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Abstract

:

Although the activating effect of an acetate medium in the cold sintering process of zinc oxide ceramics is well known, some problems need to be solved on the effect of process conditions and the initial powder’s preparation methods on the ceramic’s density and microstructure. This article describes an effect of the zinc acetate introduction method, its concentration in zinc oxide powder as well as that of the die sealing configuration on the density and microstructure of zinc oxide ceramics obtained by the cold sintering process at 244 °C. The activating additive of zinc acetate was applied in two ways: (1) impregnation in aqueous solution and (2) impregnation with subsequent treatment in water vapor. Zinc oxide powders and ceramics were analyzed using SEM, TGA/DSC/MS and XRD to reveal the effect of powder pre-treatment and sintering conditions on the material microstructure. Cold sintered ZnO ceramics samples with a relative density up to 0.99 and with average grain sizes from 0.28 to 1.71 μm were obtained. The die sealing by two Teflon sealing rings appeared to be the most effective.
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1. Introduction


The cold sintering process (CSP) is currently one of the hottest topics in ceramics applied and fundamental science [1]. The CSP was developed at Pennsylvania State University, USA starting from 2016 in order to reduce the energy consumed and the carbon footprint generated by ceramics manufacturing [2]. Usually, the CSP is carried out as follows: a mixture of powders and a liquid phase (usually acid–water solutions) is uniaxially pressed (50–500 MPa) within a die at a temperature below 400 °C [3]. Also, spark plasma sintering (SPS) systems can be adapted to reproduce CSP [4,5].



One of the key issues for CSP is controlled liquid evaporation. The liquid is a metastable transient phase which tends to evaporate from the die over time during the CSP. If the porosity is completely filled by liquid, the driving force for densification is nullified; therefore, densification cannot take place unless water is removed from the system. Conversely, if the evaporation is too fast, water is completely removed from the die before sintering is concluded, thus impeding further densification [6]. These days, the lack of information about the effect of the water evaporation rate and the required amount of liquid for CSP is an investigators’ problem that needs to be solved. The authors of recent review articles [1,6] mentioned that the water evaporation control is a key challenge for CSP future developments and possible industrial scale-up. In particular, a systematic study of the effect of the pressing system (die/punch) clearance on CSP is still missing with the exception of the preliminary results of several experimental works [7,8]. The mold sealing can have a significant impact on the densification and grain growth during CSP. With complete sealing, on one hand, hydrothermal conditions occur during the entire time of the process, with partial sealing; on the other hand, the CSP conditions will be more complex and will change along with the gradual evaporation of water.



Another important issue in CSP, which remains unclear at the moment, is the method of introducing additives that activate sintering. The prevailing description of the CSP mechanism is based on the mass transfer due to dissolution–precipitation of oxide particles in the environment called the transport medium. Usually, water or acidic aqueous solutions play the role of this medium. However, there are studies of CSP conducted without the addition of liquid water. For example, ZnO ceramics were processed in the presence of zinc acetate dihydrate without any other sources of water in the medium but for residual moisture and the amount of water adsorbed during preliminary exposure of the initial powder to a humid environment [9]. These results are questioning the predominance of the dissolution–precipitation mechanism in CSP. The decisive role of water in the oxide ceramics CSP is undeniable, but the mechanism of its action is still not fully discovered. Certain substances called sintering activators are known to facilitate the CSP when introduced into the reaction medium [10,11]. In most cases, acetate anions are used as an activator for ZnO sintering. Earlier [4,12], the changes in the dispersion of ZnO powder under the conditions of both autoclave treatment and CSP were reported. These changes were caused by mass transfer in a closed volume and occurred with the participation of water molecules. The mechanisms of mass redistribution between ZnO crystals should have the same stages under the considered conditions.



It was assumed that the application of zinc acetate Zn(CH3COO)2 (AcZn) by the impregnation method would not change the state of ZnO crystals, but form on the surface zinc cations, protons and acetate anions, as well as hydroxyl groups adsorbed from an aqueous solution due to dissociative adsorption of water molecules.



When processing ZnO in an autoclave in a water vapor medium (thermo-vapor treatment (TVT), the presence of AcZn leads to changes in both the shape of crystals and their size distribution, i.e., it is accompanied by a rearrangement of the initial crystals, as well as mass transfer between crystals and formation of the fine crystals [13]. These changes occur by a solid-phase mechanism due to the appearance of the mobility of the crystal structure due to interaction with the aqueous medium [11] with the initial hydroxylation of the crystal volume and the improvement of the crystal structure [4]. Two methods of preparing ZnO powder for CSP transfer the initial powder to a different state. It was assumed that the improvement of the crystal structure by TVT and the appearance of solid-phase mobility by the impregnation method may have different effects on the CSP. It was also found that the rapid (dwell time 5 min, heating time about 2 min) CSP/SPS of ZnO is affected by the method of activator introduction into the initial powder [4]. In conventional long-term CSP (dwell time 60 min, heating time 40 min) without SPS rapid heating, no difference between impregnation or injecting methods of acetate additive introduction was observed [14].



The purpose of this work was to compare the effectiveness of the ZnO conventional long-term CSP activation with two methods of AcZn. Stages of investigation: (1) simple application of the activator by impregnation followed by powder drying and (2) by the activator impregnation followed by powders autoclave thermo-vapor treatment (TVT). In addition, the influence of the die sealing configuration and material (PTFE or copper) was investigated.




2. Results


2.1. Initial ZnO Powder Recrystallization after ZnAc Introduction


The application of AcZn to ZnO by the impregnation method leads, as previously established [4], to the formation of Zn5(OH)8(CH3COO)2·2H2O (layered basic zinc acetate, (LBZA)) [15]. This phase is unstable and decomposes after TVT and CSP. Figure 1 shows the results of TGA/DSC/MS in the argon flow of powders with 5 wt.% AcZn impregnated (ZnO@AcZn(5%)), as well as after TVT (ZnO@AcZnTVT(5%)) and CSP (CSP ZnO@AcZnTVT(5%)).



The mass loss of the impregnated ZnO powder sample ZnO@AcZn(5%) has four stages (Figure 1a). At the first stage, adsorbed water is released at temperatures up to 150 °C with a wide endothermic peak and a mass loss of 0.52%. Further, the main mass loss 2.25% occurs during the dehydration of AcZn, which is accompanied by an endoeffect at 173 °C and a small release of CO2. At the next temperature stage at 240–280 °C decomposition of the acetate group is observed with the formation of acetic acid first, then acetone and a total mass loss of 1.15%. A small mass loss of 0.14% at the last stage at temperature above 350 °C is mainly due to the release of water.



After TVT of ZnO powder at 220 °C, the thermal processes change (Figure 1b). The mass loss of the sample ZnO@AcZnTVT(5%) has three temperature stages. The release of water at the first stage is accompanied by narrow endothermal effects at 117 °C and 151 °C, which correspond to two maxima of water flow with a mass loss of 0.15% and 0.28%. The main mass loss of 1.72% with an endoeffect at 199 °C occurs with the simultaneous release of water, acetic acid, CO2 and the same profile of gas flows; on the decline of this, at a temperature of about 300 °C, acetone is released. The nature of the release of H2O, CH3COOH and CO2 indicates the decomposition of some associate of hydroxyls and an acetate group, followed by the formation of acetone. At the third temperature stage above 350 °C, an insignificant amount of water is released. It should be noted that the wide endothermic effect at 92 °C corresponds to the release of adsorbed water, and the narrow effects at 117 °C and 151 °C refer to the beginning of the decomposition of the associate, because at 150 °C the release of CH3COOH and CO2 begins. Thus, the entire weight loss of 2.34% can be attributed to the water–acetate associate.



The weight loss of ZnO@AcZnTVT-CS ceramics is reduced by a factor of 1.5 compared to ZnO@AcZnTVT powder before sintering. At the beginning of the heating process, the release of weakly adsorbed water accompanied by a wide endothermal effect at 94 °C is retained, while other two effects corresponding to the release of more strongly bounded water are not observed. The temperature of the main weight loss rises from 199 °C to 261 °C. The destruction of the associate noted above occurs in the temperature range of 150–400 °C. However, when comparing the mass spectra of gas flows, it can be seen that the decrease in the total mass loss is mainly due to the lower release of acetic acid and acetone. This can also be seen in a decrease in the contribution to the endothermal effect, which was previously observed at 246 °C. In this case, the temperature of their release maximum increases by about 20 °C, while for CO2 and water flows the shift is about 60 °C. Consequently, after CSP, water is more strongly bonded in the associate in the form of hydroxyls. Associate decomposition leads to the formation of CO2 and elimination of these hydroxyl groups in the form of water. After the release of structural hydroxyls from the residues of the acetate group, acetone is formed and, possibly, acetic acid in a smaller amount.



Phase analysis of the starting powder (Figure 2) revealed correspondence of its structure to zincite (Crystallography Open Database [16] (COD) #9008877). Impregnation by ZnAc as well as TVT provided no essential differences between phase contents of the obtained samples and the initial ZnO. Probably, traces of the LBZA decomposition were found, which could not be identified due to the low intensity of reflexes.



The initial ZnO crystals possessed different habitus and mainly the size range was at 0–0.5 µm with a median of 0.174 ± 0.002 µm (Figure 3). After impregnation by ZnAc (ZnO@ZnAc), thin elongated crystals disappeared, but the size range of the powder crystals was preserved. At the same time, an increase of ZnAc amount in the powder from 0.5 to 2.5 wt.% was accompanied by an increase in the proportion of small crystals (Figure 4). First it appeared as a shoulder on the left wing of the histogram (circled at Figure 4b), and then as an obvious fine component of size distribution (circled at Figure 4c).



The TVT of impregnated powders (ZnO@ZnAcTVT) led to a pronounced change in crystal size distribution for each concentration of the activator (Figure 5). The initial histogram split into fine and coarse components noted as 1 and 2 in Figure 5, correspondingly. The coarse component shifted to higher sizes compared to the starting ZnO. Moreover, the crystals of ZnO@ZnAcTVT acquired a rounded shape. The size range of the fine component has not changed. For a sample with 5% AcZn, the fine component was 0.034 wt.% of the crystal’s coarse component.



Figure 6 showed the change in the average ZnO crystal size with the increase of ZnAc content for two methods of powder activation. Impregnation combined with TVT leads to gradual growth of mean and median crystal sizes with the increase of ZnAc. Due to the addition of 5.0 wt.% of ZnAc, the crystal size of powder increased twice compared to the initial ZnO. This crystal growth originates from the formation of the coarse component of the size distribution (Figure 5). In contrast, when the powder was only impregnated, the average crystal size, as well as median, decreased because of the formation of a fine component in its size distribution.




2.2. CSP Ceramics Microstructure and Density


XRD analysis of ZnO ceramics prepared by CSP from impregnated powders, as well as those impregnated in combination with TVT (Figure 7), showed their phase content mostly corresponded to zincite (COD #9008877). Besides the intensive peaks of ZnO, weak ones of the unidentified decomposition product of the LBZA phase are marked with an asterisk.



The effect of the die sealing mode and ZnAc concentration on grain size distribution in the ceramics prepared by CSP is shown in Figure 8 and Figure 9 for the impregnated and TVT powders, correspondingly. Comparison of the grain size distribution revealed no noticeable grain growth during CSP with addition of 0.5 wt.% ZnAc regardless the method of ZnO activation as well as the die sealing mode: no sealing (1C), double copper sealing (2C), double PTFE sealing (2P). Grain growth and pronounced changes in the grain size distributions became noticeable when ZnAc content increased up to 2.5 wt.% and enhanced in case of 5.0 wt% of ZnAc. A common feature of the considered series of ceramic samples with increasing ZnAc content was an evolution of grain size distribution from narrow mono-component profile to two distinguished components through an asymmetric histogram. When the ZnO@ZnAc powder was treated in TVT conditions, two components of grain size distributions were observed for all concentrations of the activator (Figure 9). This fact, as well as the appearance of two size components at TVT and CSP of ZnO@AcZn powders, indicates the same influence of the aqueous medium on the crystal’s and grain’s size evolution in the processes of TVT and CSP. A feature of this evolution is an increase in the size range of the fine component with a noticeable increase in the size of the coarse component (from ~0–0.2 μm to ~0–0.5 and 0–1 μm). For CSP samples with the addition of 5% AcZn and 2P sealing, the mass fraction of the fine component was 0.029 wt.% of the coarse component when powder-activated by impregnation and 0.045 wt.% when activated by TVT.



The changes of the median grain size distribution in the CSP samples obtained with different methods of the implementing ZnAc and the die sealing are shown in Figure 10. Grain growth observed with no sealing (1C) (Figure 10a) significantly increased with maximum sealing type 2C (Figure 10b). The median of grain size distribution raised in both cases of powder activation, by impregnation as well as TVT. The use of 2P sealing resulted in moderate grain growth (Figure 10c).



Figure 11 showed the change in the relative density of CSP samples. In general, the growth of crystalline grains with an increase of the ZnAc content resulted in densification of ceramic samples. The highest relative density (over 0.95) was achieved due to the introduction of 5.0 wt.% ZnAc by impregnation for all three types of sealing (1C, 2C, 2P). The exception appeared in the series of samples manufactured from ZnO@ZnAcTVT powder with single copper sealing (Figure 11a). This could be explained by poor reproducibility of vapor pressure in the case of 1C sealing because of uncontrollable water leakage from the die. At the same time, PTFE sealing allows the relative density over 0.95 to be achieved at any of the ZnAc concentrations considered for the series of ZnO@ZnAc. The influence of the sealing type on the relative density of the ZnO was clearly showed in the samples produced from ZnO@ZnAcTVT powder. Especially if die was sealed with two PTFE rings, a proportional increase in the density of samples occurred from 0.75 at 0.5 wt.% to 0.93 at 5 wt.% of ZnAc (Figure 11c).



Figure 12 and Figure 13 showed the microstructures of ZnO ceramics prepared by CSP of ZnO@ZnAc and ZnO@ZnAcTVT powders, respectively, with double PTFE sealing. The fracture surfaces of the samples processed with the addition of 0.5 wt.% of ZnAc (Figure 12a and Figure 13a) resembled the morphology of the corresponding powders (Figure 4a and Figure 5a). With a higher content of ZnAc in the powders, coarse grain boundaries manifested, and a pronounced grain growth occurred (Figure 12b,c and Figure 13b,c). However, fine grains corresponding to the fine component of powder size distribution are still noticed between the grown ones (Figure 13b,c). The dense sintered ceramics microstructure is observed in CSP samples, obtained from impregnated powder starting with a 2.5 wt.% ZnAc concentration (Figure 12b,c), for CSP TVT samples only for 5 wt.% ZnAc concentration (Figure 13c).





3. Discussion


Morphological and microstructural evolution of ZnO powder and ceramics in water medium observed in the current work was caused to a great extent by the presence of ZnAc. Early experiments performing CSP of ZnO in pure water demonstrated low effectiveness of this medium because of the low rate of interaction between ZnO and H2O [17].



In this study, the reaction medium contains an AcZn additive applied to a ZnO initial powder; when activated by CSP, this led to the formation of high-density ceramics. Two methods of activating by ZnO impregnation and TVT transferred the initial powder to a different state. When applying AcZn from an aqueous solution, an admixture of the LBZA phase appeared. The result of the TGA of the ZnO@AcZn sample with 5% additive (Figure 1a) showed a picture of thermal processes that was different from the TGA of AcZn [18] and close to the decomposition of LBZA [19,20]. It is known that the thermal decomposition of AcZn depends on the environment [21,22] and that TGA in an inert gas stream begins with dehydration at 76 °C. Then, melting takes place at about 245 °C, sublimation of anhydrous AcZn and its decomposition at 310 °C into acetone and carbon dioxide. However, when anhydrous AcZn was heated in a humid atmosphere (PH2O = 6 kPa), the formation of ZnO with the release of acetic acid was observed [22]. The thermal process started at 120 °C and ended at 220 °C.



Thermal analysis of the ZnO@AcZnTVT sample with 5% additive (Figure 2b) revealed that the formation of an associate of hydroxyl and acetate groups during TVT, which decomposes at about 200 °C. A small amount of the 2.34% associate makes it possible to associate it with the powders and ceramics observed on XRD patterns (Figure 2 and Figure 7). Diffraction patterns show weak reflexes of an unidentified phase. This associate can be compared with hydroxyl associates involved in the exchange of water molecules between crystals and the aqueous medium [11]. This conclusion corresponds to the conclusion of [4] the appearance of ZnO acetate ions in the crystal structure during TVT and their participation together with hydroxyl groups in the exchange with the surrounding aqueous medium. The increased intensity of metabolic processes leads to an increase in structural mobility and mass transfer between crystals. The narrow endothermal effects at 117 °C and 151 °C (Figure 2b) of water release at TGA of the ZnO@AcZnTVT sample refer to the states of hydroxyl groups on the path of the transition of water molecules into the structure of ZnO crystals and back into the aqueous medium [11]. It should be noted that the width of the endothermal effects characterizes the uniformity of the decaying states. The narrow width of the endothermal effects noted above corresponds to the energy uniformity of hydroxyl groups. The narrow endoeffect in Figure 2a refers to the decomposition of the LBZA phase with atoms in certain crystallographic positions. The broader endothermal effect in Figure 2b characterizes the spread of the energy states of the hydroxyl–acetate associate. The narrowing of the endoeffect of the decomposition of the associate and the shift towards an increase in temperature by 60 °C is probably caused by a higher CSP temperature relative to the TVT activation temperature of ZnO—244 °C and 220 °C, respectively. An increase in the temperature of the interaction of crystals with the aqueous medium leads to a decrease in the number of defects in their structure. The defects in this case are acetate groups.



The formation of the fine crystals during ZnO powder impregnation by AcZn (Figure 4) and the separation of the size ranges of small and large crystals with TVT (Figure 5) and during CSP of impregnated powder (Figure 8) is associated with surface processes [11,13]. In the case of impregnation and TVT, new fine crystals are formed, and in the case of CSP, the diffusion transfer of mass between the initial crystals leads to an increase in their size. The formation of crystals of a finely dispersed component was observed earlier, both during the activation of processes with the addition of AcZn or CH3COOH, and with the addition of NH4Cl [11,13]. In addition, the appearance of a finely dispersed component was detected during recrystallization of α-Al2O3 [23]. An increase in the size range of the fine component, noted in the commentary to Figure 9, was also observed in the study of ZnO recrystallization in the presence of NH4Cl [13] and in the study of the effect of mechanical pressure on ZnO recrystallization at CSP [11]. This effect can be associated with an increase in the thickness of the surface layer with increased solid-phase mobility.



The obtained results show the influence of two threshold concentrations of the activating additive. Exceeding the first threshold ensures the appearance of the crystal structure mobility, due to which the formation of a small component of the crystal size distribution and the growth of crystals of a large component occurs. When the second threshold is exceeded, crystal coalescence becomes possible during CSP [11]. Thus, when the content of the AcZn additive increases to 2.5% and 5% the CSP of the ZnO@AcZn and ZnO@AcZnTVT powders leads to the formation of dense ceramics (Figure 11) with large grains (Figure 12 and Figure 13) due to coalescence. The existence of the second threshold of sintering activation is probably due to the condition of increasing the structural mobility to a level at which the preorientation of neighboring crystals becomes possible in order to achieve the crystallographic correspondence necessary for coalescence [24]. The reorientation of neighboring crystals can be explained by the diffusion mechanism of crystal rearrangement due to the solid-phase mobility of the structure. With crystallographic matching, the disappearance of the intergrain boundary becomes possible [25].



The effects of sealing materials on ceramics formation were caused by the difference of the state of water during the CSP. Double copper sealing (2C) provided maximum hermitization of the die but hampered sliding of the copper rings along the die wall. This resulted in the increase of the applied mechanical pressure. Removal of the excessive water at the final stage of sintering appeared difficult. Simultaneously, the mechanical pressure exceeded the autogenous pressure of vapor and caused its condensation.



When water filled the gaps between the crystals, its incompressibility ceased the shrinkage of the sample, and mechanical pressure lost its effectiveness. ZnO crystals appeared to be separated by incompressible water. This did not interfere with their growth due to mass transfer. Increased pressure of the aqueous medium led to intensified exchange of water molecules between it and the crystals and increased their structural mobility. This is favorable to crystal growth but obstructed coalescence, leading to low-density ceramics.



In a case of single copper sealing (1C), the powder was compressed but the pressure of the aqueous medium reduced because of water and steam escaping from the working volume through the gap between the punches and the die matrix. The permeability of this gap might be decreased when filled with powder, especially with fine crystals. For this reason, reproducibility of CSP conditions can lose its effectiveness. Besides, the reduced pressure of the aqueous medium inhibits mass transfer and crystal growth.



CSP conditions allowed by double PTFE sealing (2P) were determined by the softening of PTFE at a temperature of 244 °C. PTFE rings offered weak resistance to punch movement. Mechanical pressure affected the powder, while the pressure of the aqueous medium was determined by the elastic properties of the softened PTFE. Though water was partially bled off, the pressure of water vapor, which is in equilibrium with liquid water, was maintained in the working volume of the die. Mass transfer conditions were reproducible and close to TVT conditions. Features of sealing with PTFE rings determined the advantage of the 2P method such as the highest values of density with its clear proportionality to the ZnAc content as well as controllable grain size over a wide range.




4. Materials and Methods


ZnO powder with the median particle size of 0.174 μm and mean particle size of 0.193 ± 0.002 μm was used as a raw material for ceramics (>99% purity, JSC Krasnyi Khimik, Saint-Petersburgh, Russia). Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, ZnAc, >99% purity) was selected as an activating additive to ZnO powder.



Activation of the initial ZnO powder was carried out in two ways (Figure 14). The first way included ultrasonication of ZnO powder in ZnAc water solution followed by evaporation and drying in air at 70 °C for 12 h. The obtained ZnO impregnated by ZnAc (ZnO@ZnAc) was ground in an agate mortar with a pestle and sieved through a sieve with a cell of 300 μm. ZnAc concentrations in the solutions supported zinc acetate contents in ZnO@ZnAc samples of 0.5; 2.5 and 5.0 wt.% (0.185; 0.927 and 1.853 mol.%, correspondingly). Another way of activation consisted of the impregnation procedure described above followed by a treatment of ZnO@ZnAc in water vapor (thermo-vaporous treatment, TVT). ZnO@ZnAc powder was placed into a PTFE container supported inside the stainless-steel autoclave. An amount of distilled water equal to 20% of the free volume of the autoclave was poured outside the PTFE container. The autoclave was sealed and heated up to 220 °C. ZnO@ZnAc powder was held in vapor state at 220 °C and 2.32 MPa for 20 h.



CPS was carried out in an induction heating stainless-steel die with four punches of 11 mm diameter. The powder was placed between a couple of inner punches which contacted with the outer ones either directly or through a sealing made of copper or PTFE. The role of the sealing was to prevent the extrusion or evaporation of water through the gaps in the die during pre-pressing and CPS.



Three types of the die hermitization were applied:




	(1)

	
a copper ring between one couple of outer and inner punches and no sealing between another couple of outer and inner punches (1C);




	(2)

	
copper rings between outer and inner punches (2C);




	(3)

	
PTFE rings between outer and inner punches (2P).









The die was filled with 1 g of activated ZnO powder and 0.2 mL of distilled water (Figure 15). Then, another couple of punches were installed either with the sealing or without it (Figure 15b). A thermocouple was placed in a recess close to the powder. The die with the heater was installed along the axis of the laboratory hydraulic press (Figure 15a). To control the powder shrinkage, an axial displacement of the bottom platform of the press was measured by a dial indicator (value of division 10 μm). The regimen of CSP was chosen based on previous results [14,26]: heating from the room temperature to 244 °C in 40 min., the dwell time of 60 min. at 244 °C. The heating started when a pressure of 395 MPa was reached. The permissible load on the equipment was selected in the preliminary tests.



Thermal analysis and mass-spectrometry of powder and ceramic samples was carried out in a Netzsch STA 449 C Jupiter thermal analyzer. The samples were heated in argon with the rate of 10°/min from 40 to 600 °C. X-ray diffraction analysis of the initial and activated powders as well as of ceramic samples was conducted by means of X-ray diffractometer XRD 6000 (Shimadzu Corp., Japan). Powder morphology and ceramics microstructure were investigated by a scanning electron microscope (SEM) JSM-6390 LA (JEOL Ltd., Japan). Size distributions of the powder particles and ceramic grains were constructed from the direct measurements of corresponding objects in the SEM images using Image-Pro Plus software (Media Cybernetics, Inc., USA). Size distributions were characterized by the mean value (dmn) as well as by the median (dmd) which appears more adequate for an asymmetric distribution. Relative density of ceramics was determined at 20 ± 2 °C and 60 ± 5% relative humidity by Archimedes method using kerosene.




5. Conclusions


Two methods of zinc acetate introduction into ZnO powder by impregnation and TVT lead to various changes in its state and activity during cold sintering.



The powder activation by the impregnation method makes it possible to obtain cold sintered ceramics at 244 °C with a relative density of 0.98–0.99 and average grain sizes from 0.28 to 0.45 microns. When the powder is activated by TVT, the relative density of the ceramics increases from 0.75 to 0.93 with a change in the average grain size in the range of 0.46–1.71 microns with an increase in the content of zinc acetate additive from 0.5% to 5%. Of the three ways to seal the mold, the use of two Teflon sealing rings turned out to be optimal.



The explanation of the processes occurring in the TVT and CSP of ZnO powders is based on the idea of justifying the crystal’s structure solid-phase mobility due to the interactation with an aqueous medium.
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Figure 1. TGA/DSC/MS curves of ZnO@AcZn(5%) (a), ZnO@AcZnTVT(5%) (b), CSP ZnO@AcZnTVT(5%) (c). 
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Figure 2. XRD patterns of initial ZnO powder, ZnO powders impregnated by 0.5–5.0 wt.% ZnAc (a), ZnO powders after impregnation by 0.5–5.0 wt.% ZnAc followed by TVT (b). Arrows indicate ZnO (COD #9008877), asterisk indicated traces of the LBZA (probably). 






Figure 2. XRD patterns of initial ZnO powder, ZnO powders impregnated by 0.5–5.0 wt.% ZnAc (a), ZnO powders after impregnation by 0.5–5.0 wt.% ZnAc followed by TVT (b). Arrows indicate ZnO (COD #9008877), asterisk indicated traces of the LBZA (probably).
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Figure 3. SEM image (a) and crystal size distribution (b) of the initial ZnO powder. Mean size dmn = 0.193 ± 0.002 μm, median size dmd = 0.174 ± 0.002 μm. 
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Figure 4. SEM images and crystal size distributions of ZnO powder after ZnAc introduction by impregnation: ZnO@AcZn(0.5%) (a), ZnO@AcZn(2.5%) (b), ZnO@AcZn(5%) (c). 
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Figure 5. SEM images and crystal size distributions of ZnO powder after ZnAc introduction by impregnation combined with TVT: ZnO@AcZnTVT(0.5%) (a), ZnO@AcZnTVT(2.5%) (b), ZnO@AcZnTVT(5%) (c). 1 and 2 indicated fine and coarse components of size distributions, correspondingly. 
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Figure 6. Mean crystal size (dmn) and median (dmd) of the size distribution of activated ZnO powder vs. ZnAc content for two types of activation: impregnation by ZnAc followed by TVT (a); impregnation by ZnAc (b). 
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Figure 7. XRD patterns of ZnO ceramics prepared by CSP with double PTFE sealing from ZnO powders impregnated by 0.5–5.0 wt.% ZnAc, (a), ZnO powders after impregnation by 0.5–5.0 wt.% ZnAc followed by thermo-vapor treatment (TVT) (b). The ceramics were prepared with double PTFE sealing of the die (2P). Arrows indicate ZnO (COD #9008877), asterisk indicated traces of the LBZA (probably). 
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Figure 8. Grain size distributions of ceramics prepared from ZnO powder impregnated by 0.5 wt.% of ZnAc (a,d,g), 2.5 wt.% of ZnAc (b,e,h) and 5.0 wt.% of ZnAc (c,f,i) after CSP with the use of different types of sealing. 
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Figure 9. Grain size distributions of ceramics prepared from ZnO powder activated by impregnation and TVT (a,d,g—0.5 wt.% of ZnAc; b,e,h—2.5 wt.% of ZnAc; c,f,i—5.0 wt.% of ZnAc after CSP with the use of different types of sealing. 
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Figure 10. Median of grain size distribution of ZnO ceramics vs. ZnAc concentration for different types of sealing during CSP: single copper sealing 1C (a); double copper sealing, 2C (b); double PTFE sealing, 2P (c). Initial ZnO powder activation: ZnO@ZnAc-impregnation; ZnO@ZnAcTVT-impregnation followed by TVT. 
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Figure 11. Relative density of ceramics vs. ZnAc concentration for different types of die sealing in CSP: single copper sealing, 1C (a); double copper sealing, 2C (b); double PTFE sealing, 2P (c). 
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Figure 12. SEM images of ZnO ceramics prepared from powder impregnated by 0.5 wt.% ZnAc (a), 2.5 wt.% ZnAc (b), 5.0 wt.% ZnAc (c) (case of 2P sealing type during CSP). 
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Figure 13. SEM images of ZnO ceramics prepared from powder impregnated by 0.5 wt.% ZnAc (a), 2.5 wt.% ZnAc (b), 5.0 wt.% ZnAc (c) and underwent TVT (case of 2P sealing type during CSP). 
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Figure 14. Scheme of ZnO powder preparation and cold sintering process conditions. 
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Figure 15. Equipment for cold sintering process (a) and its scheme (b): 1—induction heating; 2—thermocouple; 3—hydraulic press; 4—press form; 5—set of punches; 6—ZnO powder; 7—sealing; 8—sensor; 9—power supply. 
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