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Abstract

:

The efficiency of using the collector pressing scheme in the Spark Plasma Sintering (SPS) process has been confirmed in improving the optical, physical, and mechanical properties of yttria-stabilized zirconia (YSZ) ceramics with an increased shape factor. An approach for developing a seal surface and determining the optimal method of increasing pressure and temperature during SPS on this surface was used to optimize the consolidation modes of the materials. It has been shown that transparent/translucent YSZ ceramics with an increased shape factor (14 mm in diameter and up to 5 mm in height, h/d = 0.36) can be successfully fabricated by the SPS technique combined with the collector pressing scheme. The optical properties and microhardness of ceramics obtained using the collector scheme are better to the optical properties of ceramics obtained using the conventional uniaxial pressing scheme.
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1. Introduction


Spark Plasma Sintering (SPS) is a widespread and promising technique for consolidation of nanostructured materials. It is widely used for nanostructured materials fabrication such as optical ceramics, composites, and functionally gradient materials for applications in various fields [1].



The SPS technique combines simultaneous compression and thermal action on the material. Unlike hot pressing techniques, SPS heating is accomplished by passing a direct current pulse train through the die and sintered material. Typically, dies are made of graphite, the tensile strength of which is limited to 120 MPa, and the maximum prepressing pressure is limited by this value. The use of high current values for the SPS process can significantly reduce the temperature and decrease the sintering time. The technique provides the preservation of the initial phase composition, submicron structure, and a high density of consolidated polycrystalline materials, which is close or equal to the theoretical one [2,3].



Controlling of various parameters during the SPS process (e.g., pulse relative duration, heating and cooling rate, holding time, temperature, pressure) in a wide range allows fabrication of the various materials with controlled properties, from nano- to sub-micro-powders, and optimization the sintering process according to various criteria [4].



One of the main problems of the SPS technique is the limitation of usage of a high pressures above 120 MPa. In recent decades, various scientific groups focus on solving this drawback. Guillon et al. have practically expanded the range of working pressures of prepressing, lowering the sintering temperature range. For this purpose, the dies made of hard alloys, molybdenum composite (TZM), tungsten carbide (WC-Co) or silicon carbide (SiC) were applied [5]. Anselmi-Tamburini and colleagues have developed a double die [6]. The elements of the die are composed of graphite and SiC or WC. It allows the use of pressures up to 1 GPa without lowering the sintering temperature [7]. Various groups have reported the application of ultra-high-pressures during the SPS process (up to 10 GPa) and sintering temperatures of up to 1950 ºC by combining a pulse electric power source with Toroid (Bridgman) type or Belt type with special die construction [1,4,8,9].



Another, no less important, problem of the SPS technique which has received less attention in the literature is the fabrication of materials with complex shapes. The solution to this problem is the approach of combining the SPS with alternative compaction techniques for powder materials. Barinov et al. have demonstrated a solution to this problem by combining SPS and a quasi-static pressing method [10]. They successfully fabricated a hemispherical titanium product with a porous outer coating.



In our opinion, the use of deformation schemes with a redistribution of friction forces during pressing of dry powders in the SPS method seems to be a promising solution to overcome this problem. It makes it possible to improve the quality of consolidated materials and expand the range of products. In particular, it is promising to use the collector pressing scheme [11]. The principle of the technique is to form multidirectional forces of wall friction, which provides a constant value of pressing pressure, which is transmitted without loss to all layers of the powder body along the pressing axis. This provides the same degree of compaction of the layers, minimizes the density and stress gradients in the volume of the pressed materials, and significantly reduces the likelihood of macrodefects in the sintered product. Another advantage of the method is the ability to expand the allowable range of pressing pressures beyond the strength of the die material.



In this work, the SPS technique in combination of the collector pressing method is used to produce transparent ceramics based on yttrium-stabilized zirconia (YSZ) with an increased shape factor. The study of the influence of the pressing method on the elastoplastic and optical properties of YSZ ceramics has been carried out.




2. Materials and Methods


YSZ ceramics were prepared from commercial cubic yttrium-stabilized zirconia nanopowder (TZ-10YS, TOSOH corp., Shunan, Japan). The SPS-515S installations (Syntex Inc., Kawasaki, Japan) at Tomsk Polytechnic University and Labox 1575 (Sinter Land Inc., Kawasaki Japan) at the Lavrentyev Institute of Hydrodynamics SB RAS were used for powder consolidation. The sintering process was carried out in a vacuum (10−3 Pa) at a temperature of 1300 °C. Heating from room temperature to 1000 °C was carried out at a rate of 15 °C/min—from 1000 to 1300 °C at the rate 10 °C/min. The holding time at a given sintering temperature was 10 min. The pulse relative duration was 3:1. The temperature during sintering was controlled by a high-temperature pyrometer through a technological hole made on the side surface of the graphite die. Pressing in the SPS process was conducted using both the conventional uniaxial method and collector pressing. The prepressing pressure throughout the SPS process remained unchanged and amounted to 100 MPa. A detailed description of the selected sintering mode is presented in [12].



The collector pressing method was implemented by using split dies of various designs. The dies consisted of two solid or composite forming elements moving oppositely during the pressing process. They contained part of the active and part of the passive forming surfaces. The powder compaction occurred due to their mutual counter-movements when sliding along each other along the pressing axis [11]. Figure 1 shows a die with counter-moving parts of the passive forming surface (elements 4 and 4’), designed by us to implement the collector pressing scheme in the SPS process.



In order to gain statistically reliable data, 3 samples of each thickness were obtained for both pressing methods. Transparent cylindrical ceramic specimens with diameters of 14 mm and heights of 2.5 to 5.5 mm were obtained by the SPS technique. Further study of the ceramics was carried out after mechanical polishing of their end surfaces on an EcoMet 300 Pro grinding and polishing system (Buehler, Germany) using Kemix diamond suspensions (Kemika, Russia). The height (h) of the polished samples ranged from 2 to 5 mm, which corresponds to a shape factor (ratio of height to diameter) of 0.14 to 0.36.



The YSZ ceramics were annealed in an atmospheric furnace LHT 02/18 (Nabertherm, Germany) in an air atmosphere at 800 °C for 4 h to achieve optimal stoichiometry with respect to oxygen and to reduce the concentration of defects associated with oxygen vacancies formed in the SPS process in a vacuum.



The study of the rheological characteristics of the powder body consolidated by the SPS technique was carried out using the method of approximating the experimental compaction data by a dimensionless equation of a logarithmic form [13]:


  ρ = b · ln  (     P p     P c    +    [     T p     T c     ]   n   )  + 1  



(1)




where ρ is the relative density of the powder body, b is the coefficient characterizing the intensity of compaction of the powder body under the action of the pressing pressure, Pp is the pressing pressure, Pc is the critical pressing pressure at which the nonporous state of the powder body is achieved, Tp/Tc is the relative temperature, and n is the power constant, which characterizes the rate of change of the relative density with increasing temperature.



X-ray phase analysis of the initial YSZ powder and ceramics was characterized using an XRD-7000S X-ray diffractometer (Shimdazu, Japan) using CuKα radiation (λ = 1.54,056 Å). The interpretation of the results was conducted using the PDF-4 international crystallographic database and PowderCell 2.4 free software.



The study of the optical properties of ceramic samples was measured in the ultraviolet, visible, and near-infrared regions of the spectrum using an SF-256 UVI double-beam scanning spectrophotometer (190–1100 nm) (Lomo-Photonics, Russia). The diffuse transmittance measurement accuracy was ±0.1 %. The transmission coefficients were measured 10 times for each sample and the deviation from mean did not exceed 1%.



The study of the elastoplastic properties and Vickers microhardness (HV) of YSZ ceramics was analyzed by the method of indentation with a diamond pyramid according to the standard technique on a DUH-211S ultramicrohardness tester (Shimadzu, Japan) at a load of 1.96 N [14].




3. Results


The results of studying the rheological properties of YSZ powder during the SPS process with various pressing schemes are presented in Table 1. Spark Plasma Sintering of YSZ ceramics is satisfactorily described by Equation (1). The use of a collector pressing scheme in the SPS process can significantly increase the intensity of compaction of the test material (coefficient b). It allows decreasing the critical pressing pressure Pc by half and reducing the critical temperature Tc of material flow by more than one hundred degrees Celsius.



The graphical representation of the seal surface (Figure 2) described by Equation (1) makes it possible to assess the possibilities of achieving a nonporous state of the consolidated material and to optimize the SPS sintering modes by combining increasing pressure and temperature. The optimal line is the most intense gradient descent from an arbitrary point lying on the top of the seal surface.



The development of a line for the transcendental surface, Equation (1), presents a certain problem. Nevertheless, numerical methods make it possible to develop this line with an accuracy sufficient for practical applications. The algorithm for the line developing at the most intense descent on the seal surface takes into account the direction of the local gradient using the normal isoline (dashed line in Figure 3a) and the density isoline at a given point, Equation (1). The intersection point of this normal isoline with the next density isoline was selected with an extremely small step from the previous isoline. The sequential execution of these actions allows the curve (path) of the most intense gradient descent (red circles in Figure 3b) to be drawn on the seal surface as a set of intersection points of normal isolines to the density isoline with the next density isoline.



The results of the study of the rheological properties of the YSZ powder quantitatively confirm that the combination of SPS with rational methods of deformation is promising for the fabrication of transparent YSZ ceramics. The proposed technique for developing the line of the most intense gradient descent on the surface (1) can be effectively used to optimize the SPS consolidation of ceramics.



X-ray phase analysis (Figure 4) showed that the YSZ ceramics consisted of cubic zirconium dioxide with a lattice parameter a in the range from 5.144 to 5.146 Å. The sizes of the coherent scattering regions (CSRs) of the cubic phase (crystallite sizes D) and their relative microstresses ɛ were determined from the broadening of the reflections in the diffraction pattern. The parameters of the crystal structure are the weighted profile R-factor (Rwp) characterized the reliability of microstructure parameters by the Rietveld method [15] and microhardness of YSZ ceramics (see Table 2).



The Vickers microhardness of ceramics, with an increase in height from 2 to 5 mm, changed nonmonotonically within the range of values from 14.2 ± 0.1 to 15.5 ± 0.3 GPa for specimens made using uniaxial pressing, respectively. For YSZ ceramics sintered using collector pressing, the HV parameter lies in the range from 16.4 to 16.2 GPa and does not go beyond the confidence interval for measuring this value.



Based on XRD results, the YSZ ceramics fabricated using the collector pressing scheme are characterized by an average level of relative microstresses of the crystal lattice of 0.000069 and average crystallite size of 468 nm. The ceramics prepared using the uniaxial pressing scheme are characterized by an average level of relative microstresses of the crystal lattice of 0.000104 and large crystallite sizes of 594 nm.



Figure 5 shows the transmission spectra of YSZ ceramics and the transmission value at a wavelength of λ = 600 nm, fabricated using collector and uniaxial pressing schemes in the SPS process.



YSZ sintered ceramics with various heights demonstrate high levels of transparency in a wide spectral range. The transmission level reached 12.4% in the ultraviolet, 45.8% in the visible, and 59.9% in the infrared spectral regions, respectively. The transmittance edge is located in the spectral region of 350 nm and does not depend on the consolidation conditions. It can be determined by the ceramic thickness.



With an increase in the height of YSZ ceramic specimens fabricated by uniaxial pressing in the SPS process, from 2 to 3 mm, a decrease in light transmission from 39.3% to 10.1% was observed. With a further increase in sample height from 3 to 5 mm, an anomalous increase in light transmission was observed from 10.1% to 17.5%. For samples sintered using collector pressing in the SPS process, with an increase in height from 2 to 5 mm, a decrease in light transmission from 35.1% to 2.9% was observed. The highest value was achieved at a ceramic thickness of 2 mm.




4. Discussion


Free oxygen vacancies are formed in YSZ ceramics during the SPS process, because of thermal action in a reducing environment [16]. The formed vacancies are centers of light scattering and have a negative effect on the optical properties. Thermal annealing of YSZ ceramics in an oxygen-containing atmosphere makes it possible to restore the oxygen stoichiometry and improve the optical properties [17,18,19].



The high transparency values for the YSZ ceramics obtained in the present work are apparently related to the duration of the saturation process and the number of oxygen vacancies not recovered during heat treatment in the air. In our opinion, to increase the light transmission of high/bulky (>3 mm thick) ceramics with an increased shape factor, it is necessary to increase the saturation time of oxygen vacancies by increasing isothermal holding at a given annealing temperature or to significantly reduce the rate of temperature change to 10–50 °C/h.



The presented approaches to optimizing the SPS modes for YSZ sintering ceramics may raise some doubts related to the accuracy of temperature control for the sintered ceramics. The radiation pyrometer, which recorded temperatures on the outside of the die, is typically used during the SPS process. The quantitative distributions of temperature fields in the die volume and in the sintered material in the SPS process are difficult to implement or simulate because they depend on many factors. The minimization of temperature gradients in the sample is possible only in the long-term (quasi-stationary) SPS mode that often leads to the growth of ceramic grains. In such a situation, the optimization of the SPS modes can only be carried out for specific products and dies. In this case, the transition to other sizes and dies may require re-optimization.



Nevertheless, the optimization and correct quantitative comparison of the results using different pressing schemes in SPS with the same modes is possible with a good coincidence of the volume and geometric die dimensions. The possible deviations of the real temperature of the sample from the values recorded on the surface die will be close for the collector and conventional dies having the same volume and parts geometry. This makes it possible to carry out a quantitative comparison of the sealing surfaces and the coefficients of the corresponding pressing equations to optimize the modes in these specific conditions of consolidation. It also allows applying the proposed approach to comparative optimization on other plants and materials.



It should be noted that for the same reason (closeness of the dimensions and geometry of the tooling), the use of a manifold pressing scheme and molds does not impose additional restrictions on the productivity and cost of implementing the SPS process. The use of a collector pressing scheme in SPS opens up prospects for the fabrication of products with complex shapes [11]. It favorably distinguishes this approach from compaction schemes of other widely used hot pressing options [20]. Moreover, the collector pressing scheme allows one to solve the well-known problem of limiting the prepressing pressure in the SPS process [16]. The conventional punches of SPS dies can transfer pressure to the sintered sample. The pressure is limited by the compression strength of the graphite. The load-bearing section of the pressing element can be larger than the section of the sample to be pressed using a collector pressing scheme. It makes it possible to apply a proportionally greater prepressing pressure to it in a die made of the same material.



The reasons for the anomalous increase in the transparency of thicker specimens made in SPS according to the uniaxial pressing scheme noted in the experiments are not yet clear. This issue requires separate experimental studies on YSZ and other ceramics, schemes for their consolidation under the SPS process, and atmospheric annealing modes.




5. Conclusions


The efficiency of using the collector pressing scheme in the SPS process has been confirmed to improve the optical, physical, and mechanical properties of YSZ ceramics with an increased shape factor. A method for developing a seal surface and determining the optimal way of increasing pressure and temperature during SPS on this surface can be used to optimize the consolidation modes of the materials. The obtained results quantitatively confirmed that the most promising method for sintering transparent YSZ ceramics is to combine the SPS method with one of the rational methods of powder deformation, implemented according to the collector pressing scheme.



It has been shown that transparent/translucent YSZ ceramics with an increased shape factor (14 mm in diameter and up to 5 mm in height, h/d = 0.36) can be successfully fabricated by the SPS technique combined with the collector pressing scheme. The optical properties and microhardness of ceramics obtained using the collector scheme is comparable or better to the optical properties of ceramics obtained using the conventional uniaxial pressing scheme. However, samples made in SPS according to the collector deformation scheme demonstrate a smaller CSR size and lattice microstresses, which can positively affect other operational properties of ceramics.



The reasons for the anomalous effect of the sample thickness on light absorption noted in our experiments, as well as a generalized assessment of the effect of the collector pressing scheme on the optical properties of transparent ceramics during SPS, is the subject of further studies.
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Figure 1. Schematic representation (a); the appearance of the collector mold: 1, 1’, 2, 2’—graphite spacers; 3 and 3’—punches; 4 and 4’—constituent parts of the forming elements; 5—matrix; 6—graphite insulation; 7—powder. (b) The arrows indicate the direction of movement of forming elements. 
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Figure 2. Compaction surfaces of yttrium-stabilized zirconia (YSZ) powder during consolidation by the SPS technique using various pressing schemes: (a) uniaxial pressing and (b) collector pressing. 
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Figure 3. Graphical representation of the algorithm for developing the line of the most intense gradient descent (a—red line) and an example of the seal surface at SPS process with this line; (b—noted by red markers). 
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Figure 4. Typical XRD patterns of YSZ ceramics sintered by SPS at 1300 °C. 
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Figure 5. Diffuse transmission spectra (a) and transmission coefficient value at λ = 600 nm (b) of YSZ ceramics. 
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Table 1. Rheological characteristics of the sintered ceramics under Spark Plasma Sintering (SPS) conditions.
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	Pressing Scheme
	b
	Pc, MPa
	n
	Tc, °C





	Uniaxial pressing
	0.0280
	11.687
	59.30
	1498



	Collector pressing
	0.0444
	5128
	54.14
	1378
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Table 2. Parameters of the crystal structure and microhardness of YSZ ceramics.
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Pressing Scheme

	
h, mm

	
HV, GPa

	
a, Å

	
D, nm

	
ε, arb. unit

	
Rwp, %






	
Uniaxial pressing

	
2

	
15.3 ± 0.4

	
5.146

	
587

	
0.000075

	
15.77




	
3

	
14.2 ± 0.1

	
5.146

	
610

	
0.000116

	
15.91




	
4

	
14.9 ± 0.6

	
5.144

	
748

	
0.000083

	
16.06




	
5

	
15.5 ± 0.3

	
5.145

	
431

	
0.000141

	
15.88




	
Collector pressing

	
2

	
16.4 ± 0.9

	
5.145

	
433

	
0.000082

	
15.84




	
3

	
15.6 ± 0.6

	
5.145

	
337

	
0.000071

	
15.83




	
4

	
15.6 ± 0.9

	
5.145

	
507

	
0.000059

	
15.74




	
5

	
16.2 ± 0.7

	
5.145

	
595

	
0.000062

	
15.96
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