PROCESSING VARIABLES OF ALUMINA WITH NIOBIA SINTERED AT LOW TEMPERATURE
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ABSTRACT

The niobia addition on alumina allows densification at low temperature. Samples of alumina with 4 wt% of niobia were sintered at low temperature of 1400oC. In this work, processing variables were investigated in order to assess their effects on alumina densification and its microstructure. They were: compaction pressure; cycle of organic binding burn out; time at sintering temperature. Thermogravimetry (TG)  were carried out in order to optimize the organic binding elimination cycle. The samples were characterized using BET, SEM, DRX with Rietveld refinement. It was measured grain size, densities, and hardness of the sintered samples. Also, the alumina densification varied with the compaction pressure level as well as the time at sintering temperature.
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INTRODUCTION

The current increasingly use of high purity aluminas can be understood due its raw material  low cost,  its good mechanical properties, and by the large variety of the available production methods(1). 
It is very common the addition of appropriated additives to alumina in order to optimize its processing and production, lowering costs, as is the case when the sintering temperature is reduced. Niobia or niobium oxide is one of these oxide additives and is employed in this work.

Generally the performance of sintered ceramics depends on their processing details which affect their microstructures. Therefore, processing variables such as the purity of the ceramic powder, the additive compositions, the fabrication technique, and the sintering conditions must be optimized(2).


EXPERIMENTAL PROCEDURES
The samples processing was based on a mixture of a high purity alumina powder with 4 wt% of niobia powder together with 1.3 wt% of polyethylene glycol (PEG) as binder in water. Eventually the mixture was dried in an oven and then sieved after deagglomeration. The prepared powder mixture was uniaxially pressed in a pressure range going from 10 to 80 MPa. The obtained green bodies were sintered at 1400oC during a time varying from 3 up to 12 h, after binder burnout. 

Particle size analyses were done using a CILAS 1064 analyzer equipment. This tool provides a particle size distribution represented by 100 classes along a size interval from 0.04 to 500 µm in a liquid medium.

 
Thermogravimety (TG) tests of samples were done using approximately 5 mg of each sample in a oxygen atmosphere ( flux of 30 mL/m ), under a heating rate of 20oC /m within a temperature interval varying from 25 to 500oC.

X-ray diffraction (DRX) tests were performed using a Model XPert, Panalytical brand equipment whose source was copper. The 2Ɵ scanning angle followed a step of 0.05o in an angular interval from 10o to 90o. Programs XPert HighScore Plus and TOPAS were used in order to analyze the diffraction spectra and to quantify the existent phases following the Rietveld refinement.

Surface areas were measured using a physical adsorption automatic analyzer, from Micrometrics, Model ASAP 2010, where samples of 0.3 grams were used.

The grain size measurements were done using scanning electronic images from a SEM equipment which used sintered fractured samples.  

Hardness values of samples were obtained following  the methodology in the ASTM standard (C 1327-03) and used a microhardness equipment from BUEHLER.

RESULTS AND DISCUSSION

The particle size analyses were carried out both in indirect and direct fashion. The former was performed after surface area measurements and the latter employed the laser diffraction technique. The measured surface areas, the average particle sizes, and the particle size distributions are shown in Tab. 1 and Fig. 1 and 2.
Tab. 1. Surface area and average particle diameter.

	Raw material
	Surface area (m2/g)
	Average particle diameter (μm)

	Nb2O5
	1,16
	27,91

	Al2O3
	3,31
	3,50

	pó (Al2O3 + Nb2O5)
	3,88
	3,50
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Fig. 1. Particle size distribution of alumina (left) and nióbia (right).
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Fig. 2. Distribution of particle size of the powder mixture.
By considering the results, obtained by direct analyses, it could be observed that the average diameter of the powder milled particles was of 3.50 µm, which is about the same of  that of as-received alumina and smaller than the niobia powder average size, which was 27.91 µm. As a result, it suggests that the as-received niobia powder undergone a particle size reduction greater than the as-received alumina powder upon milling. This behavior may be due to the hardness level of these ceramics. Apparently, the hardness variable was responsible by the milling evolution3,4,5. It also could be observed that fine particle sizes (< 0.1 µm) was not detected in the powder, since that the smallest measured particle sizes were of the order of 0.2 µm. This favored the compaction, since the presence of fines may reduce the green density due to the particles agglomeration(6,7).   

Additionally, it was observed  a wide range for the powder particle size distributions whose sizes varied in the range from 0.2 to 10.0 µm . The mixture of particles with different diameters favored the occupation of the empty spaces among particles, since those of small sizes went to the interstices among the larger ones. As a result, packing was optimized and the system porosity was reduced(6,8). 
The results based on indirect analyses are showed in Tab. 1. They revealed that the alumina surface area was greater than that of niobia. Studies have indicated that small particles, with simple geometric shapes constitute, proportionally, a large fraction of the surface total area regarding a given mass of powder. This fact was confirmed by the particle diameters shown in the referred Table(6,7). 
However, when one compares the alumina surface area with that of the powder mixture, it could be verified that the latter is greater, although the particles average diameter from powder mixture had been similar to that of alumina. In many cases where the powder particle size distribution is essentially identical, the measured surface area reveals distinct differences, because the powder particles contain cracks and pores(6).
This statement suggests that the powder particles possess more micropores than those of alumina. Therefore the particles porosity influenced the magnitude of the specific surface area. Micropores exhibit higher internal surface area and, when at elevated quantity, contribute expressively to increase the surface area(9). 

The densities results from the green bodies and their densifications are presented in Tab. 2. The powder absolute theoretical density was obtained by using the mixture rule from densities of 3.99 g/cm3 and 4.6 g/cm3 for alumina and niobia.
Tab. 2. Densities of green bodies and their densification.

	Pressure  (MPa)
	Mass  (g)
	Volume  (cm3)
	Density  (g/cm3)
	Densefication (%)

	80
	49,31
	21,46
	2,30
	57,2

	60
	49,35
	21,69
	2,28
	56,7

	30
	49,44
	22,39
	2,21
	55,0

	10
	49,48
	23,38
	2,12
	52,7


It was measured densification of 53% of the theoretical density for samples obtained by 10 MPa of pressing. According to the literature  the green body densification must have a minimum value of 55% of the theoretical density, and due to this reason the samples with such pressure were not considered(3).

The inter and intra molecular interactions influence the beginning temperature for the polymer thermal decomposition(10). The first step was to perform thermogravimetry of the binder added to the powder. After analyzing the results shown in Fig. 3, it was established a PEG elimination route with temperature varying from 125oC up to 375oC. This range represents the beginning and the end of thermal degradation, with a temperature plateau at 158º C, first derivative. 
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Fig. 3. TG of the binder added in powder.
It was performed infrared analysis in the powder, as shown in Fig. 4. The powder analysis before the binder burnout revealed four regions. At 3,398 cm-1 appeared a band referred to the stretching vibration of OH molecular group. At 2,876 cm-1 the stretching band was that for the C-H molecular group indicating the presence of alkanes. At 1,124 cm-1 one has the stretching band of C-O-C molecular group indicating the presence of ether. Finally at 1,068 cm-1 appears a stretching band of C-O molecular group indicating the presence of alcohol. All the mentioned bands are present in the PEG(11,12).

The analysis performed after heating revealed the absence of the cited bands. This result indicated that the route was successfully accomplished for the binder burnout from the green body. The powder was initially sintered at 1400oC for 3 hours. Prior sintering, the samples were pressed to obtain the green bodies by varying the pressure from 30 to 80 MPa.  
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Fig. 4. Infrared Spectroscopy powder with and without binder. 
Tab. 3 presents the densities and microhardness values obtained from the sintered samples.
Tab. 3. Values ​​of densities and microhardness.
	Pressure  (MPa)
	Density (g/cm3)
	Microhardness HV 10  (GPa)

	80
	3,532 
	9,05 [image: image7.png]


 0,79

	60
	3,527
	11,15 [image: image9.png]


 0,73

	30
	3,481
	9,74 [image: image11.png]


 0,89


In order to optimize the compaction pressure on the investigated powder, microhardness measurements were done. It could be seen that the microhardness values were low and the better result was obtained for the compaction pressure of 60 MPa. The worst result of microhardness was that for 80 MPa of pressure, which indicates that such pressure able to generate defects in the samples(3).  

After the pressure optimization, DRX analyses were carried out in the samples submitted to 60 MPa of pressure in order to investigate the present phases. Fig. 5 illustrates an analysis from a spectrum of DRX for such sample. By using Rietveld method (gof 1.196), it was identified the presence of two phases. One of them was aluminum niobate (AlNbO4), with 4.92%, and the other was alumina, with 95.08%.
The next step was to increase the time at sintering temperature, in order to enhance both densification and the microhardness values. According to the results showed in Tab. 4, it could be verified that the better result was that obtained for the time of 12 hours.
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Fig. 5. DRX and Rietveld of  sample sintered at 1400 ° C and a pressure of 60 MPa.

Tab. 4. Values ​​of porosity and microhardness.

	Time (h)
	Density (g/cm3)
	Microhardness (GPa)
	Densification (%)

	3
	3,53 [image: image14.png]


 0,01
	11,15 [image: image16.png]


 0,73
	88,10

	5
	3,61 [image: image18.png]


 0,02
	12,75 [image: image20.png]


 0,60
	90,20

	8
	3,68 [image: image22.png]


 0,01
	14,23 [image: image24.png]


 0,53
	92,00

	12
	3,76 [image: image26.png]


 0,01
	15,61 [image: image28.png]


 0,50
	93,90


In order to evaluate the grain size, it was not possible to grind and polish the obtained sintered ceramics due to its high porosity. It was accomplished by using the artifice of fracturing the sintered ceramic sample and then to observe it in a SEM equipment. This procedure (Fig. 6), yielded an average grain size of 5.626 µm.
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Fig.6. MEV of the sample sintered at 1400 ° C and a pressure of 60 MPa.

The observed excessive porosity may be explained for the following reasons: the fast kinetics of sintering  in the Al2O3-Nb2O5 system; the stoichiometry deviation of the niobia more stable phase at high temperature (H-Nb2O5); the oxygen loss(3).
CONCLUSIONS

The compaction pressure of 80 MPa was not adequate for a powder mixture in the investigated ceramic system. It may explained by the fact that niobia has lesser hardness than alumina. 

Niobia worked as an additive that promoted sintering of alumina. This conclusion is supported by the fact that densification of the order of 94% was obtained for samples sintered at 1400oC for 12 hours. There was an increase of  the  alumina sintering capacity due to the formation of a second phase of AlNbO4.
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