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Abstract: The problem of physical and mathematical prediction of rational pressure during spark-

plasma sintering of zirconia nanopowder is being considered. The physical aspects of this 

problem are defined, and it is presented an approach to the calculation of the pressure in the 

compression cycle at the stage of pre-production and experimental development. The calculation 

is based on the use of the Paschen law in relation to the considered model of spark plasma 

consolidate of nanopowders under pressure. The calculation result is compared with the practical 

experience of energy-saving high-speed spark-plasma sintering of the fine high-density ceramics 

from (Zr0.94Y0.06)O1.88  nanopowder.  
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1. INTRODUCTION 

It is known [1]=[1] that most of the properties of solids substantially size-dependent 

with a decrease in particle size to several interatomic distances in one, two or three 

dimensions. The production of refractory ceramics with high performance we associate with 

our own development of modern technological approaches [2] and equipment [3] for 

nanopowder metallurgy that goes back to the origins of the Japanese method of spark-plasma 

sintering (SPS) [4]. For the development of ceramic materials in the direction of ensuring a 

new level of technological heredity of production preparation of various articles thereof 

requires nanocrystalline ceramic powders with desired morphology, phase composition, the 

properties of the bulk phase and surface. 

The unique combination of high performance stabilized zirconia by mechanical 

strength, fracture toughness, fire resistance, chemical resistance, bioinertness makes it an 

indispensable material in a number of modern technological processes and production of 

metallurgy, mechanical engineering and instrument making to medical equipment and 

dentistry [5-8]. 

A variety of solid phase, gas phase and liquid phase methods [9-17] are used in order 

to receive nanocrystalline metal oxides now. Nanopowders are prepared by either physical 

methods – evaporation-condensation, high energy destruction, or chemical methods – plasma-

chemical and mechanochemical synthesis, thermal decomposition. The choice of a method for 

producing a powder is determined by the requirements for its particle size distribution and the 

mailto:edsgev@gmail.com
mailto:gutsalenko@kpi.kharkov.ua
mailto:vchishkala@ukr.net
mailto:melhik@ro.ru


 Fiabilitate şi Durabilitate - Fiability & Durability    Supplement No 1/ 2016 
 Editura “Academica Brâncuşi” , Târgu Jiu, ISSN 1844 – 640X 

 

 

 

 

11 

chemical purity, the scale of production and technical and technological capabilities. If the 

physical methods of obtaining nanopowders  can provide greater flexibility particle size and 

shape control, the chemical, as a rule, are more versatile and productive. Fine powders of 

zirconia and solid solutions based on it are obtained primarily by chemical methods. One of 

them – thermal decomposition of aqueous solutions of salts in the low-temperature plasma – 

makes it possible to obtain high-temperature phases of zirconia with improved physical and 

mechanical properties [18]. 

In the modern age retrospective practice the use of different methods of synthesis leads 

to the formation of zirconia nanocrystals with different crystal structure, morphology, with 

different and usually quite broad particle size distribution[19-22, 11, 12, 15, 23]. 

Technological parameters of the formation of nanocrystalline zirconia, as the achievable 

space-geometrical and physical-mechanical results, greatly vary not only from method to 

method but also in the use of one method as it follows, for example, from practice of 

hydrothermal synthesis method [19-22, 11, 12, 15, 23]. This method is widely used in 

connection with the possibility of getting practically isolated zirconia nanocrystals with a 

narrow particle size distribution. However, in the variety of works of various researchers there 

is no single or predominant opinions on temperature and other conditions, as well as about the 

mechanism of formation of nanocrystals of zirconium dioxide under hydrothermal conditions. 

Preparation of nanocrystalline powders of metal oxides by hydrothermal method from 

aqueous salt solutions associated with the technological difficulties and requires special 

devices to provide significant temperature and very high pressure. In current practice 

preference is given to the combined method [30] which consists of a preliminary preparation 

of the mixture of precipitated hydroxides and their subsequent high-temperature hydrothermal 

decomposition. Method of co-precipitation allows to achieve a high degree of homogeneity of 

the starting compounds at the molecular level, and high-temperature hydrolysis contributes to 

the formation of primary slaboaglomerirovannyh nanocrystalline zirconia particles. 

According to the results of a special study [31], histograms of the grain size 

distributions for nanopowders of stabilized zirconia are formally similar and have similar 

boundaries and range of basic sizes (minimum 95%) in real search range of choice of rational 

technological regime parameters of the hydrothermal synthesis. 

Our research of zirconia SPS is performed with using of powder from the same 

manufacturer as in research [32] that operates with its own resource base, that is ours and [32] 

conditions are fully comparable in terms of the initial powder. 

Realized [32] technological route involves two basic operations of ceramic production 

from initial nanoscale powder: compacting and sintering. The first (preliminary) is performed 

on the isostatic press. This is followed by an intermediate auxiliary operation of recess a pre-

compacted samples from elastic forms of isostatic load. The second (final) is performed in an 

air oven. In the technological alternatives on the SPS method under pressure with 

direct current supply to the work area [2] compacting and sintering process is positionally 

overlapped, and the process is implemented by steps on cyclogram of electrical and press 

loads in a single operation, as shown in [33]. 



 Fiabilitate şi Durabilitate - Fiability & Durability    Supplement No 1/ 2016 
 Editura “Academica Brâncuşi” , Târgu Jiu, ISSN 1844 – 640X 

 

 

 

 

12 

2. THE PROBLEM AND PHYSICAL APPROACH TO DECISION 

Minimization of porosity determines success of the consolidation of nanopowders in 

tasks of high-density material obtaining. Therefore, the problem of effective pressure for 

consolidation of nanopowders in the implementation to technological approaches [32] and [2] 

in both cases is related to the suppression of porosity. The physical nature of the effective 

permissions of this problem in the SPS technology under pressure with direct current supply 

into the work area is more complex than for the conventional powder compaction and 

sintering of nanoceramics [34, 35], and with it more perfect. This is indicated by analysis of 

the conditions in experimental obtaining the best results on the structure and properties of the 

sintered samples. 

In [32] the best result was obtained at the highest pressure which is provided by the 

technical capabilities of a particular press (400 MPa). In this case the revealed threshold of 

effective cold mechanical fracture grain agglomerates (~ 300 MPa) is exceeded and the entire 

process of compaction is regarded as purely mechanical. 

Our choice of compacting and sintering of stabilized zirconia by the technological 

method with direct current supply in the working area comes not only from the known 

conductivity of this ceramics [36, 37]. We take into account also that the electrical effects in 

the formed nano-sized zirconia ceramics occur much more active since the conductivity of 

stabilized zirconium dioxide in the nanoscale powder materials with a high degree of 

dispersion is greatly increased [38]. 

Our technical possibilities of pressure in the SPS cycle are limited to the strength of 

the material of the working cameras for electric consolidation [3] which is made of a dense 

fine grained graphite (80 MPa [33]). 

However, competitive to [32] the sintering result, we have already received at a 

pressure of 30 MPa and a holding time of 5 minutes at a maximum temperature of 1,200 °C 

(see Table 1). We consider the explanation of this phenomenon with a position to participate 

the electrical processes in the suppression of porosity in the consolidation as shown by 

Raychenko [39], and from the standpoint of optimizing for maintenance of these processes by 

electrical discharges on the Paschen-Penning [40, 41]. For the first time this hypothesis has 

been formulated and was confirmed in [42]. Its essence is as follows. The gradient of electric 

field strength increases in a neighborhood of the pores in electrically conductive medium, and 

more for large pores (Fig. 1). Locally increased heat generation caused by the action of an 

electric current causes a more active growth of crystallites and reduction of pore size, 

particularly the largest [39]. Minimization of voltage for initiation of electrical discharge in 

the pore by optimum pressure [40, 41] on the largest pores increases increases the probability 

of their suppression. Firstly, due to the additional heat buildup in electrical discharge channel, 

in thermophysical analogy crystallite growth stimulation [39]. Secondly, due to chemical 

reactions with the contents of the gas medium of pores, particularly because of ozone which is 

a typical for electrical discharge in the presence of the air oxygen, and is known as an active 

oxidizing agent, with simultaneous displacement of some gaseous reaction products, thereby 

decreasing the volume of the pores. In the carbon-containing graphite cameras - including 

with the formation of carbon monoxide according to the mechanism of atomic carbon capture, 

similar to that shown in [43], and its crowding out into the open porosity of these cameras 

[33].  
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Таble 1. Characteristics of the SPS [23] and the conventional [32] ceramics 

from nanopowder of stabilized zirconia  

 

Ceramics 
Bulk 

density, % 

Average crystallite 

size, nm 

Microhardness, 

GPа 

Compressive 

strength, МPа 

[23] 98.0 50-200 14.1 2,580 

[32] 88.5 about 1,200 11.8 440 

 

According to the hypothesis [42] about optimization of pressure in a cycle of 

consolidation and sintering of nanopowders by SPS method, in the general case its value is 

defined by the formula [44]: 

Popt = k·(P·h)opt / h,     (1) 

where (P·h)opt  – characteristics of minimum of potential discharge ignition in gas, Pа·м; h –

dimensional characteristics of nanopowder, equivalent to the highest expectation of the 

discharge gap (the grain diameter in the spherical model), m; k – correction factor that takes 

into account the geometry of the gap in the pores, the composition and thermal backdrop of 

gas medium in them; in the general case k > 0, and, in particular, with high expectation 

0 < k < 1  in initially normal humid environments of real compacting. 

  

 

 

Fig. 1. Change of current density 

(Je2>Je1) and temperature gradient 

( 2Т> 1Т) in the electric field with 

intensity E [39]. 

Fig. 2. Dimensional model of nanocrystalline material 

[46]: vacancy in the dividing boundary (positron lifetime 

τ1); vacancy agglomerate in the triple junction of the 

crystallites (τ2) and large pore (τ3) in place of the absent 

crystallite. 

 

The value of Popt  in the SPS tasks to continuity defects with any gaseous medium, 

simple or complex (multi-component), in the first approximation with allowable assumption 
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of clean air and, moreover, dry, when (P·h)opt = 0.8 Pа·м [45] and k = 1 [40], is inversely 

proportional to h (k·(P·h)opt – proportionality coefficient) as it follows from (1). We proceed 

in assessing h as grain diameter from the conventional model [46] for the maximum single 

pore in nanomaterials with crystalline grain structure (Fig. 2). 

 

3. EXISTENCE, ANALYSIS AND DISCUSSION OF THE RESULTS 

The accuracy of grain size determination resulting from methodological, hardware and 

other influences, including the quality of the grain, in particular purity boundaries and their 

possible partial amorphization [47] shoud be taken into consuderation in operating with grain 

size. The methods of X-ray diffraction are usual approach to the calculation of the size of 

nanocrystals in modern analysis of solids. This is due to the known difficulties of directly 

determining such small particle size, especially with volumetric analysis [48]. 

However, a priori generally accepted dimensional identity of average crystallite size 

and indirectly controlled by the hardware of the coherent scattering by Debye-Scherrer can 

actually be quite approximate, because of boundary defects of crystallite quality a real size of 

the coherent scattering smaller than the crystallite. 

According to the modern research [49] in certain methodical situation the calculated 

results of X-ray diffractometry, particularly with uncertainty crystallite form, at all should not 

take as a powder particle size . The generally accepted definition of the average error of the  

Given this expectation of noticeable average error at estimating the grain size in its 

volume study, we jointly and severally together with the Russian researchers [32, 16, 23] used 

also current means of control planimetry control and optical imaging. Study of size of the 

powder was carried out using transmission electron field emission microscope JEOL JEM-

2100 (TEM). The phase composition of the synthesized zirconia powder stabilized with 

yttrium after heat treated was determined by X-ray diffraction Rigaku Ultima (XRD) (СuKα 

radiation, Ni filter). Examinations of the elemental composition were carried out by using 

electron ion microscope Quanta 200 3D (SEM).   

By transmission microscopy revealed that the used powder ZrO2(Y) consists of 

spherical shape particles with an average size of ~ 3-15 nm, forming a weakly bound 

agglomerates with an average size of ~ 100-500 nm [16, 23]. Before milling in a ball mill that 

is the previous  to compacting and sintering,  the original powder  ZrO2(Y) [32] had 

similar dimensional characteristics, respectively 5-10 nm and 100-200 nm. Similarly [32], the 

main fraction of our powder after hour milling in a ball mill was reduced to the dimension 

from 1.5 nm up to about 50 nm. 

From (1) it follows that the main target in the suppression of porosity in our 

experience (Popt = 30 MPa) were nanocavities with an average size of 25-30 nm, which 

corresponds exactly to the modal area of normally distributed grain sizes of the initial powder. 

Together with Russian researchers [16, 23] and with using of the raster ion-electron 

scanning microscope Quanta 200 3D in terms of their research base, we performed X-ray 

analysis to determine the exact elemental composition of the initial powder. It was found that 

the composition of the powder material described by the formula of non-stoichiometric 

species (Zr0.94Y0.06) O1.88. According to the catalogs ICDD [51] obtained material is a single-

phase solid solution and has a tetragonal crystal lattice with space group P42/nmc.  
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Character of (Zr0.94Y0.06)O1.88 nanopowder SPS is shown in Fig. 3. The heating was 

carried out at temperatures ranging from 20 °C to 1550 °C at a rate of 20 °C/min. The 

temperature and compact linear deformation was monitored using high-temperature 

dilatometer Netzsch L75HX. 

Dilatometric data show that shrinkage was approximately 2% in the range from 

1400С to 1500С, and it practically stops with achievement of 1500С. It was decided that 

we can neglect the relatively little increment of density at increased sintering temperatures to 

maintain a high dispersion of the crystal structure of the ceramic product. In this connection it 

was decided to limit the heat load of the compact up to maximum temperature of 1200 С and 

ripening at this temperature during 5 min. Characteristics of the obtained SPS ceramics 

(Table. 1) convincingly confirm the value of harmonious solutions in the context of the well-

known hot sintering thermalphysic contradiction between density maximizing and 

dispersibility minimizing of the powder compact. 

Estimation of the volume density of the obtained SPS nanopowder ceramics which is 

shown in Table 1 were made using a helium pycnometer AccuPyc II 1340. Microhardness of 

the ceramic samples was determined by an automatic micro-hardness tester Affri DM-8B by 

Vicker's test at a test load of 1 kg during 15 seconds. The uni-axial compressive tests were 

carried out in air at ambient temperature by means of testing machine Instron 300LX. 

 

 

Fig. 3. The temperature dependence of shrinkage for (Zr0.94Y0.06)O1.88 nanopowder compact  
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a b 

Fig. 4. (Zr0.94Y0.06)O1.88 ceramics after hot pressing by SPS under the Ntegra Aura  

scanning probe atomic-force microscope: 2D visualization (а) and phase contrast (b) 

 

Figures 4 and 5 represent images of (Zr0.94Y0.06)O1.88 ceramic structures which are hot-

pressed by SPS method at 1200 С with a soaking time of 5 min. These images were obtained 

on the equipment of the AFM (Fig. 4) and SEM (Fig. 5) microscopic studies.  From the point 

of view of identification of the formed dense nanoscale structures, images are in good 

agreement with each other and with the medium size range of the main array of the 

crystallites (50-200 nm) declared in the Table 1. 

 

 
Fig. 5. (Zr0.94Y0.06)O1.88 ceramics after hot pressing by SPS under  

the Nova NanoSEM 450 scanning electron microscopy  
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4. INSTEAD OF CONCLUSIONS 

It should be noted that with compatibility the technological results of such alternative 

technologies as a SPS under pressure with direct current supply to the area and in a daisy 

chain of cold isostatic pressing and hot sintering in favor of SPS, SPS is also much preferable 

to the level of expenses for the preparation of related production, productivity and energy 

efficiency. The temporal order of SPS operational cycle with rising of temperature and 

pressure – a few minutes [52], typically less than 10 [2], with soaking at the maximum 

temperature and pressure for a few minutes, for example 2 [53], whereas only the 

conventional sintering operation [32] lasted more than 6 hours. Power inputs to [32] above, 

respectively. Funding for preparation of production only at the position "press for cold 

isostatic pressing" (CIP of model series Belgian-American company EPSI on example [32]), 

taking into account the carrying amount of 2,650.19 thousands rubles on the 8th year of the 

operation (2016) with a linear depreciation according to [54] and without mitigation its 

residual value as a secondary feedstock to the end of estimated useful lives, amounts to 

42,167.3 thousands rubles or 637.2 thousands US dollars at the official exchange rate in 

Russia [55]. Information on the valuation of the main equipment for the implementation of 

similar tasks of consolidation and sintering on the author's method [3] is commercial and is 

not announced openly. But it is quite another, much lower cost, lower by 1-2 orders. 
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