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ty or responsibility for the accuracy, completeness, or usefulness of any information, appa- 
ratus, product, or process disclosed, or represents that its use would not infringe privately 
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trade name, trademark, manufacturer, or otherwise does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not necessar- 
ily state or reflect those of the United States Government or any agency thereof. 



SUMMARY 

Dense, nanocrystalline ceramic articles of doped Zr02 (for use in solid electrolytes, 
oxygen sensors, electrode materials, thermal barrier coatings, etc.), BaTi03 (for 
capacitor applications), and YBa2Cu307-x ( a high-temperature superconductor with 
uses, e.g., in magnetic flux trapping and high-speed capacitor applications) were 
prepared by the new nanofabrication process that has been developed in this 
research program. The process consists of two steps: synthesis of ceramic 
nanoparticles, and fabrication of dense ceramic articles that possess nanocrystalline 
features. The synthesis step is capable of producing 1 0-nanometer-diameter 
crystallites of doped Zr02, and of being scaled up to kilogram/hour production rates. 
The fabrication step produced dense, ultrafine-grained articles at significantly reduced 
sintering temperatures and times--representing a factor of 10-1 00 reduction in process 
energy requirements. The process has thus been shown to be technically feasible, 
while a preliminary engineering cost analysis of a pilot plant-scale version of the 
process indicates that it is both a cost- and an energy-efficient method of producing 
nanoparticles and nanocrystalline ceramics from those nanoparticles. One US. 
patent for this process has been allowed, and an additional five (continuation-in-part) 
applications have been filed. Technology transfer efforts have begun, through 
ongoing discussions with representatives from three manufacturing concerns. 

3 



1. INTRODUCTION 
This is the final report for the Department of Energy research grant #DE-FG02- 

92ER12128, entitled “Combustion Synthesis and Engineering of Nanoparfjc/es for 
Electronic, Structural and Superconductor Applications. ‘I This report pertains to the 
period December 1992 to May 1996.. The overall objective of the program was to 
conduct a comprehensive investigation of the synthesis, shape-forming and sintering 
of ultrafine ceramic materials, while simultaneously minimizing process energy 
consumption. This work was directed towards the preparation of advanced ceramic 
materials with properties projected to be enhanced by nanocrystalline features for use 
in applications that require high performance, e.g., dielectric, structural or 
superconducting properties. 

In order to achieve this objective, a combined experimental and theoretical 
investigation was conducted. The goal of the experimental portion was to 
quantitatively determine the role of key process parameters (such as the 
characteristics of the starting materials, synthesis and firing conditions, grain-boundary 
modification, etc.) on the resulting ultrafine-grained microstructure. The theoretical 
portion applies sound physicochemical principles to (I) provide a framework for the 
interpretation of experimental results, and (ii) develop a fundamental understanding of 
the combustion synthesis and fast-firing process steps with respect to the processing- 
microstructure-property relationship. The results were a fundamental understanding of 
a novel and important process for the production of compositionally complex 
nanoparticles and the fabrication of nanocrystalline materials that may be readily 
scaled-up to commercial production rates. 

The three year plan (12/92-11/95) called for a thorough study of the synthesis, 
shape-forming, doping (as required) and sintering of three important advanced 
ceramic materials: yttria-stabilized Zr02 (for structural applications and as oxygen 
sensors), YBa2Cu307-x (a high-temperature superconductor with uses, e.g., in magnetic 
flux trapping and high-speed capacitor applications), and BaTi03 (for high efficiency 
capacitor applications). 

This report will briefly summarize the technical approach in the Background 
section. The technical accomplishments are summarized by material and detailed 
technical information is suppiied by published papers and submitted manuscripts 
available in the appendix. 

II. BACKGROUND 

The approach for producing nanocrystalline materials was divided into two sub- 
processes: synthesis of nanoparticles using a combustion synthesis process, and 
fabrication of dense, nanocrystalline ceramic devices. 

The nanoparticle synthesis process relied on the principles of propellant 
technology: a fuel was mixed with an oxidizer; the mixture was ignited; the burning 
mixture generated a great deal of heat and gas in a short period of time. This 
nanoparticle synthesis process used the heat generated by the chemical reaction 

4 



between fuel and oxidizer to convert the precursor mixture to the target ceramic 
material. This nanoparticle synthesis process also used the rapid generation of gas 
(from the rapid decomposition of precursor material) as a means to yield very finely 
divided ceramic particles. 

The synthesis process itself was conducted in two steps: (i) formation of fine 
precursor mixture powders from a molecularly mixed precursor solution, and (ii) 
conversion of the precursor mixture powders to ultrafine particles by a combustion 
synthesis process. In the first step, aqueous solutions of precursor metal salts and a 
suitable, water-soluble fuel were prepared for use in the precursor mixture powder 
preparation apparatus. Two apparatuses were used in this study: an aerosol spray 
pyrolysis unit, and a table-top spray drying unit. Results from using the two 
apparatuses were subsequently compared. The precursor mixture powder produced 
in this step was then available for use in the second nanoparticle synthesis process 
step. 

The second step of the nanoparticle production process required the 
combustion of the precursor mixture powders, which at this point consisted of an 
explosive mixture analogous to gunpowder. Upon rapid heating, a highly exothermic 
and rapid chemical reaction occurred that (i)raised the particle's temperature, causing 
formation of the target ceramic powder to take place, and (ii) generated a large amount 
of gas that led to the nearly instantaneous disintegration of the precursor particle as 
the nanoparticles were formed. The molecular mixing of the precursors and its 
retention upon rapid drying of the precursor-solution droplets ensured that the length 
scale of homogeneity (and thus diffusion distances) in the reacting particle were small. 
Chemical homogeneity in the product nanoparticles was also expected to be retained 
at this length scale. In addition, the organic fuel material essentially assumed a role as 
a space-filling template that determines the size distribution and topology of the pore 
structure of the reacted precursor particle (that would be present in the absence of 
particle disintegration). This grenadekhrapnel scenario can thus be expected to 
significantly reduce the size of the as-combusted powder. 

The final step in successfuily fabricating dense, nanocrystalline materials 
required that sintering and densification be conducted without losing the nanometer- 
sized features through the grain-growth (undesirable) processes that usually occur. 
Fast-firing, a relatively nonconventional approach to firing and densifying ceramic 
materials, was used. Fast-fire processing used heating rates above 1 OO°C/min; its use 
significantly reduced sintering temperatures and sintering times to several minutes. 
Low porosity, nanocrystalline ceramic materials were successfully fabricated with fast- 
firing. This remarkable behavior may be understood in the following way. First, in 
many systems the densification process has a much higher activation entalpy than 
grain growth. Second, the nanocrystalline materials possess a high surface curvature, 
which give rise to a very high surface energy. Fast-firing takes advantage of the high 
energy that nanoparticles possess, in order to accelerate the elimination of porosity by 
sintering. Simultaneous grain growth can be suppressed if the furnace temperature is 
increased quickly to a temperature where densification can progress more rapidly than 
grain growth. Once nearly full density was reached, still lower sintering temperatures 
could be considered for further microstructural control and limited grain growth. In 
addition, the use of sintering additives and/or grain growth inhibitors (i.e., carefully 
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controlled grain boundary engineering) was expected to enhance the degree of 
success of this final process step. 

111. ACCOMPLISHMENTS 
A. Introduction 

This three year program has clearly demonstrated of the technical feasibility 
and utility of the combustion-synthesis-based process (Alfred/DOE process) for 
preparing ceramic nanoparticles and nanocrystalline devices. A preliminary 
engineering cost analysis of a pilot plant-scale version of this process for nanoscale 
Zr02 has suggested that combustion synthesis can be competitive with existing hi- 
tech processes. An evaluation of the commercialization potential of the combustion- 
synthesis-based process suggests that the equipment and expertise exists and the 
process could be implemented at existing industrial sites. 

The technical feasibility of this combustion synthesis-based process has been 
demonstrated for three materials that have important energy-related applications. An 
engineering cost analysis of a pilot-scale version of this process for Zr02 was 
conducted in order to determine the feasibility of scaling up to commercial production 
volumes. The pilot facility was considered to contain the essential elements of the 
existing laboratory process: spray dryer, ball mill, filter press and fast-fire furnace. The 
unit cost for each component was specified: raw materials, capital equipment, utilities, 
personnel and miscellaneous items. The results of this analysis showed that raw 
materials make-up the largest portion of the production costs while energy costs are 
now minor. A comparison of the particle size and price structure for the Alfred/DOE 
process Zr02 powder against world level manufacturers is presented below. 

Comparison of the production cost of yttria-doped Zr02 powders and 
ceramic made by the Alfred/ DOE process, 

with the price of ZrOz powders that are available from domestic vendors. 

B. Zirconia 
The synthesis and densification of doped Zr02 was first used to establish an 

understanding of the processes that were then to be used as a starting point for the 
other materials. Once the basic process understanding was established for the 4% Y 
doped Zr02, the synthesis of a broad range of yttria-doped Zr02, was performed and 
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both electrical and mechanical properties analyzed over a much broader range of 
densification parameters. An additional study was conducted using nanoscale carbon 
powders as a substrate or low temperature fuel. Each of these aspects of this study is 
summarized in the following paragraphs. 

The size and distribution of the particles were determined using transmission 
electron microscopy (TEM) imaging. TEM analysis shows that the particles were quite 
small, and roughly spherical in shape and not strongly agglomerated. The carbon 
substrate powders were consistently the smallest and least agglomerated. BET 
specific surface area measurements, x-ray diffraction line-broadening analysis, and 
electron diffraction analysis previously indicated a typical average particle size of 18, 
10, and 10 nanometers, respectively. A statistical analysis of the size distribution of 
the nanoparticles shows that the distribution is quite narrow, with an average diameter 
of 8.2 nanometers, and a width of Ll.3 nanometers. It was clearly demonstrated that 
this com bustion-synthesis-based process for preparing ceramic nanoparticles could 
produce very fine (multicomponent) oxide ceramics with a rather uniform particle size. 
Since the TEM images showed these nanoparticles to be relatively free of hard 
agglomerates, these nanoparticles were suitable for green-forming and densification 
process steps. 

The study of Zr02 was broadened to cover a wide range of yttria (dopant) 
concentrations and also calcium as a dopant. This was done since the use of other 
dopant concentrations and other dopants broadens the range of energy-related 
applications for which this nanocrystalline Zr02 can be used. For example, for high- 
temperature structural applications, the preferred range of dopant is 6-8 mole-percent 
yttria, while for use as a high-temperature oxygen sensor (such as in air-pollution 
control devices), the preferred range is 6-1 2 mole-percent yttria or 8-1 7 mole-percent 
calcia. In both the cases of Y and Ca, the Alfred/ DOE process was shown to be able 
to accommodate significant changes in composition, while simultaneously being able 
to produce very fine particles of the target material. 

The influence of densification conditions, for a variety of dopant concentrations, 
was found to be limited. The rate of heating during the fast-firing process had a 
relatively minor effect on the densification behavior of the yttria-doped Zr02 samples, 
while the dwell time had a somewhat more significant effect on that outcome. In both 
cases, however, the dopant concentration had a much more direct and profound 
influence on a particular sample's relative density following the fast-firing process. 
Moreover, the dopant concentration had the most significant influence on the final 
average grain size in the as-fired materials, while the values of the heating rate and 
dwell temperature used were apparently of secondary importance (Le., in the range of 
values studied). This difference in grain-growth rates is present (tetragonal and cubic 
when the dopant concentration is 4 and 10 mole-percent yttria, respectively) which in 
turn affects the diffusional mechanisms that are responsible for densification and 
grain-growth. The rate of grain-growth is much higher in the cubic material than that in 
the tetragonal material. As a result, it may be said that, even though it is possible to 
synthesize ceramic oxide particles with a very fine particle size, it is also important to 
control firing conditions in such a manner that the very fine grain is retained in the 
material following that firing process. 
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Flexural strength tests were carried out in order to evaluate the mechanical 
properties of ultrafine PSZ (partially stabilized zirconia). The PSZ nanoparticles used 
in this study were synthesized from the normal AlfredlDOE process and modified with 
carbon powder. Samples of 96 to 98% density with a 200 to 250 nm grain size were 
ground into 2 x 1.5 x 25 mm bars and annealed at 900° C to remove machining 
stresses. Both sets of samples had flexural strengths of approximately 350 MN/m2. 
This value was quite similar to results of other ultrafine PSZ, but considerably smaller 
than coarse grained (1000 nm) PSZ which is approximately 1000 MN/m? The 
mechanism for strength enhancement in course PSZ is the stress-induced-phase 
transition which is inactive below 400 nm. The conclusion is that while there is no 
unforeseen benefit in these ultrafine PSZ ceramics, the Alfred/DOE process produces 
strong ceramic that will not have strength limitations for other applications. 

PSZ has been explored for numerous electronic applications and is widely 
used as a oxygen sensor and a high temperature conductor. Tests on dense and 
nano-porous ceramic made by the Alfred/DOE method were conducted to test if the 
reduced grain size and pore size influenced the electrical response. 

The activation energies of oxygen conduction in samples fired between 1200" 
C and 1425O C were found to be unchanged with grain size. The activation energy of 
both the grain and grain boundary conduction, as measured by impedance 
spectroscopy, were unchanged from literature values recorded for micron-grained 
material. The oxygen vacancy concentration in the grain and grain boundary were 
also found to be independent of grain size, or firing conditions, in the range studied 
between 90 and 200 nm. These experiments suggest that if the unusually high 
oxygen vacancy concentrations reported in the literature for 10 nm powder are to be 
achieved, grain size must be reduced considerably below the 90 nm achieved by the 
Alfred/DOE process. It is also possible that these large defect concentrations are 
achieved by limiting the processing temperature, which anneals out defects, and can 
never be achieved by sintering techniques. 

PSZ ceramic has also been considered as a candidate material for humidity 
sensing applications. The results from fast-fired Alfred/DOE powder suggest that the 
ability to form nano-scale grains and also nano-scale pores can not only influence the 
humidity sensitivity but also the selectivity or ability to exclude ethanol. When a nano- 
porus sample was compared to a Conventional micro-porous sample, it was found that 
white the conventional sample changed three orders of magnitude, the nano-porus 
sample changed by four orders of magnitude in the humidity range of 10% to 90% 
relative humidity at room temperature. The enhanced sensitivity is probably 
attributable to water vapor physisorption and condensation in the very fine capillaries 
in the nano-pore rich material. The difficulty of humidity sensing with microporous PSZ 
is that the overall resistivity is too large to be adaptable to inexpensive electronics. 
This study suggests that a somewhat more conductive material prepared in nano- 
crystaline form could have enhanced water uptake and thus increased sensitivity. 

C. Y B a 2 C ~ 3 0 7 - ~  Superconductor 
This portion of the project focused on exploring the utilization of the Alfred/DOE 

process in creating fine particle size powder within the Y-Ba-Cu-0 system including 
the YBa~Cu307-~ superconducting phase. The fine particle size powders were then 
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used to form dense samples through a melt texturing process. As described 
previously, YBa2C~307-~  was prepared by creating an aqueous solution of metal 
nitrates and an organic fuel. The solution was then spray dried, ignited and calcined 
to form phase pure YBa2C~307-~. The optimum fuel content was determined for the 
production of superconducting powders with regards to stoichiometry, homogeneity 
and reactant combustion. 

The initial solution composition was then modified to allow for the production of 
multiphase powders to test concepts in microstructure stabilization and flux pinning for 
superior superconducting current density. Excess yttrium was added to the solution to 
produce powders consisting of both the superconducting YBa2C~307-~ phase and the 
non-superconducting Y2BaCuOs phase. This was performed because Y2BaCuOg 
particles embedded within a superconducting matrix have been shown to increase the 
flux pinning capability of bulk samples. An increase in the amount of magnetic flux that 
was pinned or held in position increased both the critical current density and levitation 
force of the sample. Both these characteristics were necessary for the production of 
practical devices. Silver was also added to the initial solution in the form of silver 
nitrate. Silver was thought to have two effects in this system. First, silver was believed 
to play a role in the liquid phase sintering of the ceramic. Second, silver could 
decrease the resistance to electron flow between superconducting grain boundaries. 
Additionally, the initial stoichiometry was adjusted to produce fine grained YeBaCuOs. 
Phase pure Y2BaCuOs was produced after a short calcination stage at 930" C. 
Specific results regarding the production of fine grained powders within the Y-Ba-Cu- 
0 system are detailed within the preprint included in the appendix which is entitled 
"Combustion Synthesis of Y1 Ba2C~307-~ and Y2BaCuOs Powders". 

The powders were then used to form bulk samples. Samples were formed by 
two techniques: dry pressing and tape casting. Combustion synthesized 
Y 1 B a 2 C ~ 3 0 7 - ~  powder was dry pressed and combustion synthesized Y2Bal CUI 0 5  
along with commercially prepared Y1 B a 2 C ~ 3 0 7 - ~  were tape cast. These samples 
were then melt textured to form dense bulk samples. Melt texturing involved heating 
the samples above the peritectic melting temperature for Y1 Ba2C~307-~ ,  101 0" C. 
Then the sample was slow cooled through the recrystallization range to allow the 
growth of large grains oriented along the c-axis. Large domains of textured grains 
have been shown to increase the current carrying capability of oxide ceramics due to 
the decrease in the number of 'weak links' or high angle grain boundaries. 

Tape cast sheets were cut into 1 inch squares, stacked and laminated prior to 
binder burnout and melt texturing. Laminates were formed from all Y1 B a 2 C ~ 3 0 7 - ~  
sheets, and with alternating Y1 B a 2 C ~ 3 0 7 - ~  and YeBal Cu105 sheets. Combustion 
synthesized and conventionally prepared Y2Bal Cu 1 0 5  powder was used in the 
multilayer samples to determine the effect of combustion synthesis process on the 
properties of the bulk samples. Multilayer samples were shown to outperform both dry 
pressed pellets and pure Y1 B a 2 C ~ 3 0 7 - ~  laminates in both magnetic hysteresis and 
critical current density. Of the multilayer samples, those formed using combustion 
synthesized Y2Bal Cud 0 5  powder had the largest magnetic hysteresis loops and 
critical current densities. The results for these experiments are included in the 
appendix titled "Improved Magnetic Properties Through Muitiphase Lamination of High 
Tempe rat u re Superconductors". 
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D. Barium Titanate 
Ferroelectric barium titanate continues to have widespread use in the 

commercial and military microelectronic industries. Applications include multilayer 
capacitors (the largest dollar value application), piezoelectric transducers, PTCR 
thermistors, electro-optics, and various other dielectric and piezoelectric devices. 
Interest in ultra-fine barium titanate powders and nano-grain sized ceramics stems 
prima ri I y from mu It i la ye r ceramic capacitor applications. Modern te m pe rat u re-stable 
high-permittivity ceramic capacitors rely on (i) ultra-fine powders for the fabrication of 
thin (2 to 20 pm) dielectric layers, and (ii) grain-size (0.2 to 2 pm) limited phenomena 
for enhanced dielectric properties. 

Combustion synthesis and fast-firing were investigated as processes for 
economical fabrication of high-permittivity barium titanate capacitors. Combustion 
synthesis proved suitable for preparation of high-purity, ultra-fine, multi-component 
ceramic-oxide powders. Fast-firing completed the processing and high-density 
fine-grain components with exceptional electrical properties were produced. 

The Alfred/DOE combustion synthesis process was optimized for the 
preparation of ultra-fine barium titanate powders. First the fuel materials were 
systematically evaluated. Oxalic dyhydrazide was determined most suitable. This 
assessment was based on (i) fuel solubility, (ii) reactivity, (iii) the ability to be spray 
dried, and (iv) the complete elimination of residual organic content on combustion. 
Oxalic dyhydrazide was chosen over other fuels mainly for its high reactivity, ease of 
spray drying (low solution viscosity) and high melting-point. 

Next, the optimal fuel content was evaluated in a broadened fuelhitrate 
compositional range utilizing a two head peristaltic pump which eliminated 
precipitation problems by mixing the fuel and oxidizer just before spray drying. A fuel 
content of 25% was chosen as optimum based on thermal analyses of both unreacted 
and combusted powders, and on specific surface area, morphology and x-ray 
diffraction of the reacted powders. Fuel-rich mixtures produced excessive reaction 
temperatures which caused the particles to sinter and coarsen. Fuel deficiency 
resulted in 'incomplete reaction and residual nitrate salts were observed in the 
combusted powder. Powder synthesized with 25% fuel showed cubic symmetry by x- 
ray diffraction, had a specific surface area of 8 m*g-1, and had an average crystallite 
size of 40 nm (by Williamson-Hall analysis of X-ray diffraction data). This favorable 
crystallite size was accomplished by demonstrating that a rotary calciner (high volume 
process) could be used to flash Alfred/DOE powder and also lower the reaction 
temperature (reduce particle size) which is more critical for barium titanate than 
zirconia. 

Fast-firing in air produced dense (>96% of theoretical), fine-grain (4 micron) 
capacitors without the use of sintering-aids or hot-pressing. Furnace time was 
reduced from a conventional schedule of over ten hours to a fast-fire schedule of about 
twenty minutes. The Ti-excess powder exhibited room temperature dielectric 
constants approaching 5400 and dielectric losses of c 3%. Room temperature 
permittivity for typical ceramic barium titanate was approximately 1500, and the 
highest value ever reported for pure barium titanate is 6000. 
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An electro-ceramic application, such as a ceramic capacitor, was a formidable 
test-ground for any powder synthesis or ceramic fabrication process. Electro-ceramics 
are extremely susceptible to external influences, such as microstructural defects and 
chemical contamination. The microstructure and electrical properties of sintered 
ceramic capacitors are strongly influenced by the physical and chemical properties of 
the starting powders. Without control of powder characteristics, satisfactory device 
performance is unlikely. 

The particle size, particle shape, particle size distribution, and the degree of 
agglomeration of the starting powder all contribute to the development of the 
microstructure of a sintered ceramic. Defects in an unfired ceramic are difficult or 
impossible to remove by sintering. These defects limit the physical properties and 
reliability of the fired ceramic. Powder synthesis techniques that make claims of 
ultra-fine particle-sizes often suffer from an unacceptable degree of aggregation. The 
electrical properties of devices fabricated from such powders are disappointing (and 
often go unreported). Electrical characterization probes the bulk of an entire ceramic 
component. Problems that might go unnoticed by microscopic characterization 
techniques are difficult to avoid with electrical characterization. 

Minute contamination concentrations (< 100 ppm), cation and oxygen non- 
stoichiometries (e 100 ppm), and compositional inhomogeneities drastically alter the 
electrical properties of ceramic capacitors. These sensitivities are often below the 
detection limits of today's chemical analysis techniques so that impurities and 
inhomogeneities that go undetected during routine characterization become readily 
apparent in the electrical properties and microstructure of a sintered ceramic capacitor. 

Combustion synthesis combined with fast-firing produced ceramic capacitors 
with exceptional results. Electrical properties approach the best in over fifty years of 
reported data. These electrical properties are affirmation of the value of the 
Alfred/DOE process. 
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Combustion Synthesis of YBa2C~307-~ 
and Y2BaCuOg Powders 

John D. Pietras and 
Vasantha R.W. Amarakoon 

New York State College of Ceramics 
at Alfred University 

Alfred, New York 14802 

Abstract 

A technique for the synthesis of homogeneous powders with a fine 

crystallite size has been studied. The process involves a highly exothermic redox 

reaction in which an organic fuel and metal-nitrate salts react vigorously. The 

reaction creates a friable precursor powder that is easily ground to a particle size 

of 1 to 4 microns. These particles are easily converted to the target phases by 

calcination at 900 or 930 OC for YBa2C~307-~ and Y2BaCuO5 respectively. The 

homogeneity, stoichiometry and phase composition of the combusted powder 

were found to be a function of the initial fuel to nitrate mass ratio. 



1. Introduction 

Two of the most important aspects in the production of bulk high temperature 

oxide superconductors are the strict control of initial powder homogeneity and the 

subsequent microstructure development. These are necessary to produce practical 

devices requiring a high critical current density and/or a large magnetic levitation force. 

Several techniques have been employed to produce superconducting compounds. The 

mixed oxide technique is the most commonly used approach for powder preparation of 

the Y B ~ ~ C U ~ O ~ - ~  (123) system. Ball milling is generally used to mix oxides of yttrium 

and copper along with barium carbonate in this technique. Sintering aids and/or minor 

phases for increased flux pinning can be added at this stage as well. The mixture is then 

calcined at approximately 900 O C  for up to 100 hours to allow the components to react to 

form the 123 phase. This technique is time consuming, energy inefficient and generally 

results in inhomogeneous powder of a large grain size. 

Many solution based techniques have been studied to increase the homogeneity of 

the powders and to decrease the energy required to form the target phases. Solution 

based techniques have the advantage of yielding a more homogeneously mixed product 

than the dry mixing approach. Solution chemistry also allows homogeneous additive 

incorporation and cation ratio adjustments to be achieved. In this way, a precisely 

engineered initial powder composition can lead to improved control over both grain 

growth and phase content. 

The solution based synthesis techniques include sol-gel synthesis, freeze drying, 

co-precipitation, spray pyrolysis and combustion synthesis. Sol-gel synthesis has been 

shown to lead to better cation mixing than conventional techniques. This leads to a 

shortened diffusion distance and thus lowers both the reaction time and temperature 

required to produce the target material. 1-3 It has also been shown that fibers can be 

drawn from the viscous precursor s ~ l u t i o n . ~  The drawbacks to the sol-gel technique are 
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that the chemicals can be expensive and it is a batch process that is not easily scaled to a 

commercial level. 

Co-precipitation2 and freeze drying5, have also been shown to produce 

homogeneous, fine grained particles. These techniques share the drawback that they are 

also batch processes. Co-precipitation has the added drawback that stoichiometry is 

difficult to maintain. 

Spray pyrolysis involves forming a mist from a precursor solution and feeding 

that mist through a tube furnace. The solution can be prepared from any soluble salt 

including metal nitrates7, * or from metal-EDTA as shown by Pebler et aL9 These 

processes form fine grained YBa2C~307-~ products that tend to have the non- 

superconducting tetragonal structure. This requires a calcination period for conversion to 

the orthorhombic phase. This second heat treatment can reduce the energy savings of this 

process. 

Combustion synthesis techniques make use of highly exothermic redox reactions 

in which metal salts are mixed with a fuel. The system is then combusted, forming a 

mixed oxide powder. The vigorous reaction yields a high surface area powder of fine 

crystallites that are very reactive and easily convert to the target phase during a short 

calcination period. Metal nitrates are generally used as the cation source because they are 

readily available and dissolve easily in water. Combustion synthesis has been 
successfully utilized to produce many oxide materials including mullite, lo a -alumina, 11 

chromite, l2  zirconia l3 and ferrites, l4 as well as superconductors. 15-22 

Although the production of fine grained 123 powders has been widely studied, 

little has be published on fine grained Y2BaCuO5 (21 1) particles for improved flux 

pinning. It has been shown that the critical current density of type 11 superconductors is 

proportional to the surface area of second phase pinning centers. This result was 

confirmed within the Y-Ba-Cu system by Ni et a123 Their results show that increasing 
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. 
the volume fraction and decreasing the size of 2 1 1 particles enhances the critical current 

density of bulk 123 superconductors prepared by melt processing. 

This study was undertaken to adapt an existing combustion synthesis process l3 to 

the production of high quality, fine grained powders within the Y-Ba-Cu-0 system. 

Venkatachari et al. 

powders were prepared by spray drying a solution containing metal nitrates and an 

organic fuel. The precursor powder was then combusted to form the target phase which 

had a fine grain size and a high surface area. 

studied the combustion synthesis of stabilized zirconia. Precursor 

In this study, yttrium, barium and copper nitrates were mixed with oxalic 

dihyrazide. This highly reactive mixture was then combusted in a preheated beaker 

yielding a mixed oxide powder. Subsequent calcination at appropriate temperatures 

yielded the target phases, Y B ~ ~ C U ~ O ~ - ~  and Y 2BaCuO5. Processing conditions were 

varied to determine the optimum fuel to nitrate ratio and calcining temperatures. The 

morphology of the resultant particles was then studied. 

2. Experimental Procedure 

Yttrium, barium and copper nitrates* were dissolved in distilled water. The cation 

ratio was varied to form two target phases. The solutions were prepared to produce 

stoichiometric YBa2C~307-~ (123) and stoichiometric Y2BaCuOg (21 1). An organic fuel 

was dissolved in the nitrate solutions using 1 molar nitric acid. The organic fuel oxalic 

dihydrazide* was used in all cases. The proportion of fuel to total nitrates was varied 

from 15 to 50 mass percent fuel. Table I lists the stoichiometry of the powders prepared 

in this study. 

The final solutions contained 0.04 moles of yttrium cations per liter of de-ionized 

water. The solutions were dried using a laboratory size spray driery with a two fluid 

' Aldrich Chemical Company, Milwaukee, WI 

O0 Philips, 
Model SD-04, The Virtis Company, Gardiner, NY 
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nozzle to form a homogeneously mixed precursor powder. The inlet temperature was set 

to 165 O C  and the outlet temperature was 118 O C .  

The combustion stage was carried out using a 200 ml glass beaker that was 

20 OC on a hot plate. Combustion synthesis was perfonned by preheated to 550 

sprinkling the spray dried powder into the hot beaker. The exothermic reaction occurred 

instantly resulting in a black precursor powder. The beaker was periodically emptied to 

prevent the build up of an insulating layer of combusted powder. A schematic of this 

process is shown in Figure 1. 

The precursor powders were characterized using several techniques including: x- 

ray diffraction- (Cu K a  radiation), scanning electron microscopy e,  thermal gravametric 

and chemical analysis techniques. 

The precursor powders were then calcined for 4 hours in a flowing air atmosphere 

at temperatures ranging from 800 to 930 OC in a box furnace". The crystalline phases 

present in the calcined powders were identified by x-ray diffraction and the powder 

morphology was examined by scanning electron microscopy and transmission electron 

microscopy e. 

3. Results 

3.1 Effect of Fuel Content 

Combustion of the spray dried powder produced a mixture of intermediate phases. 

As reported by Pederson et. al., the phases formed during combustion are a result of the 

fuel to salt ratio in the starting solution.24 The fuel content of a system can be described 

as being either fuel lean or fuel rich. A fuel lean mixture results in incomplete 

AMRAY 1810 SEM, AMRAY, Inc., Bedford, MA 
Type 51442, Lindberg, a unit of General Signal, Watertown, WI 
e E M  2000-fx, JEOL, Inc. 
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combustion of the reactants. A fuel rich regime results in over reduction ofthe 

constituent cations. 

The first set of experiments determined the boundary between the fuel rich and 

fuel lean regimes. Figure 2 displays the x-ray diffraction patterns for combusted powder 

with fuel contents ranging from 15 to 50 weight percent of the total solids in solution. 

With less than 30 weight percent fuel in the starting solution, the diffraction patterns are 

dominated by unreacted barium nitrate. Nearly complete pyrolysis of the nitrates 

occurred at a fuel content of 30 weight percent. In this case, BaC03, CuO and Y2O3 are 

the major phases produced with only slight evidence of residual nitrates. With a further 

increase in the fuel content, the system enters the fuel rich regime. At a fuel content of 50 

weight percent, the copper is reduced to its metallic state. From these results it is 

concluded that the boundary between the fuel lean and fuel rich regimes is a 30 to 70 fuel 

to nitrate mixture. 

A visual inspection of the chamber pfter combustion showed a uniform black 

powder for fuel contents ranging up to 30 weight percent. With a fuel content greater 

than 30 weight percent, phase separation occurred. Brown powder was found in the 

bottom of the beaker while a reddish powder, the copper phase, was bound to the walls of 

the container. This spatial inhomogeneity sets the upper limit for the fuel to salt ratio at 

30 percent. 

Chemical analysis was performed to determine the cation ratios after the 

combustion stage. In the extreme fuel lean and fuel rich cases, stoichiometry was not 

preserved, as is shown in Figure 3. The loss of copper during combustion of the spray 

dried powders containing a high content of fuel is partially attributed to the phase 

separation observed after combustion. Thus, to avoid phase separation, incomplete 

combustion and to maintain cation stoichiometry, 30 to 70 was chosen as the optimum 

fuel to salt mass ratio. 
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3.2 Thermal Analysis 

Combusted powder was tested to determine the various reaction temperatures of 

the system. Analysis of the powder showed two regions of weight loss. Figure 4 shows a 

minor loss occurring between 420 OC and 575 O C .  This initial loss is attributed to the 

pyrolysis of residual nitrates. The major weight loss occurs beginning at 790 OC and is 

associated with the reaction of barium carbonate with the yttrium and copper oxides to 

form the YBa2C~307-~  phase and C02 gas. The total weight loss during calcination is 

approximately 14 percent of the precursor weight. 

The combusted powder consists of fine crystallites that react readily and convert 

to either the superconducting 123 phase or the high temperature 2 1 1 phase during 

calcination depending on the initial stoichiometry. X-ray diffraction patterns of powder 

1C calcined for 4 hours at temperatures ranging from 800 to 930 OC are shown in Figure 

5. The peak positions of impurity phases are marked in the figure along with the (hkl) 

values for the orthorhombic 123 phase. 

The pattern for powder calcined at 800 O C  confirms that the weight loss observed 

via thermal gravametric analysis at 790 OC is the loss of carbon during the conversion to 

YBa2C~307-~. As the calcining temperature is increased, a decline in the barium 

carbonate peak intensity is observed with a corresponding sharpening of the 123 pattern. 

At a calcination temperature of 860 OC the barium carbonate phase is removed and the 

orthorhombic 123 phase is completely crystallized. The tetragonal to orthorhombic 

transition is apparent through the splitting of the (200) and (020) peaks at 47O two theta. 

Nearly phase pure 123 is formed at calcining temperatures up to 900 O C .  Calcination at 

temperatures higher than 900 OC causes the break down of the 123 phase into the 

Y 2BaCuO 5 phase and barium and copper oxides. 

Similarly, powder 2A was calcined to form the non-superconducting Y2BaCuOg 

phase. Figure 6 shows the x-ray diffraction data for this powder after calcination at 930 
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OC for 3 hours. The diffraction pattern shows that phase pure 21 1 was formed with a 

short calcination stage. 

3.3 Morphology 

The combusted powder had an interlinked morphology consisting of soft 

agglomerates of porous particles. This type of structure has been reported by previous 

authors working with combustion synthesis. 1 5 3  247 25 The agglomerate size was in the 

range of 3-10 pm as shown in Figure 7. 

The calcined powder also consisted of soft agglomerates that were easily broken 

during grinding. The resulting particles range from 1 to 4 microns in size as shown by 

electron microscopy in Figure 8. Transmission electron microscopy showed these 

particles to consist of loose agglomerates of fine grains. The grain sizes are on the order 

of 0.2 to 0.6 pm in diameter as shown in Figure 9. The loose agglomerations are in sharp 

contrast to the large agglomerates found in 21 1 powders produced using the mixed oxide 

technique. Figures 10 and 11 show TEM micrographs of 21 1 particles produced by the 

mixed oxide and combustion synthesis techniques respectively. Mixed oxide powder is 

densely agglomerated and is difficult to break up. The combustion synthesized powder is 

easily ground into discrete particles. These particles are finer that those previously 

reported by Pederson et. al. produced by a similar combustion synthesis technique which 

averaged particles 10 pm in diameter. 

Summary 

The combustion process yields an intimately mixed precursor powder consisting 

of barium carbonate, yttrium oxide, copper oxide and metallic copper. This powder is 

fine grained and thus converts rapidly to the target phase at relatively low temperatures 

and short calcining times. The calcined powder is nearly phase pure and consists of fine 

crystallites giving it a good reactivity. The process is advantageous in that additives such 
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as silver or platinum can be added directly to the starting solution resulting in 

homogenous mixing. In addition, the initial cation ratios can be adjusted to allow the 

formation of second phases to improve the flux pinning of the bulk samples. Finally, the 

conversion to YBa2C~307-~  and Y2BaCuO5 occurs at a low temperature and relatively 

quickly which saves energy and maintains the fine crystallite size. 
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Table I 
The composition of combustion synthesis precursor solutions. 
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Figure 10. 

Figure 1 1. 

A schematic diagram of the combustion synthesis process. 

X-ray diffraction patterns for combusted powder as a function of weight 
percent fuel in the precursor powders. 

The post combustion cation molar ratios as a function of fuel content. 
Stoichiometry is maintained in the 30 and 40 weight percent fuel cases. 

Thermal gravametric analysis of combusted powder, the heating rate was 
10 OC/minute. 

X-ray diffraction patterns of powder calcined from 800 to 930 OC for 4 
hours showing the development of the YBa2C~307-~ phase as a function 
of temperature, The (hkl) values are assigned to the superconducting 
phase, ( 0 )  denotes the maximum intensity peak of BaC03 and (*) denotes 
the major peak for the Y2BaCuO5 phase. 

X-ray diffraction pattern of Y2BaCuOs powder calcined at 930 OC for 3 
hours. 

Scanning electron micrograph of as combusted powder showing a porous 
morphology. 

A scanning electron micrograph of powder calcined at 880 O C  and ground 
for five minutes in a mortar and pestle. 

TEM micrograph of combustion synthesized Y2BaCuO5 powder after 
calcination. The bar represents 100 nm. 

TEM micrograph of an agglomerate of Y 2BaCuO 5 powder produced by 
the mixed oxide technique. The bar represents 500 nm. 

TEM micrograph of a loose agglomerate of combustion synthesized 
Y2BaCuO5 powder where the bar represents 500 nm. 
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Abstract 

YBa2Cu3076 and Y2BaCuO5 sheets were formed by tape casting. The 

green sheets were cut into one inch squares and stacked to form samples 

consisting of pure YBa2Cu307-6 and YBa2CugO7-6N2BaCuO5 

composites of alternating composition. The stacks were laminated and 

melt textured to form bulk samples that were free of delamination defects. 

The composite nature of the samples remained intact after firing. Second 

phase Y2BaCuOg inclusions were found to vary in size and shape 

depending on their location within the composite structure. Inclusions 

within the YBa2Cu3076 region had an aspect ratio of approximately 2 and 

a mean perimeter of 14 pm. Inclusions within the Y2BaCuO5 region were 

more equiaxed and finer. They had an aspect ratio of 1.4 and a mean 

perimeter of 6.1 pm. The composite structure was shown to increase the 

area of the magnetic hysteresis loop and thus the intragranular critical 

current density as compared to the single phase samples. 



1. Introduction 

The strict control of microstructural development is paramount to the production 

of effective bulk superconductors. Not only is the bulk texturing of the superconducting 

phase important for the reduction of weak links, but the size and distribution of the non- 

superconducting grains are important as well. In the YE3a2C~307-~ (123) system, the size 

and location of the non-superconducting Y2BaCuO5 (21 1) grains plays an important role 

in the development of well textured bulk samples and in the flux pinning characteristics 
of those samples. 1-4 

The standard technique to produce highly c-axis oriented bulk superconductors in 

the 123 family is melt-text~ring.~ Melt-texturing consists of two stages. The first is the 

incongruent melting of 123 into a barium-copper rich liquid and Y2BaCu05 solid as 

described by equation (1). 

123 -+ 21 1 + Liquid 

This is achieved by heating past the peritectic melting point of 123 which is 

approximately 1010 OC. The melting temperature can be controlled by the addition of 

additives such as silver or platinum and through the adjustment of cation stoichiometry. 

During this stage, the liquid phase wets the solid and can be wicked out of the sample. 

This process is termed liquid egress. The loss of barium and copper due to egress shifts 

the stoichiometry towards the 21 1 phase field. Therefore the amount of liquid egress 

controls the upper limit of 123 formation during the second stage of melt texturing. 

The second stage in melt texturing is the slow cooling of the sample below the 

peritectic point. At this point the reverse reaction of equation (1) occurs: 

21 1 + Liquid + 123 



The growth rate of the 123 phase from the undercooled solid and liquid is limited by the 

rate of yttrium diffusion to the growth front.' Since the 211 particles act as the yttrium 

source, their size and location are important factors in the growth of well textured 123 

grains. Izumi et. aL8 have shown this to be true by examining Fick's law of diffusion: 

AC J = D -  x (3) 

where J is the yttrium flux per unit area, D is the diffusion coefficient, AC is the 

concentration gradient of yttrium from the 2 11 particle to the 123 growth front and x is 

the distance between the two. They showed that the difference in concentration is related 

to the particle size, r, through the Gibbs-Thomson relation: 

21- AC = - 
rmL 

(4) 

where r is the Gibbs-Thomson coefficient and mL is the liquidus slope of the 21 1 phase.8 

A smaller radius of curvature increases the driving force for dissolution thus increasing 

the composition differential in the liquid. Therefore, finer 21 1 particles are favorable 

because they will lead to an increased growth rate due to a greater yttrium flux to the 

growth front. Also from Fick's law, the distance between the growth front and the 211 

particle is important. As x decreases, the flux will increase. This relation leads to the 

conclusion that evenly distributed 21 1 particles will allow an even growth of textured 

domains. The large regions of texturing will then reduce the number of high angle grain 

boundaries, or weak links, and thus increase the bulk critical current density. 

The second incentive for controlling 21 1 particle morphology is its effect on the 

flux pinning characteristics of the sample. It has been widely documented that non- 

superconducting second phase additions can act as flux pinning sites.3, 47 Lines of flux 
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which pass through impurity phases are located in an energy minimum. Moving the 

fluxoid from that spot requires an energy equal to the condensation energy of the 

superconducting phase. 

The effectiveness of second phase pinning centers is dependent upon their size 

and concentration. For large inclusions, a fluxoid is free to move within the second 

phase. The actual pinning occurs only at the border between the second phase and the 

superconducting matrix. Many types of second phase pinning centers have been 

investigated, including Y ~ B ~ C U O ~ ~ ~  4, 7 ,  lo, BaSn03,11 Ba2TiO4, Ag and Fe 

clusters. 12 

It has been shown that increasing the content and decreasing the size of 21 1 

particles within the 123 matrix increases both the critical current density and the 

levitation force of high temperature superconductor samples. 39 7 3  lo, l3 The enhanced 

flux pinning characteristics due to the 21 1 particles has been attributed to the 21 1/123 

interface. It is yet to be determined if the enhancement is due to the interface itself, 

defects in the 123 matrix caused by the inclusion or a combination there of. In either 

case, the creation of more 211/123 interfacial area will increase the flux pinning 

characteristics of the sample. 

There is a second effect of impurities on the superconducting properties though. 

The addition of non-superconducting phases act to reduce the total superconducting 

volume of the sample. This decreases the critical current density since a lower fraction of 

the bulk sample is able to pass current. lo Thus, there is a trade off between the benefits 

and disadvantages of adding second phase inclusions. As such, second phase inclusions 

should be small to maximize their effective surface area while minimizing the volume of 

non-superconducting material. 

Thus, the goal of this work was to control the particle size and spatial 

homogeneity as well as the content of 21 1 particles for both improved texturing and 

increased flux pinning characteristics. To accomplish these goals fine grained 21 1 
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2. Experimental 

High purity 123 powder was used for these experiments.* Y2BaCuOg powder 

was prepared by the conventional mixed oxide technique and through the combustion 

synthesis technique. Technical grade yttrium oxide, * * copper oxide,* * * barium 

carbonate*** were used for the mixed oxide synthesis. The oxides were wet ball-milled, 

* Seattle Specialty Ceramics, Inc., Woodinville, WA 
Molycorp, Inc., White Plains, NY 

Fisher Scientific, Pittsburgh, PA 
# Aldrich Chemical Company, Milwaukee, WI 

** 
*** 

4 

particles were fabricated by a combustion synthesis technique. Tape casting was then 

used to produce bulk samples. 

Tape casting is currently one the most commonly used techniques in the 

electronics industry. l4 Soon after the discovery of high temperature superconductors, 

researchers adopted tape casting as a forming method for both superconducting tape 15-17 

and laminates. l9 Studies have shown that tape casting can reduce the number of 

weak links by orienting anisotropic grains. 19-21 This causes an increase in the critical 

current density of sintered pieces. 

Despite the amount of research conducted early on in the development of 

superconducting tapes through tape casting, little work has been reported recently on the 

subject of bulk sample fabrication through lamination. In an effort to increase the flux 

pinning capability while minimizing the detrimental effect of an increased volume 

fraction of non-superconducting material within the bulk samples, a novel tape casting 

and lamination process was devised. 22 In this study both 123 and 2 1 1 powders were tape 

cast to form plastic sheets. These sheets were then stacked in an alternating pattern prior 

to lamination. In this way, excess 21 1 particles were added to the system without placing 

them directly within the superconducting matrix. The 21 1 particles can then act as 

yttrium sources and as mechanical guides during the texturing process. 

2. Experimental 

High purity 123 powder was used for these experiments.* Y2BaCuOg powder 

was prepared by the conventional mixed oxide technique and through the combustion 

synthesis technique. copper oxide,* * * barium 

carbonate*** were used for the mixed oxide synthesis. The oxides were wet ball-milled, 

Technical grade yttrium oxide, * * 

* Seattle Specialty Ceramics, Inc., Woodinville, WA 
Molycorp, Inc., White Plains, NY 

Fisher Scientific, Pittsburgh, PA 
# Aldrich Chemical Company, Milwaukee, WI 

** 
*** 
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dried, ground and calcined in an alumina crucible at 930 OC for 24 hours in flowing air. 

The resultant powders were then reground to remove large agglomerates before tape 

casting. 

Combustion synthesis of Y2BaCuO5 was achieved by mixing nitrate salts with an 

organic fuel. An aqueous solution containing yttrium, barium and copper nitrates# was 

prepared with cations in the ratio of 2: 1: 1. The organic fuel oxalic dihydrazide# was 

added to the solution and dissolved using 1 molar nitric acid. The solution was then 

spray dried## to form a homogeneously mixed precursor powder. The inlet temperature 

was set to 165 OC and the outlet temperature was 118 O C .  

The combustion stage was carried out using a 200 ml glass beaker that was 

preheated on a hot plate to 550 f 20 OC. Spray dried powder was then sprinkled into the 

hot beaker. Combustion occurred instantly, resulting in a brown precursor powder. 

Precursor powders were then calcined for 4 hours in a flowing air atmosphere at a 

temperature of 930 OC. 

Tape casting slurries were prepared by mixing the powder (either 123 or 21 1) and 

a polyvinyl buteral based binder### with toluene as a solvent. The weight percentages for 

the powder, binder and solvent were 68, 27 and 5 respectively. The slurry was ball 

milled for 24 hours using alumina milling media. 

The well mixed slurry was deaired for 5 minutes prior to casting. A stainless steel 

doctor blade was used to cast the slurry on a smooth glass surface. The casting rate was 

held constant at 1.5 cdsecond. The tapes were dried and stored in resealable plastic 

bags. 

Green tapes were cut into 1 inch squares and stacked for lamination. Three sets of 

samples were produced varying the composition of the stack. The first consisted of 50 

layers of 123 tape. The second set contained 25 layers of 123 tape and 26 layers of 21 1 

## Model SD-04, The Virtis Company, Gardiner, NY 
### Palomar-MSI #B73305, Palomar-MSI, San Marcos, CA 

AMRAY 1810 SEM, AMRAY, Inc., Bedford, MA 
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tape stacked alternately. The 211 was produced by the mixed oxide technique in this 

case. The third type of sample contained 19 layers of 123 tape and 20 layers of 21 1 tape. 

In this case the 21 1 powder was produced by the combustion synthesis technique. 

Additionally, 1 cm diameter pellets were uniaxially die pressed from 123 powder at a 

pressure of 50 MPa for one minute. Table I summarizes the samples produced in the 

study. 

Table I 

Description of melt textured samples produced. 

Pressed Pellet 

The stacks were laminated at 80 O C  under 17 MPa of pressure. The laminated 

compacts were then cut into bars for binder burnout and melt texturing. Complete 

organic removal was achieved by heating to a maximum temperature of 600 O C  with 

heating rates of 10 O C  per hour. The samples showed little to no delamination after 

ashing. Both pellets and laminates were then melt textured. The samples were heated 

400 O C  per hour to a temperature of 1100 O C  and held for 10 minutes. They were then 

cooled at 300 O C  per hourto 1010 O C  and slow cooled rate of 12 O C  per hour to 400 O C .  

An atmosphere of flowing air was maintained at 1 lpm until a temperature of 700 OC was 
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reached during cool down. At this point the gas was switched to flowing oxygen at 1 

lpm. 

Sample morphology was characterized by scanning electron microscopy,' energy 

dispersive spectroscopy, and optical microscopy.- Magnetic hysteresis was measured on 

a SQUID magnetometer at the University of Buffalo. 

3. Results and Discussion 

3.1 Morphology 

The first set of laminated samples consisted of 50 layers of 123 tape. After binder 

burnout, there were no visible signs of cracking. Melt texturing resulted in a 

microstructure similar to that of melt textured pellets. Macroscopic regions of textured 

domains were present throughout the bulk. This structure is shown in Figure 1. 

Embedded within these domains, 21 1 grains which did not fully decompose during melt- 

texturing are randomly distributed. Energy dispersive spectroscopy (EDS) was 

performed on regions (a) and (b) in Figure 1 to confirm the identity of the two phases, the 

results are given in Figure 2. The intensity increase of the yttrium peak relative to the 

barium and copper peaks on moving from the matrix to the second phase inclusions 

confirms their identity as Y2BaCuOg. There were no artifacts of the lamination process 

in the bulk microstructure after melt texturing for these samples. 

The two sets of samples, B and C, which were produced by alternating layers of 

211 and 123 prior to lamination maintained the layered structure through the melt 

texturing process. Figure 3 shows that the alternating layers are still apparent after melt 

texturing. The 21 1 layers vary between 25 to 40 pm in width. The 123 layers range from 

30 to 50 pm wide. The dried tapes had a thickness of 100 p m  for both phases. The 

reduction in thickness after melt texturing can be attributed to several factors including, 

Reichert-Jung, 
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shrinkage during binder removal, the consumption of the 211 layer during the reverse 

peritectic reaction and the penetration of the liquid phase into the 211 region due to 

capillary action. 

Domain orientation along the lamination plane was found in many regions 

throughout the sample. An example of textured growth aligned between successive 21 1 

layers is shown in Figure 4. This alignment can be attributed to the 21 1 layers which 

remain relatively intact during firing. The semi-solid 21 1 layers can act as both a guide 

and a yttrium source for the growth of the 123 domains. The peritectic solidification 

process is normally prematurely arrested because the yttrium source, 21 1 grains, are 

entrapped by the solid 123 phase. This prevents their dissolution and leaves the 

unreacted barium and copper rich liquid to solidify. In the composite structure though, a 

major yttrium source forms a channel facilitating the growth of a 123 layer. This allows 

the reaction to continue until the liquid phase is completely consumed. The resultant 

improved texturing can then further reduce the number of weak links in the bulk sample. 

This can lead to higher critical current densities. 

The morphology of the 21 1 particles is markedly different between the 21 1 and 

the 123 regions of the layered samples. Within the region initially formed from the 21 1 

tape, 21 1 particles are equiaxed and finer than those in the 123 region for samples B and 

C. 

Aspect ratio and perimeter measurements can be used to characterize the 211 

inclusions. Both measurements were performed using commercially available software 

and computer imaging of SEM micrographs. Individual 21 1 particles were traced with a 

best fit ellipse. The aspect ratio was found by dividing the length of the major axis of the 

ellipse by the length of the minor axis. The parimeter was then calculated from the major 

and minor axes. Thus, a particle with an aspect ratio of 1 and a perimeter of 10 p m  

corresponds to a spherical particle with a diameter of 3.2 pn 
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The aspect ratios for all samples are compared by using statistical box plots in 

Figure 5. These results show that the 123 pellet, the pure 123 laminate and the 123 layers 

of the 21 1/123 alternating laminates contain 21 1 inclusions which are asymmetrical in 

shape. They have a mean aspect ratio which approaches 2. Furthermore, the variance in 

the measured aspect ratios is vary large for these samples. In sharp contrast to this data 

are the results for 21 1 inclusions measured within the 21 1 regions of samples C and D. 

These particles have an aspect ratio of approximately 1.4 and a small variance. 

The size or perimeter of the 21 1 inclusions is also location dependent. 

Histograms of the 21 1 inclusion perimeters are given in Figure 6 for all samples. As 

expected, the 123 laminate and the 123 regions of the alternates give results similar to 

that of the 123 melt textured pellet. The mean inclusion perimeter for melt textured 

pellets is 20.3 pm with a large standard deviation of 9.3 pm. The mean values in the case 

of the laminated samples range from 11.6 to 15.7 with a standard deviation of 

approximately 9 pm. 

In contrast, 211 particles located within the 211 regions of the 211/123 

composites have both a lower mean size and a tighter distribution. The mean perimeters 

for 2 11 particles located within the 2 11 region of the composite samples produced with 

mixed oxide powder and combustion synthesized powder are 6.5 & 3.1 and 5.8 & 2.6 pm 

respectively. Since the aspect ratios for these inclusions are close to 1, it is reasonable to 

calculate the equivalent spherical diameter from the measured perimeter. For samples C 

and D, the equivalent spherical diameters are 2.1 pm and 1.8 pm respectively. 

3.2 Magnetic Properties 

Since the 21 1 particles are located adjacent to the 123 domains rather than within 

the textured region, the samples with alternating layers of 123 and 21 1 should have more 

flux pining sites while not serious hampering the supercurrent flow within the 123 sheets. 

These conclusions were supported by the magnetic measurements. 
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The magnetic hysteresis loops were measured for all samples at 35 K from 0 to 

5.5 tesla and are given in Figure 7. As expected, the sample created from 50 layers of 

123 tape responded similar to the textured pellet pressed from 123 powder. Both had a 

relatively low magnetization at applied fields greater than 1 tesla. The sample with 

alternating layers of conventionally prepared 21 1 powder showed an increase in the area 

of the hysteresis loop. The largest loop was obtained from the sample with alternating 

layers of fine grained 21 1 powders with 10 mole percent added silver. This could be due 

to the increase in pinning sites in combination with the improved texturing in the layered 

samples. 

Bean's critical state can be used to estimate the intragranular critical 

current density of the samples from the width of the magnetization loop. Figure 8 shows 

the results of the calculation for samples A, B, C and D as a function of applied field. 

The layered samples have higher critical current densities than samples produced from 

123 or 123 with added silver. There is a substantial difference in the calculated critical 

current densities between the samples formed using 21 1 powder prepared using the mixed 

oxide and the combustion synthesis techniques. 

4. Conclusions 

This study has shown that the layering of 123 and 21 1 tapes to form bulk samples 

leads to improved magnetic properties. Bulk samples were densified without 

delamination. The alternating 2 1 1/123 layered structure remained apparent after melt 

texturing. The 2 1 1 layers assisted the alignment of textured domains. 21 1 particles 

located within the original 21 1 layers were found to be finer and more symmetrical than 

those located within the 123 domains. The layered laminates were found to have a larger 

magnetic hysteresis loop and thus a larger intragranular critical current density than 

standard melt textured samples. 

10 
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List of Figures 

Figure 1. 

Figure 2. 

SEM micrograph of a melt textured sample produced from a laminate 
consisting of 50 layers of 123 tape. Regions (a) and (b) are the locations 
where EDS spectra was collected. This data is shown in Figure 2. 

Energy dispersive spectroscopy of selected regions in Figure 1. Region 
(a) corresponds to the YBa2Cu307-, matrix and region (b) corresponds to 
a Y 2BaCuO5 inclusion. 

Figure 3. SEM micrograph of a 123/211 layered composite sample which has been 
melt textured. The regions that were originally 123 and 21 1 tape are 
labeled appropriately. 

Figure 4. SEM micrograph of a 123/211 layered composite sample showing 
texturing in the plane of lamination. 

Figure 5. 

Figure 6. 

Statistical box plot of 21 1 inclusion aspect ratios for various samples and 
locations within the samples. 

Histograms of 21 1 particle perimeters by sample and location. a) Sample 
A, melt textured pellet. b) Sample By 123 laminate. c) Sample Cy 123 
region of the composite structure. d) Sample D, 123 region of the 
composite structure produced with combustion synthesized 2 1 1 powder. 
e) Sample C, 21 1 region of the composite structure. f) Sample D, 21 1 
region of the composite structure. 

Figure 7. Magnetic hysteresis loops measured at 35 K. 

Figure 8. Calculated intragranular Jc as a function of applied field. 
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Combustion Synthesis of Barium Titanate Powder 

S.P. Ostrander and W.A. Schulze 

New York State College of Ceramics 
at Alfred University 

Alfred, New York 14802 

Abstract 

High surface area barium titanate powder was produced by combustion synthesis. 

Mixed metal-nitrate and organic-fuel solutions were spray dried, then ignited. 

The redox exotherm between the dried nitrate-salt (oxidizer) and organic-fuel 

(reducing agent) generated large volumes of gas and a high surface area metal- 

oxide powder. Firing in air results in dense (92 - 96% of theoretical), fine-grain 

(2.4 - 3.7 micron) capacitors without sintering-aids or hot-pressing. Near 

stoichiometric Ti-excess components exhibit room temperature dielectric 

constants approaching 4000 and losses <2.5%. Microstructural analysis of 

sintered bodies suggests improved spatial-homogeneity over that of commercially 

available powders. 

DOE # DE-FG-02-93ER12 128 



I. Introduction 

Fine-grain (-1 micron) barium titanate capacitors feature a room-temperature permittivity two- to 

four-times that of a coarse grained material. [ 1-31 Fine-grain capacitors also exhibit less aging 

[4], lower loss (tan 6) at dielectric anomalies, and lower capacitance-variation throughout typical 

(EIA-specified) operating temperatures. These opportunities for enhanced physical properties, 

and the drive for volumetric-efficiency in low-voltage storage devices (Le. thinner dielectric 

layers) generate demand for improved ceramic powders. 

Characteristics defining the quality of dielectric barium titanate powder include 

stoichiometry, compositional-homogeneity, chemical-purity, and particle-size distribution. Their 

dramatic influence on microstructure and concomitant electrical properties warrants careful 

control. With the exception of particle size distribution, these characteristics can be difficult to 

quantify. However, failure to realize control of any of these variables becomes apparent with 

electrical and microstructural characterization. 

Smyth et al. established that excess-barium or -titanium is practically insoluble in 

BaTi03. [5-81 High temperature electrical conductivity in controlled oxygen partial pressure 

suggests a maximum solid-solubility of 4 0 0  ppm for either Ba or Ti. The Ba6Ti17040 eutectic 

formed with Ti-excess compositions promotes liquid-phase sintering, but the residual low 

permittivity grain boundary phase degrades electrical properties. Hygroscopic Ba2Ti03 formed 

with Ba-excess compositions effectively inhibits grain growth, but ultimately results in moisture 

sensitive components. Compositional fluctuations within a batch of powder may lead to 

inhomogeneous liquid-phase sintering and discontinuous microstructural development. [9, 1 01 
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Commercial dielectric and PTCR compositions require modification of electrical 

properties via controlled dopant addition. Mechanically blending metal-oxide dopants rarely 

achieves uniform modifier distribution, therefore it is beneficial to be able to include wet- 

chemical additives during powder synthesis. On the other hand, a remarkably small 

contamination concentration, fractions of an atom percent, introduced with impure raw materials 

or with milling wear, may poison dielectric properties (e.g. Si, Zr, A1 from comminution, 

residual Cl- from raw materials, BaC03 from raw materials or aqueous-processing, etc.). 

Numerous low-temperature wet-chemical synthesis methods have been developed to exploit high 

purity raw materials, homogeneous dopant incorporation, and minimized milling requirements. 

Phule and Risbud, and Hennings each published reviews of modern barium titanate 

synthesis procedures. [ 1 1, 121 Low-temperature synthesis routines generally begin with a dilute 

‘molecular-mixture’ of salts, organometallics, or other refined-reagents of barium and titanium, 

then precipitate barium titanate directly, or precipitate intermediates that react (to form barium 

titanate) with a conservative heat treatment. With these ‘wet-methods,’ decreased diffusion 

lengths allow the formation of fine crystalline products without the intense calcination and 

comminution of the classic mixed-oxide approach. Several others report the combustion 

synthesis of a number of technical ceramics [13-251, including barium titanate [26-301. 

Combustion powder synthesis borrows from propellant technologies. A reactive mixture 

of oxidizing metal-salts and an organic reducing-agent are ignited, then deflagrate in a violent 

reduction-oxidation (redox) reaction. The redox exotherm generates large volumes of gas while 

converting the precursor salts to metal-oxides. Evolved gases promote the disintegration of the 
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forming oxide powder. The chemistry is essentially that of a propellant, but the metal-salt 

oxidizer is one of the above mentioned ‘low-temperature’ barium titanate intermediates. 

In this investigation, an aqueous mixture of barium nitrate, peptized titanium 

isopropoxide gel, and an organic fuel are spray dried, then ignited in either a preheated crucible 

or laboratory-scale rotary-calcine-furnace. Pyrotechnic and propellant compositions often use 

chlorates, chromates, nitrates, or permanganates as oxidizers. For powder synthesis, nitrate salts 

provide a clean burning, energetic metal-cation source. Nitrates are generally highly soluble, and 

they decompose to oxides at relatively low temperatures. Titanium isopropoxide is an 

inexpensive source of reagent titanium, an intermediate in the commercial preparation of 

pigments. A number of organic fuels have been used for combustion powder synthesis. These 

include alanine (C3H,NO2) [22, 301, carbohydrazide (N4H6CO) [ 181, tetraformal triazine 

(C4HI6N6O2) [23, 24, 271, oxalic dihydrazide (CON2H,), [28, 311, ammonia nitrate (NH4N0,) 

[14], sucrose, polyvinyl alcohol, urea (N2H4CO) [14, 15, 17, 181, maleic hydrazide (C4H4N,02) 

[ 161, etc. Oxalic dihydrazide was chosen as the fuel for this study. 

Oxalic dihydrazide alone is a combustible solid. When mixed with an oxidizer, it has the 

potential to react explosively. A high melting point and low solution viscosity allow 

concentrated oxalic dihydrazide solutions to be spray dried. Urea, carbohydrazide, 

polyvinylalcohol, and sucrose were tested, and eliminated as candidate fuels. Urea and 

carbohydrazide melt at relatively low temperatures and therefore tend to stick to hot spray dryer 

walls. PVA solution-viscosity precludes spray drying in sufficient concentration for redox 

stoichiometry. Simple sugars like sucrose, glucose, and a few of the other reported fuels spray 

dry well, but high carbon contents invariably leave residue in the combusted powder. 
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The following demonstrates combustion synthesis of barium titanate powders with 

controlled Ba:Ti stoichiometry, details the refinement of fuel to oxidizer ratio for the (oxalic 

dihydrazide / barium nitrate / titanium isopropoxide) system, and provides microstructure and 

dielectric properties as evidence of powder quality. 

11. Experimental Procedure 

Titanium isopropoxide, Ti(iPr), hydrolyzes when exposed to humidity, but simple precautions 

can eliminate the hydrolysis of stock solutions. A septum-sealed bottle of Ti('Pr)* was 

pressurized with clean, dry nitrogen using a disposable syringe. Ti('Pr) was drawn into the same 

syringe then quantitatively injected below the surface of de-ionized water. The resulting titania- 

gel was mechanically disrupted with a magnetic stir plate, and an ultrasonic probe. Concentrated 

nitric acidA was added to peptize the titania gel. Next, barium nitrateA was dissolved in boiled 

de-ionized water, then combined with the Ti('Pr) solution. In another beaker, oxalic dihydrazide* 

was added to boiled de-ionized water, then dissolved by dropwise addition of the appropriate 

concentration of nitric acid. 

Both the nitrate- and fuel-solutions were pumped with a metering two-head peristaltic 

pump. An in-line static-mixer combined the solutions upstream of the nozzle of a laboratory 

scale spray-dryer.v Precursor powders with fuel concentrations ranging from 0 to 50% were 

spray dried. For the remainder of this paper, fuel concentration is defined as the weight 

percentage of dry organic fuel in the total sum of dry precursor solids plus alkoxide liquid. 

Aldrich Chemical Company, Milwaukee, WI 
Model SD-04, The Virtis Company, Gardiner, NY 

A 

V 
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Differential thermal analysisD (DTA) performed on small (<50mg) quantities of the 

unreacted precursor powders shows heat-flow during combustion. Samples with fuel contents 

greater than 20% erupt from the DTA cell during the reaction. DTA might therefore, 

underestimate combustion exotherms and later thermal events in high-fuel-content precursors 

(e.g. decomposition of residual nitrates). To clarify DTA data, thermogravimentric analysisT 

(TGA) was performed on 550°C crucible-reacted powders, and, in a separate experiment with 

unreacted powder, the temperature of a propagating reaction front was measured. 

Reaction temperature was measured as follows. A single-bore alumina tube, 3.5 mm 

inner dia., 25 mm long, was packed with precursor powder using a vibration table. A 

thermocouple (0.4 mm dia. bead) was immersed 5.0 mm below the powder surface. A small Sic 

heater, suspended from above the packed tube, ignited the powder surface with non-contact IR- 

heating. Temperature was recorded at -30 ms intervals using a desk-top computer with an A/D 

converter. By packing precursor powder in a high-aspect-ratio tube, and igniting from only the 

upper surface of the powder (i.e. by not preheating the entire sample), a reaction could be 

confined to a propagating front. Combusted particles were ejected through the narrow opening 

of the tube, but unlike DTA, precursor remained in contact with the thermocouple until the 

reaction front passed. 

X-ray diffraction (Cu,, radiation)x, BET: and SEMS analyses were performed on the 

550°C crucible reacted powders. For milling and sintering, and for electrical characterization, 

larger powder batches were combusted in a laboratory-scale rotary-calcine-furnace. 

Hanop Industries Inc., Columbus, OH 
Cahn 2000, Cahn Instr., Cerritos, CA 
Seimens D-5000, Kristalloflex 8 10, Siemens Corporation, West Germany 
BET, Monosorb MS- 14, Quantachrome Corporation, Syosset, NY 
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The rotary-calciner consisted of a digitally controlled tube furnaceF inclined 306 from 

horizontal. A variac-controlled motor rotated an alumina tube on roller-bearing supports. A 

vibrating funnel fed precursor powder into the elevated mouth of the furnace. Reacted powder 

collected at the lower end. The cascade of powder in the rotating tube encouraged repeated 

exposure to the heated tube surface. This avoids the insulating powder bed that accumulates 

when large quantities are reacted by batch process in a crucible. 

Occasionally unreated projectiles reached the collection end of the furnace. The 

combusted powder was calcined at 650°C to decompose any remaining unreacted material. One 

could potentially eliminate this second calcination with the use of a longer tube furnace or with 

the addition of hot-zone baffles positioned to eliminate the line-of-sight path through the furnace. 

Glyceryl 

trioloeate@ was added as a dispersant, and the slurry was ball-milled overnight with 5 mm YTZ 

media* in a Nalgene bottle. A polyvinylbutyral" binder and a polyethyleneglycol' plasticizer 

were added. The slurry was mixed three more hours to homogenize the polymer additions, then 

dried in a 60°C convection oven. The dried cake was pulverized using an agate mortar and 

pestle, then uniaxially pressed at 40 MPa and cold isostatically pressed at 170 MPa. The pellet 

surfaces were lightly ground with 600 grit Sic paper to remove die-wall contamination. The 

polymers were then removed with a 5 hour, 650°C burn-out. 

For milling, an azeotropic methanol-toluene binder vehicle was chosen. 

SEM, Amray 1810, AMRAY, Inc., Bedford, MA 
Thermcraft, Winston Salem, NC 
Emerest 2423, Emery Chem., Mauldin, SC 
TOSOH USA, Inc., Atlanta, GA 
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Samples were fired at 1325 and 1400°C for 10 minutes. Aluminum electrodes were 

evaporated on the pellet faces, and the edges were again cleaned with 600 grit Sic. Archimedes 

densities were measured in isopropyl alcohol. Dielectric measurements were performed with a 

precision LCR meterH while cooling fiom 170°C to -100°C at -1"Cemin-' in a liquid nitrogen 

purged oven . For microstructural analysis, samples were diamond polished to a 1 micron 

finish, then thermally etched for one minute at 25°C below their respective firing temperatures. 

N 

111. Results and Discussion 

A. Barium Titanate Stoichiometry 

Stoichiometry was determined by empirical observation of microstructural development in 

samples with systematically varied raw material ratios. Ten gram samples were spray dried 

without fuel. It is reasonable to assume that the addition of fuel would not affect the Ba:Ti 

stoichiometry. The precursor powder was calcined at 650°C to decompose the nitrates and form 

barium titanate. The calcined powder was uniaxially pressed, then fired at 1350°C for 10 

minutes, Figures la. and 1 b. show coarse-grain liquid-phase sintered Ti-excess BaTiO,. By 

increasing the barium nitrate to Ti('Pr) ratio from 0.9961 to 0.9968, the phase boundary is 

crossed, and an order of magnitude decrease in grain-size is observed (Figures IC. and Id.). In 

this case, the stoichiometric barium titanate composition falls between a nominal barium nitrate 

to titanium isopropoxide raw material ratio of 0.9961 and 0.9968. This stoichiometric raw 

material ratio was found to vary slightly between bottles of titanium isopropoxide packaged fiom 

HP 4284A, Hewlett Packard, USA 
Delta-Design 9039, San Diego, CA 

H 

N 
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different chemical lots. For the remainder of this investigation all powder was Ti-excess, but 

well within 1 % of the stiochiometric composition. 

B. Effect of Fuel Content 

At -1 70°C, oxalic dihydrazide liberates free radicals in an endothermic decomposition reaction. 

These gaseous products react with nitrate (ONO,) groups at temperatures significantly below the 

nitrate decomposition temperature. The nitrate-salt decomposition evolves NO,. The resulting 

gas-phase redox reactions heat the mixture near the combustion zone, causing it to decompose. 

Once initiated, the reaction escalates; combustion temperatures rise and more material ignites. 

This proceeds until one of the reactants is consumed or until extrinsic conditions extinguish 

combustion. The extent of decomposition, combustion temperature, and volume of evolved gas 

depend on fuel content. 

Patil et al. suggested that a theoretical stoichiometric fuel content could be calculated by 

adjusting the ratio of the total oxidizing- to reducing-valancies to unity. [14, 27, 281 The 

individual reaction components are assumed a valance state (i.e. C = +4, H = +1,  Ba = +2, Ti = 

+4, 0 = -2, N = 0, etc.) and the balance is calculated for the strongest reaction. With a few 

assumptions about the state of hydrous raw materials, this calculation suggests a fuel content of 

35 to 40% oxalic dihydrazide is required for a stoichiometric mixture. Zhang et al. recognized 

that transition metals and unknown nitrogen valance (e.g. in NO, products) complicate this 

calculation. [25] In this case, titania probably does exists in the +4 state, however, the 

assumption that nitrogen reaction-products fully reduce is an oversimplification. To optimize 

redox stiochiometry, fuel to nitrate ratios were systematically varied (0 to 50% by 5%) and 
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resulting powders were characterized. A 25% fuel composition generates the best powder with 

this materials-set. 

Figure 2. shows differential thermal analysis (DTA) of precursor powders. The 0% fuel 

composition exhibits two broad endotherms; dehydration at 100-2OO0C, and melting and 

decomposition of barium nitrate at 590 -700°C. With 10% fuel, a small exotherm appears at 

-170"C, along with a significant decrease in the barium nitrate (590°C) endotherm. Higher fuel 

contents increase the magnitude of the combustion exotherm and decrease the residual nitrate 

content. 

With fuel concentrations greater than 20%, powder erupted from the DTA cell during the 

This lost sample mass might erroneously dampen the measured combustion exotherm. 

combustion exotherm and the nitrate decomposition endotherm (i.e. the combustion exotherm 

might be more intense than measured, and the diminishing residual nitrate endotherm could be an 

artifact of sample loss). Figure 3. shows the TGA of powder that has been reacted in a 550°C 

preheated crucible. By analyzing reacted powder, the sample ejection was avoided. These data 

confirm that with a fuel concentration of -25% essentially all of the barium nitrate decomposed 

in the combustion reaction. 

Figure 4. shows the morphology of powder reacted in a 550°C crucible. After a short 

induction period, the 10% fuel precursor smoldered and emitted dark brown gases (Figure 5a). 

The morphology of the reacted powder (Figure 4a.) appears similar to that of the precursor 

powder (i.e. discrete thin-walled hollow spheres typical of spray dried nitrate salts). [32] The 

20% fuel precursor reacts quickly. Particles are ejected with an incandescent flash and an 

audible reaction (Figure 5b). Neck growth takes place between the hollow spheres (Figure 4b.). 

The 30% fuel precursor reacts violently. Fragments are ejected from the crucible in a reaction 
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flame, and the remaining powder glows red for several seconds (Figure 5c). Significant melting 

is apparent in the SEM micrograph (Figure 4c.). 

The specific surface area reflects these changes in morphology. Figure 6 .  shows the 

equivalent spherical diameter of the reacted powder as a function of fuel concentration. While 

the particles are obviously both aspherical and porous, the inverse relationship between nominal 

length-scale and surface-area is appropriate, regardless of assumed (spherical) shape-factor. At 

low fuel concentrations, 0 -lo%, there is insufficient fuel to sustain a large exothermic reaction. 

The material smolders and there is little change in the reacted powder morphology. Precursors 

with >15% fuel react quickly. Neck growth decreases surface area, and increases the equivalent 

spherical diameter. These reactions still leave residual nitrates, indicating a deviation from the 

stoichiometric fuel composition. At fuel contents of -25%, the stoichiometric nitrate to fuel ratio 

is approached. Above this concentration, significant melting occurs. The shape of the precursor 

powder is no longer apparent in the reacted powder, and the surface area is low. At fuel 

concentrations >40%, the surface area begins to increase again. The increase in surface area is 

due to simple dilution of the barium titanate intermediates by the large organic content. 

Analysis of reaction temperatures helps explain the SEM and BET results. Figure 7. 

shows the temperature of a thermocouple immersed in a propagating reaction for precursors with 

different fuel contents. At 10% fuel, the exposed powder surface ignited, but the reaction 

extinguished before reaching the 5mm deep thermocouple. 

propagating. 

The reaction was not self- 

A ‘self-propagating’ reaction is loosely defined (for this manuscript) as a reaction with 

measurable thermal fluctuation reaching the 5mm deep thermocouple under the prescribed 

conditions. These studies assume uniform powder-density, powder-packing, and ignition- 
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temperature among samples. While this clearly is not the case, (e.g. fuel concentration 

influences precursor density, moisture content, and packing efficiency, etc,), the large differences 

in peak reaction temperature are dominated by the fuel-to-oxidizer stoichiometry in the powder, 

and the contributions from other variables are considered negligible. 

The drift in thermocouple temperature in the 10% fuel sample may be viewed as a 

baseline for the higher fuel content samples, i.e. it shows the extent of thermocouple preheating 

within a non-reacting packed bed of precursor powder. With I 20 % fuel, the thermocouple did 

not reach the barium nitrate decomposition temperature. While localized powder temperature 

was probably significantly higher than the thermocouple temperature, this result is in agreement 

with the TGA and DTA observations of residual nitrates. With 30% fuel, the reaction reached 

temperatures well above the Ti-excess eutectic temperature (-1 320°C). This explains the large 

degree of melting and low surface area observed in the high fuel samples. 

X-ray diffraction, (Figure 8) shows the disappearance of residual nitrates (1 8.909' two- 

theta: JCPDS 24-53) at -25% fuel, and the evolution of trace barium carbonate (23.9" two-theta: 

JCPDS 5-378) with -30% fuel. The lack of peak splitting in the diffraction patterns for both the 

25 and 30% fuel samples indicates room temperature stabilization of a cubic structure. This 

metastable-cubic structure is common in fine barium titanate powder. [33, 341 Crystallite size 

and strain were determined by Williamson-Hall analysis on the (1 1 1) and (222) peaks. [35] The 

diffraction pattern of a coarse grain, strain free external standard (NBS SRM640A Si) was first 

recorded to characterize the instrument contributions to peak-intensity, -shape factor, and 

-broadening. The k2 and instrumental peak broadening contributions were stripped from the 

diffraction patterns, and X-ray crystallite size and strain were determined for the 25% and 30% 
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fuel samples. The calculated sizes and strains were 39 and 48 nm, and 0.003 and 0.002 Ad-d-' for 

the 25% and 30% fuel samples respectively. 

C. Microstructure and Dielectric Properties 

Figures 9a. and 9b. show the microstructure of samples fired at 1325 and 1400°C. The densities 

were 92 and 96% of theoretical. Grain sizes were 2.4 and 3.7 microns. These samples did not 

exhibit the abnormal grain growth sometimes observed with experimental and commercial 

barium titanate powders. These uniform microstructures are indicative of compositional 

homogeneity of the powder. 

Coarse-grain barium titanate typically has a room-temperature dielectric constant of 

1000-2000 and losses of about 2.5%. For fine grain material, a room-temperature dielectric 

constant of -5000 is not uncommon. [3] Figure 10. shows the temperature dependence of K' at 1 

kHz for BaTiO, samples sintered at 1325 and 1400°C. The high room temperature permittivities 

of -4000 and -3500 result from the fine grain, high density microstructure of the fired samples. 

IV. Conclusions 

Combustion synthesis of barium titanate offers controlled stoichiometry and compositional 

homogeneity. The process starts with high-purity raw-materials in a homogeneous solution, and 

dopants may therefore be added to the precursor. 

Twenty-five weight percent oxalic dihydrazide is required for complete combustion. 

With less than 25% fuel, residual nitrates are observed in the reacted powder. With excess fuel, 

melting and significant particle coarsening occurs. For the 25% fuel composition X-ray 

difiaction indicates the cubic phase with a crystallite size of 39 nm. 
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Fast firing in air produced samples with an average grain size of about 2.4 and 3.7 

microns. These capacitors exhibited a room temperature permittivity of -4000 with losses of 

-2.5 Yo. 
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Figure 1. Microstructure of sintered barium titanate pellets with varying barium nitrate to 

titanium isopropoxide ratios; (a) 0.9934, (b) 0.9961, (c) 0.9968, (d) 1.002. 

Figure 2. Differential thermal analysis of the barium titanate precursor powders with varying fuel 

contents. 

Figure 3. Thermogravimetric analysis of 550°C crucible reacted powders with varying fuel 

concentrations. 

Figure 4. Reacted powder morphology with (a) lo%, (b) 20%, (c) 25%, and (d) 30% fuel content. 

Figure 5. Combustion in a preheated crucible: (a) 10 %, (b) 20 %, and (c) 30 % fuel content. 

Figure 6. Effect of fuel concentration on calculated equivalent spherical diameter (measured by 

BET). 

Figure 7. Effect of fuel concentration on combustion reaction temperature. 

Figure 8. X-ray diffraction of 550°C combusted powders. 

Figure 9. Microstructure of samples fired 10 minutes at (a) 1325 and (b) 1400 "C. 

Figure 10. Permittivity and dielectric loss as a function of temperature of samples fired at 1325 

and 1400 "C. 
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Abstract 
Submicron barium titanate was sintered using conventional- and fast-fire 
temperature profiles. Heating rates of 10, 100, and 1000 "C-min-' were 
used. Soak temperatures of 1200, 1300, and 1400 "C, and soak times of 1 
and 10 min. were tested. Rapid heating did not inhibit grain growth. Grain 
size was strongly dependent on density, as explained by the relationship 
between grain boundary mobility and attached-pore drag. Grain-sizes of 
-1.0 pm and densities of >90% of theoretical were obtained by heating at 
a moderate rate (100"C~min'') to 1300 "C and soaking for abbreviated 
(I 1 0 min.) periods. Fast-fired, near-stoichiometric components exhibit 
room temperature dielectric constants approaching 5500 and losses <2.5%. 
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Abstract 
Submicron barium titanate was sintered using conventional- and fast-fire 
temperature profiles. Heating rates of 10, 100, and 1000 "C-min-' were 
investigated. Soak temperatures of 1200, 1300, and 1400 "C, and soak 
times of 1 and 10 min. were used. Heating rate had a marginal effect on 
grain growth. Grain-size was more dependent sintering-temperature and 
-time. Grain-growth was largely a function of density, as explained by the 
relationship between grain boundary mobility and attached-pore drag. 
Grain-sizes of -1.3 pm and densities of -90% of theoretical were obtained 
by heating at 100 OC-min-' to 1300 "C and soaking for 10 min. Fast-fired, 
near-stoichiometric components exhibit room temperature dielectric 
constants approaching 5500 and losses < 2.5 %. 
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I. Introduction 

Barium titanate capacitors with a grain-size of roughly one micron feature a 

room-temperature permittivity that is 2-4 times that of coarse-grained material. [ 1-71 

Fine-grain capacitors also exhibit less aging [8], lower loss (tan 6 )  at dielectric anomalies, 

and lower capacitance-variation throughout typical operating temperatures (e.g . EIA- 

specified X7R capacitors). While barium titanate is rarely used commercially without 

some form of chemical modification, there is interest in studying the physics behind 

grain-size effects in pure material. In an effort to prepare chemically-pure fine-grain 

barium titanate, fast firing has been investigated. 

Hot-pressing [l, 2, 91 and various chemical grain-growth inhibitors [6, 10-121 

However, these have been investigated for preparing small-grained barium titanate. 

processes invariably alter the material’s dielectric properties. 

It has been reported that rapid heating and abbreviated soak times minimize grain 

growth [13-151. This behavior was explained by a large activation enthalpy for 

densification as compared to that for grain growth. It was suggested that with rapid 

heating, the detrimental low temperature surface diffusion (particle coarsening) may be 

minimized, and a higher surface area (surface free energy) powder compact may be 

carried to densification temperatures. 

The following details an exploratory investigation aimed at identifying and 

quantifying the important fast-fire process variables for barium titanate ceramic 



capacitors. Specific goals include fabricating high density barium titanate with grain size 

in the range of -1 micron. 

11. Experimental Approach 

(1) Powder Preparation 
2 -1 High surface area (8 m *g ) Ti-excess barium titanate powder was produced by a 

combustion synthesis process described elsewhere. [ 161 In brief, an aqueous mixture of 

barium nitrate, peptized titanium isopropoxide gel, and an organic fuel (oxalic 

dihydrazide) are spray dried: then ignited in a preheated laboratory-scale 

rotary-calcine-furnace. The chemistry is essentially that of a propellant, but the metal-salt 

oxidizer is a 'low-temperature' barium titanate intermediate. The exothermic redox 

reaction between the dried metal-salts and the organic fuel converts the precursor salts to 

metal-oxides. Evolved gases promote the disintegration of the forming oxide powder. 

With this process, near stoichiometric, homogeneous, high surface area barium titanate 

powder was produced. [ 161 

(2) Sample Preparation 

An azeotropic methanol-toluene binder vehicle was used during milling. Glyceryl 

trioleate@ was added as a dispersant, and the slurry was ball-milled overnight with 

YTZ media* in a Nalgene bottle. A polyvinylbutyral" binder and a polyethyleneglycol' 

v Model SD-04, The Virtis Company, Gardiner, NY 

€3 Emerest 2423, Emery Chem., Mauldin, SC 

0 TOSOH USA, Inc., Atlanta, GA 

Butvat+ B79, Monsanto, Springfield, MA 
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plasticizer were added. The slurry was mixed three more hours to homogenize the 

polymer additions, then dried in a 60 O C  convection oven. The dried cake was pulverized 

using an agate mortar and pestle, then 0.2 g pellets were uniaxially pressed at 40 MPa and 

cold isostatically pressed at 170 MPa. The pellet surfaces were lightly ground with 600 

grit Sic paper to remove die-wall contamination. The polymers were then removed with 

a 5 hour, 650 "C burn-out. The green samples had a surface area of 7.8 m -g and a 

geometric density 5 5% of theoretical. In preliminary experimentation it was concluded 

that absorbed surface water adversely affects densification of rapidly heated high surface 

area samples. So, after the binder burn-out, all samples were stored in a 120 "C 

convection-oven until firing. 

2 -1 

A single batch of powder was synthesized, milled, green formed, and burned-out. 

All samples experienced identical green forming conditions, and therefore any 

microstructural or dielectric differences were assumed to be solely due to firing 

conditions. 

(3) Fast Firing 

To achieve rapid but controlled heating rates, pellets were inserted into a 

preheated steady-state gradient furnace. A stepper-motor driven positioning table carried 

a platinum 60-mesh-screen sample basket suspended fiom a thin wall mullite 

support-tube. Specimen temperature was monitored with an R-type thermocouple. A 

computer run (proportional / integral/ differential) feedback-loop drove the stepper- 

motor. Specimen temperature was controlled by changing position of the sample basket 

y PEG 8000, Union Carbide, Danbury, CT 
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within the gradient h a c e .  With this approach, maximum heating rates of greater than 

1000 "C min-' were possible and soak temperatures were typically met within a 30 sec., 

4 5  "C overshoot then held with a +/- 5°C accuracy. 

Samples were first preheated at 100 "C.min-' to 650 "Cy and then held five 

minutes. After equilibration, they were heated at 10, 100, or 1000 "C-rnin-' to 1200, 

1300, or 1400 "C , and held 1 or 10 minutes. Table I. details the firing conditions used in 

this investigation. It is assumed that the additional 5 minute preheating had a negligible 

effect on the green microstructure - the samples had already spent 5 hr. at 650°C during 

the binder-burnout. 

(4) Sample Characterization 

Geometric green densities were recorded. Fired densities were measured by the 

archimedes method in isopropyl alcohol. High density samples were diamond polished to 

a 1 micron finish, then thermally etched for one minute at 25 "C below their respective 

firing temperatures. Low-density samples lacked the mechanical strength to be polished 

without significant grain-pullout, therefore these samples were cross-sectioned by simple 

fracture. A scanning electron microscopeS was used to image the microstructures. 

Linear-intercept grain size analysis was performed with a windows based 

application written for this investigation. Digital SEM images were read into the 

computer. After calibrating the image's on-screen magnification, the computer pointing 

s SEM, Amray 1810, AMRAY, Inc., Bedford, MA 
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device (mouse) was constrained to follow a series of randomly generated lines. The 

operator selected grain boundaries with the pointing device and the computer tallied the 

linear intercepts. Manual grain boundary selection is more accurate than highly 

automated densiometer-based analysis programs when faced with the imperfections of 

real microstructures (i.e. porous, faceted, or twinned microstructures). 

Over 300 grains were counted for each polished cross-section. Low-density 

material, however, is not of particular interest for use in electrical components, and great 

efforts were not taken for precise grain-size distribution measurement of the fracture 

surfaces. The approximate grain-sizes of the low-density (generally the 1200 "C fired) 

samples were determined by linear intercept measurements performed on a small number 

(50-100) of grains in fracture surfaces. Note that these low-density surfaces show 

intergrannular fracture, and are not planar cross-sections. Therefore, error is introduced 

when the linear-intercept relations are assumed. This error, combined with the limit of 

microscope resolution, shifts the measured distribution to more conservative (coarser) 

grain-sizes for fracture surfaces. 

For electrical characterization, aluminum electrodes were evaporated on the pellet 

faces, and the edges were again cleaned with 600 grit Sic. Dielectric measurements were 

performed with a precision LCR meterH from 170°C to -100°C at -l"C.min-' in a liquid 

nitrogen cooled oven". 

H HP 4284A, Hewlett Packard, USA 

N Delta-Design 9039, San Diego, CA 



111. Results and Discussion 

Figure 1. shows representative microstructures of high-density samples. These 

microstructures typically follow an approximate log-normal size distribution, Figure 2. 

Figure 3. shows the grain size as a function of firing temperature for the three heating 

rates and two soak times. The symbols indicate the geometric mean size and the error 

bars span the 5* to 95* percentile grain size of the distribution. Increasing sintering time 

or temperature significantly increases the grain size of the sintered sample. However, as 

shown in Figures 2. and 3., the effect of heating rate on the average grain-size is small 

throughout the range of rates tested here. 

Figure 4. shows density as a function of temperature for the different heating rates 

and dwell times. Sintering time and temperature again have a significant effect. Rapid 

heating resulted in a marginal decrease in density. The 10 OC.min-' samples were roughly 

5% more dense than their fast-fired analogs. This could be explained by the occlusion of 

evolved volatile impurities, e.g. C02, in the fast fired samples. However, the differences 

in density probably result fiorn differences in elapsed time at elevated temperature during 

the heating ramp. To clarify these data, grain-sizes are normalized for density in Figure 5. 

If heating rate affects the ratio of densification to grain-growth, different 

trajectories would be expected in Figure 5. It has been proposed that fast firing leads to 

enhanced densification with suppressed grain growth. If this were the case, higher 

heating-rate firing schedules should produce samples that are shifted toward the X-axis of 

the plot, and slow-heated samples - toward the Y-axis. However, in this investigation, 
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data falls as random scatter about a single trend. It appears that grain size is largely a 

function of the density. 

This trend might be explained by pore-drag. Below -90% of theoretical density, 

porosity restricts grain growth. Grain boundary motion is limited by surface diffusion of 

atoms around pore surfaces, and densification is limited by diffusion of atoms from the 

boundaries to the pores. When the material has densified enough to isolate the pores, 

grain growth proceeds rapidly and further densification is balanced by internal gas 

pressure in the pores and diffusion of gas species through the lattice. 

Mostaghaci and Brook showed differences between conventionally-fired and 

fast-fired barium titanate microstructures, i.e. -95% dense samples with -10 micron 

grains for the conventionally fired material and -5 micron grains for the fast fired 

material. [14] The range of firing conditions Mostaghaci used were far larger than those 

investigated here. He compared conventionally-fired samples (26 hr @ 1370 "C) with 

fast-fired samples (5 min @ 1450 "C). With these large differences in temperature and 

dwell time, the influence of heating-rate on grain-size is difficult to distinguish. 

Figure 6. shows the relative permittivity for capacitors sintered by heating at 

100 "Cmin-' and soaking for ten minutes. The inferior dielectric properties of the 

1200 "C fired sample result from incomplete sintering. Pores behave as low permittivity 

inclusions. At 80% of theoretical density, dielectric properties suffer despite the 

fine-grain microstructure. With a sintering temperature of 1300 "C, samples exhibit a 

room temperature permittivity of -5500. The dielectric properties result from a balance 

between the permittivity-enhancing grain-size effect and permittivity-limiting porosity. 
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After sintering at 1400°C, grain-size approaches 9 pm, and the permittivity follows that 

of a typical coarse-grain barium titanate ceramic. 

IV. Conclusions 

Heating rate has a marginal effect on the microstructure and dielectric properties 

of barium titanate. Firing-temperature and -time are more significant. Grain-size is 

essentially a function of fired density, as pore-drag restricts grain boundary migration. 

The best electrical properties were obtained at the onset of final-stage sintering: where 

porosity is isolated, but significant grain-growth has not yet occurred. 

Moderate density (-90 % of theoretical), fine-grain (-1.3 pm) articles were 

produced by heating at 100 OC.min-' to 1300 "C and holding for 10 minutes. These 

samples exhibit a room temperature permittivity of -5500 and dielectric losses of 

-2.5 %.. 

8 



TABLE I. Experimental firing conditions. 

Time Temperature Sample Rate 
ID (“C-min-l) cot> (min) 
a 1000 1400 10 

100 
10 

1000 
100 
10 

1000 
100 
10 

1400 
1400 
1300 
1300 
1300 
1200 
1200 
1200 

10 
10 
10 
10 
10 
10 
10 
10 

j 1000 1400 1 
k 
1 

m 
n 

P 
9 
r 

0 

100 
10 

1000 
100 
10 

1000 
100 
10 

1400 
1400 
1300 
1300 
1300 
1200 
1200 
1200 
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Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6.  

SEM photomicrographs of samples fired at a) 10, b) 100, and c) 1000 'C-min-' 

Linear intercept grain-size distributions of samples illustrated in Figure I .  

Influence of heating-rate and soak-time and -temperature on grain-size. 

Influence of heating-rate and soak-time and -temperature on density. 

Density as a function of grain size. 

Relative permittivity of fast-fired samples. 
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a) 14OO0C, 1O0C.min-', lmin 
97.6% of pul, 2.5p.m 

b) 1400 OC, 100 OC-min-l, lmin 
94.6% of pth, 2.3pm 

c) 1400 OC, 1000 "C-min-', lmin 
94.0% of pth, 1.7p.m 
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