MPa




	
TiB-20

	
5.7

	
4.6

	
4.2

	
3.2

	
27




	
TiB-30

	
5.7

	
4.3

	
3.8

	
3.1

	
2.4




	
TiB-40

	
5.7

	
4.0

	
3.6

	
3.0

	
1.9




	

	
Compressibility coefficient (kc), MPa−1




	
TiB-20

	
0.18

	
0.2

	
0.23

	
0.31

	
0.37




	
TiB-30

	
0.18

	
0.23

	
0.26

	
0.32

	
0.42




	
TiB-40

	
0.18

	
0.25

	
0.28

	
0.33

	
0.53




	

	
Limiting value of the deformation of the linear section of the rheological stress–strain relationship (ε*)




	
TiB-20

	
0.18

	
0.19

	
0.22

	
0.23

	
0.24




	
TiB-30

	
0.18

	
0.19

	
0.22

	
0.25

	
0.26




	
TiB-40

	
0.17

	
0.18

	
0.21

	
0.22

	
0.24
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