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Nanopowders dispersion and spray-drying process : case of Cr2O3



The work reported in this paper was performed to develop and to optimize Cr2O3 nanopowders dispersion by a ball milling method for producing spherical micron-sized granules by spray-drying. The targeted application for such granules is the development of wear resistant Cr2O3 nanocoatings by plasma projection. Cr2O3 nanopowders were dispersed in deionized water. The suitable dispersant (DarvanC) was determined by zeta potential measurements and optimized by rheological tests. The influence of milling time, milling balls diameter and milling balls ratio was studied by granulometric measurements. A well-dispersed and stable suspension was then obtained and spraydried. Full spherical micron-sized granules, with a monodispersed distribution centered on about 50µm, have been achieved and Cr2O3 plasma-sprayed coatings realized.
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1. Introduction The aim of this research is the development of wear resistant plasma sprayed nanocoatings from nanopowders. Indeed, these nanocoatings, with their little grain size, have been recognized to exhibit remarkable and technologically attractive properties, such as a better wear resistance [1]. These nanocoatings have various applications such as in automotive or in aerospace fields [2]. Zeng et al. [3] have demonstrated that smaller is the size of the starting powder, smaller are defects and better are the coating properties. Nanopowders are then widely used as starting materials. But, one of the problems to prepare nanocoatings by plasma projection is how to feed nanopowders into the plasma jet [3]. Indeed, nanopowders are strongly agglomerated and have a very poor flowability, a low mass and usually adhere to the walls of the feeding system [4]. To overcome these problems, nanoparticles can be spray-dried from a slip to obtain micron-sized granules, usually spherical and free flowing, that can be thermally sprayed [5]. Granules are an agglomeration of a large amount of nanoparticles whose cohesion must be high. To be directly used for plasma-spray coating, the granulated powder should be dense and should have a proper and tight size distribution [6]. Indeed, both the granules size and granules density are critical parameters for the coating quality. Large granules size require long dwell times within the plasma to reach a uniform temperature in order to be efficiently molten. On the other hand, small granules which are too light could not enter the main stream of the plasma jet, remaining solid at the periphery and resulting on debris and porosity within the coating [6]. From Cao et al. [5], well plasma-sprayed coatings are obtained with granules size included between 20µm and 50µm. The powder content in the suspension has a strong influence on both the density and the size of the granules [5]. The increase of powder content results in an
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increase of suspension viscosity and consequently gives rise to the formation of dense powder [5]. During the spray-drying process, a slurry, generally a water-based suspension, is sprayed into hot air and dried to form spherical micron sized granules. The elaboration of a well dispersed and stable suspension is an essential step for spray-drying [5]. To achieve a slip, agglomerates must be broken down into smaller more primary particles. Colloidal particles present in a slip are always subjected to Brownian motion, and collisions between particles occur. The slip stability is thus determined by the nature of the interactions between particles during collisions. Two basic interactions occur, one being attractive and the other repulsive. When the attractive interaction dominates, the suspension flocculates. On the contrary, when the repulsive interaction dominates, the system remains dispersed [7]. From the DLVO theory, developed by Dejaguin, Landau, Verwey and Overbeek, interactions between colloidal particles are a superposition of electrostatic repulsion and Van der Waals attraction [7]. Van der Waals attractive forces are always present between particles of similar composition. Therefore, a colloidal dispersion can be obtained if the repulsive forces are strong enough to counteract the Van der Waals attraction forces. The repulsion between particles arises from two different sources, one is due to the electrical double layers located around the particles, and the other is due to the adsorbed layers composed of non-ionic materials, including adsorbed molecules of the dispersion medium. These two repulsive mechanisms, which are crucial to stabilize colloidal dispersions, are termed electrical stabilization and sterical stabilization, respectively [7]. A combination of these two effects can be used to obtain a stable suspension. Slight modifications of the particles environment, like the pH, may disturbed the suspension stability.
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There are then three essential stages to produce nanocoatings by plasma projection from nanopowders. First, nanopowders dispersion must be achieved to obtain a welldispersed and stable suspension that can be spray-dried. Secondly, granules with a suitable flowability for plasma projection are realized by spray-drying. Finally, granules are introduced into the plasma jet to produce coatings. The present paper deals with the nanopowders dispersion process and the spray-drying method. The aim of this study is first, to obtain by a ball milling technique a welldispersed and stable suspension of chromium oxide Cr2O3 nanopowders, and second to produce, from this suspension, full spherical micron-sized granules that can be plasmasprayed. Chromium oxide has an excellent wear resistance and a high hardness [8]. The effect of dispersant type, dispersant amount, desagglomeration time, milling balls diameter and milling balls ratio has been investigated. The well-dispersed and stable suspension such achieved has then been spray-dried. The study of the effect of the slip feeding rate and the influence of acrylic binder amount have allowed the optimization of the spray-drying process. Full spherical micron-sized Cr2O3 granules with an homogeneous distribution centered on about 50µm have been realized.



2. Experimental Cr2O3 nanopowders, obtained by a sol-gel method (DGTec, France), were used in this study. The mean particles diameter was 100nm (data given by the supplier). To analyse the nanopowders crystallographic structure, a standard powder diffractometer (Rigaku) with CuKD radiation and a graphite monochromator was used. Measurements were performed over a 2T angle range 20-90°. The powders absolute density was obtained using an helium pycnometer (Micromeritics, AccuPyc 1330). Powders morphology was
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examined by Scanning Electron Microscopy (SEM) with a JEOL 840 ALGS and by Transmission Electron Microscopy (TEM) with a JEOL 2010 FEG. The specific surface area was measured by Brunauer, Emmett and Teller (BET) method (Micromeritics, ASAP 2010). Nanopowders were dispersed in deionized water with defloculant in horizontal rolling mill for several hours with alumina milling media. The rheological behavior of the slips was characterized at 25°C by a rotary viscosimeter HAAKE VT 501 equipped with cylinders to impose shear rates ranging from 0s-1 to 2800s-1. Zeta potential measurements versus pH were realized by Zetasizer 3000 HSA (Malvern Instruments) in diluted suspension and by AcoustoSizer II (Colloidal Dynamics Inc.) in concentrated suspension. Particles size distribution was measured using a laser diffractometer (Malvern Instruments, Mastersizer HYDRO 2000). Results are expressed as sphere diameter whose volume is equivalent to the volume of the real particle. These volumic measurements are very sensitive to the presence of agglomerates. Good precision of the material optical properties is essential to perform correct measurements. The refractive index of Cr2O3 is equal to 2.5 [9] and the absorption index has been experimentally determined and is equal to 0.1. Ten dispersants were tested. For the best selected dispersant, optimal amount has been determined and pH adjusted. Influence of milling time has been investigated. Two different alumina milling balls diameters have been studied : 2.4mm diameter and 0.91.9mm diameter. Eight different weight ratio, defined as milling balls quantity on powder content, have been tested with 0.9-1.9mm milling balls diameter : 3, 5, 6, 7, 8, 9,10 and 15.
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The spray-dryer used was an atselab ultrasonic atomizer (SODEVA). Operational parameters of the spray-dryer were an inlet temperature of 220r5°C and an ultrasonic amplitude of 50u.a.. For spray-drying, a slip solid content of 50wt.% has been used. Bulk and packed density of the granules as well as their flowability were measured by the standard method of NF A 95-111. The ratio dbulk/dpacked represents the ability of the particles to pile up. The morphology and the cross-sectional microstructure of the spraydried powders were observed with a Scanning Electron Microscopy (SEM) with a JEOL 840 ALGS. Granulometric distribution of granules was determined using a laser diffractometer (Malvern Instruments, Mastersizer SIROCCO 2000). The spray-drying process was performed under various conditions to maximize the bulk and packed density and flowability of the granulated powder. First, the feeding rate of the slip has been studied and optimized. Then, the addition of an acrylic binder to the slip has been investigated to improve the granules quality. Granulated powders were sieved between 20µm-63µm before plasma projection.



3. Results 3.1. Characterization of Cr2O3 nanopowders Cr2O3 nanopowders observed by XRD show pure hexagonal eskolaite phase and a perfect superposition is obtained with the JCPDS 85-0869 card (Fig. 1). Cr2O3 crystallizes in the rhombohedral crystal system. The Cr2O3 nanopowders are strongly agglomerated. Fig. 2 shows an agglomerate observed by SEM.



6



However, TEM observations of Cr2O3 nanopowders confirm the nanostructured features of the starting powder (Fig. 3). From supplier, nanoparticles size is 100nm. The Cr2O3 nanopowders specific surface area, measured by BET, is 16m².g-1. The received nanopowders have already been treated at 900°C and have a measured absolute density of 5.10±0.02g.cm-3. After thermal treatments at 1000°C, 1100°C and 1200°C for 1 hour, the nanopowders absolute density increases and stabilizes at 5.23±0.02g.cm-3 (Fig. 4), i.e. at the same value as the theoretical density.



3.2. Cr2O3 nanopowders dispersion 3.2.a. Dispersant choice To select the most appropriate dispersant, zeta potential measurements in aqueous diluted suspension (~50mV~) are obtained in the range of the pH 6-10. The IsoElectric Point ([=0mV) is achieved at around pH 3 (Fig. 8).



3.2.d. Influence of desagglomeration time on particles size distribution The influence of the milling time with alumina balls diameter 2.4mm and a weight ratio of 3 has been studied by granulometric measurements. After 24 hours of milling, agglomerates peak is centered on 3µm. After 43 hours of milling, this agglomerates peak moves towards smaller particles size and becomes centered on 900nm (Fig. 9). The mean diameter is equal to 1.3µm after 24 hours of milling whereas after 43 hours of milling, it decreases until 163nm.



3.2.e. Influence of milling balls diameter on particles size distribution Two different alumina milling balls have been studied : milling balls with a single diameter of 2.4mm and milling balls whose diameters follow a Gauss distribution with diameters included between 0.9mm and 1.9mm. The particles size distributions have been determined by granulometric measurements after 24 hours of milling with a weight ratio of 3. With milling balls diameter 2.4mm, agglomerates peak is centered on
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3µm with a mean diameter value equal to 1.3µm, while with milling balls diameter 0.91.9mm, agglomerates peak is centered on 1µm with a mean diameter value of 299nm (Fig. 10).



3.2.f. Optimization of milling balls weight ratio and milling time The influence of the weight ratio of 0.9-1.9mm diameter milling balls was investigated on particles size distribution by granulometric measurements. Eight different weight ratio have been tested : 3, 5, 6, 7, 8, 9, 10 and 15. For each weight ratio, desagglomeration time has been studied and milling times indicated in Fig. 11 correspond to the optimum desagglomeration time obtained. Granulometric curves obtained for the weight ratio 3, 7 and 15 are shown in Fig. 11. For a weight ratio of 3 after 70 hours of milling, mean diameter obtained is 130nm but agglomerates superior to 10µm are still present. For a weight ratio of 15 after 26 hours of milling, observations are similar. With a weight ratio of 7 after 95 hours of milling, a single peak of 100nm is observed without any agglomerates bump. Variation of d0.1, d0.5 (mean particles diameter) and d0.9 versus the desagglomeration time is shown in Fig. 12. All these parameters reach their minimum values for desagglomeration times included between 55 and 115 hours of milling. The d0.9 shows a well accentuated minimum at 95 hours of milling. For times longer than 115 hours of milling, the d0.9 suddenly increases.
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3.3. Spray-drying of optimized Cr2O3 slip 3.3.a. Influence of the feeding rate of the slip on granules features The influence of the slip feeding rate on the ratio dbulk/dpacked and on the granules flowability was investigated. Six feeding rates have been tested : 4.5, 7.5, 10.5, 16, 19 and 22mL.min-1. The variations of the bulk and packed density and flowability of the granulated powders produced under the different feeding rates are shown in Fig. 13. Flowability reaches a maximum value of about 3g.s-1 for a feeding rate of 7.5mL.min-1 and then continually decreases for higher feeding rates. The evolution of the ratio dbulk/dpacked with the feeding rate is quite similar and a maximum value of 85% is also reached for a feeding rate of 7.5mL.min-1. Granules achieved with a feeding rate of 7.5mL.min-1 have a regular and spherical shape with a smooth surface (Fig. 14a). Some broken granules exhibit that the inner of the granules is well-filled. Granules obtained with a feeding rate of 19mL.min-1 present many irregularities and defects (Fig. 14b).



3.3.b. Influence of an acrylic binder addition To better packed nanoparticles with each others during the spray-drying process, an acrylic binder has been used. The acrylic binder amount varied between 1 and 3wt.%. The evolution of granules size distribution with the acrylic binder amount is shown in Fig. 15. Whatever the amount of acrylic binder, the particles size distribution of the granulated powders does not change and remains centered on 50µm. The ratio dbulk/dpacked and the granules flowability have been measured for each binder amount. The ratio dbulk/dpacked and the flowability increase with increasing the binder
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content until 2wt.% of the acrylic binder and reach maximum values of 89% and 5g.s-1 respectively (Fig. 16). Shock resistance tests on granules with 2wt.% acrylic binder conducted up to 2 hours using a milling technique (Turbulat) have shown any variation of granules flowability with the milling time. With a slip feeding rate of 7.5mL.min-1 and 2wt.% of the acrylic binder, full spherical micron-sized granules are achieved with an homogeneous distribution centered on 50µm (Fig. 17).



4. Discussion Nanopowders have a measured absolute density of 5.10±0.02g.cm-3 and theoretical density indicated on the JCPDS 85-0869 card is 5.235g.cm-3. The difference between these values is due to the nanopowders crystallinity. Indeed, starting nanopowders have been previously treated by DGTec at 900°C for 1h and for comparison, thermal treatments at 1000°C, 1100°C and 1200°C for 1h have also been performed. The nanopowders absolute density increases with temperature and stabilizes at the theoretical density value (Fig. 4). This means that the crystallization of the starting nanopowders was not complete and that amorphous phase was responsible of the low absolute density. Zeta potential corresponds to the charge that a particle acquires when it is setting in suspension. The best dispersant for considered nanopowders corresponds to the dispersant with the highest zeta potential value. In fact, higher is zeta potential value, higher are repulsive forces between particles and suspension stability. As suspensions with a higher zeta potential than ~30mV~ are considered stable [10], all dispersants
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leading to a zeta potential below this value can not be used. Therefore, three dispersants are possible candidates for chromium oxide nanopowders dispersion in these conditions : sodium pyrophosphate, DarvanC (Chemical name : 2-propenoic acid, 2methyl, ammonium salt, R.T. Vanderbilt Company, Inc., USA) and D-3019 (ammonium salt, Rohm and Haas Company) (Fig. 5). Although sodium pyrophosphate leads to the highest zeta potential, the presence of sodium is unsuitable for the dispersion of pure Cr2O3 because of contamination. The second best dispersant is DarvanC. Therefore, DarvanC was selected to disperse Cr2O3 nanopowders. DarvanC owns carboxylic groups with negative charges which adsorb on Cr2O3 particles surface and create simultaneously a sterical stabilization and an electrical stabilization. The dispersion state is correlated to the rheological behavior of the slurry. The minimum of viscosity corresponds to the maximum of mobility and to an optimal dispersion [7]. The powder content in the slurry has been shown to have no influence on the optimal dispersant amount, which is still equal to about 1.3wt.%. The increase of the powder content leads to an increase of the slip viscosity, which is coherent since the distance between particles becomes shorter. Flow curves for Cr2O3 nanopowders concentrated slips are characterized by a pseudo-plastic behavior in the low shear region and by a near newtonian behavior at higher shear rates (Fig. 7). The dispersion stability is directly dependent to pH which is a determinant parameter related to the electrostatic charges on the surface of oxide particles [10]. The evolution of zeta potential values versus pH shows that the highest zeta potential values ([>50mV) are obtained in the range of the pH 6-10 (Fig. 8). However, the natural pH of the slip is about 6, consequently, the repulsive forces between individual Cr2O3 nanoparticles are thus maximized to keep each particle separated from each other and to
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prevent them from flocculation, either in diluted suspension (Fig. 5) or in concentrated suspension (Fig. 8). The IsoElectric Point is around pH=3. At this pH, there are no repulsive forces. The suspension is then unstable and floculates. More agglomerates are broken after 43 hours of milling than after 24 hours of milling (Fig. 9). These measurements show consequently an important influence of desagglomeration time on granulometric distribution with a shift in the distribution towards a smaller particles size region when the milling time is increased from 24 to 43 hours. Milling balls diameters 0.9-1.9mm are more efficient to reduce the particles size than milling balls diameter 2.4mm (Fig. 10). As a result, alumina milling balls with a diameter of 0.9-1.9mm have been selected and used afterwards. With a weight ratio of 7 after 95 hours of milling, the nanometric peak achieved is the highest and the mean diameter value is the weakest : 100nm. All agglomerates have been destroyed. As a result, the best dispersion is achieved with alumina balls diameter 0.9-1.9mm after 95 hours of milling with an optimum weight ratio of 7 (Fig. 11). In these conditions, the achieved mean diameter corresponds to the supplier’s data mean diameter : 100nm. A particles reagglomeration appears for times higher than 115 hours of milling : the d0.9 increases drastically. Feeding rate being one of the most significant spray-drying parameters [5], its influence on the bulk and packed density and flowability of granules was investigated (Fig. 13). Higher is dbulk/dpacked, better is the piling up and more regular and spherical is the particles shape. Granules achieved with a feeding rate of 7.5mL.min-1 have a regular and spherical shape with a smooth surface (Fig. 14a) which explain the good flowability of this powder. The inner of these granules is well-filled. On the contrary, the



13



granulated powder obtained with a feeding rate of 19mL.min-1 presents many irregularities and defects (Fig. 14b), which explain the weak values of the ratio dbulk/dpacked and the flowability. The SEM observations qualitatively confirm the optimal slip feeding rate of 7.5mL.min-1. Fig. 13 shows that increasing the feeding rate up to around 7.5mL.min-1 improved the flow behavior of the powder until around 3g.s-1 and increased its ratio dbulk/dpacked up to 85%. For feeding rates higher than 7.5mL.min-1, the ratio dbulk/dpacked and the powder flowability decrease continually. To be fully introduced into the plasma jet, granules must remain unbroken and therefore be shockproof. An addition of 2wt.% of acrylic binder allows to achieve resistant granules (Fig. 16). Granules obtained in the optimized spray-drying conditions have been subjected to 2 hours of milling in order to test their shock resistance. Granules flowability remains unchanged, which means that nanoparticles cohesion in each granules is strong.



5. Conclusion Nanopowders are dispersed with DarvanC in deionized water and ball-milled in a polyethylene jar with alumina milling balls. This dispersion study shows that a welldispersed and stable suspension, suitable for spray-drying, is achieved at natural pH, with 1.3wt.% of DarvanC, after 95 hours of desagglomeration time with milling balls diameter 0.9-1.9mm and a weight ratio of 7. This optimized slip has been spray-dried. A slurry feed rate of 7.5mL.min-1 and a binder concentration of 2wt.% were selected as optimum spray-drying conditions, which maximize the flowability as well as bulk and packed density of the granulated powder. Full Cr2O3 granules, with an homogeneous distribution centered around 50µm and a
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spherical shape, have been achieved. Cr2O3 obtained granules have been plasmasprayed and chromium oxide coatings have been realized.
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Figure captions Figure 1 : Diffraction diagrams of Cr2O3 nanopowders and of the JCPDS 85-0869 card Figure 2 : Strongly agglomerated Cr2O3 nanopowders Figure 3 : Individual Cr2O3 nanoparticles Figure 4 : Evolution of the Cr2O3 nanopowders absolute density with temperature Figure 5 : Zeta potential of Cr2O3 suspensions depending on the dispersant choice Figure 6 : Evolution of the slip viscosity versus dispersant amount with 40wt.% Cr2O3 Figure 7 : Flow curve for Cr2O3 nanopowders slips at 40wt.% Figure 8 : Zeta potential values versus pH Figure 9 : Influence of desagglomeration time on particles size distribution Figure 10 : Influence of milling balls diameter on particles size distribution Figure 11 : Influence of milling balls weight ratio on particles size distribution after optimal milling time Figure 12 : Evolution of d0.1, d0.5 and d0.9 with the desagglomeration time Figure 13 : Effect of the feeding rate of the slip on bulk and packed density and flowability of granules Figure 14 : SEM observations of granulated powder achieved with two feeding rates Figure 15 : Influence of the addition of different amounts of acrylic binder on granules size distribution Figure 16 : Influence of acrylic binder amount on the ratio dbulk/dpacked and on the flowability of granules Figure 17 : Cr2O3 granules obtained from optimized slip and spray-drying parameters
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