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I.   Executive Summary 

This one-year project has been focused on an exciting new (patented) method for preparing 
alkaline-earth-bearing ceramics and composites for high-temperature structural applications: the 
oxidation of solid metal-bearing precursors (SMP). This novel process consists of two basic 
steps: (i) preparation of solid metal-bearing precursors of desired composition, microstructure, 
and shape, and (ii) oxidation to yield monolithic ceramics or ceramic composites that retain the 
precursor shape. The key to the SMP process is to start with malleable precursors containing 
alkaline earth (AE) and non-alkaline earth metals. AE metals and alloys oxidize rapidly at 
modest temperatures. Further, the molar volumes of most AE metals are greater than the molar 
volumes of corresponding oxides (e.g., Vm(Ba) > Vm(BaC>2)). The opposite is true for non-AE 
elements. As a result, the net volume change incurred from oxidation of an intimate mixture (or 
alloy) of AE and non-AE metals can be relatively small. This volume change can be further 
reduced (in principal to zero) by replacing an appropriate fraction of metal phases with oxides. 
Hence, the SMP method offers the potential for net-shape processing of AE-bearing ceramics 
and composites. An attractive AE-bearing ceramic for high-temperature composites is celsian, 
BaAl2Si208- Celsian has a high melting point (1760°C), good thermal shock resistance, a low 
density (3.39 g/cm3), excellent oxidation resistance, and chemical compatibility with such 
reinforcements as alumina, mullite, or zirconia. Building upon preliminary studies at OSU, work 
over the past year has been focused on synthesizing celsian and celsian-based composites. 

The specific goals of this one-year project have been to: 1) develop better understanding of 
phase/microstructural evolution during the transformation of metallic and metal-oxide precursors 
into celsian, 2) demonstrate the fabrication of near net-shaped celsian bodies, and 3) evaluate 
the syntheses of celsian composites. Key results of fundamental or engineering nature are: 

♦ The reaction path to celsian from Ba-AI-Si precursors over the temperature range of 300- 
1260°C has been evaluated using XRD, SEM/EDX, EPMA/WDX, and TEM analyses: 

• Barium oxidized rapidly at 300°C. The resulting BaC>2 reacted primarily with Si at 300- 
500°C to yield Ba2Si04. High-resolution TEM revealed that this reaction involved the 
formation of a thin layer of amorphous silicate located between BaC>2 and Ba2SiC>4. 

• Al particles in the precursor were completely oxidized during heating from 500 to 800°C. 
Continued oxidation of Si and reaction of resulting SiC>2 with AI2O3 and with Ba2Si04 at 
800-1100°C led to the formation of other intermediate silicates and then hexacelsian. 

• Monoclinic celsian formed from hexacelsian at 1200-1260°C in less time than has been 
reported for other precursors. TEM analyses revealed the presence of an amorphous 
silicate that should have been a liquid at 1200°C. Such liquid may have enhanced the 
hexacelsian-to-monoclinic transformation (via a dissolution/reprecipitation mechanism). 

♦ The formation of celsian from Ba-AI-Al2C>3-Si02 precursors has also been evaluated: 

• Extensive Ba2Si04 formation again occurred at 300°C. Unlike for Ba-AI-Si precursors, 
however, BaA^CU was produced at 300-650°C. The presence of AI2O3 in the precursor 
appears to have allowed for the formation of BaAl2<04 prior to complete consumption 
of BaC>2 by the concurrent reaction of BaC>2 with SiC-2 (to form Ba2SiC>4). 

• As for Ba-AI-Si, hexacelsian preceded the formation of monoclinic celsian. However, 
partial substitution of Sr or Mg for Ba in these precursors dramatically enhanced the rate 
of formation of monoclinic celsian at <1200°C. Partial substitution of Mg for Ba also led 
to the formation of an appreciable amount of barium osumilite, BaMg2Al6Sig03o. 

♦ Composites consisting of only monoclinic celsian and zirconia were produced after firing for 
26 hours at 1200°C. XRD analyses indicated that appreciable solid solubility of zirconia in 
celsian is possible at 1200°C. Composites of BaAI^SiaOs with Al2C>3-rich fibers were also 
produced. Appreciable chemical reaction with the fibers at <1260°C was not observed. 

♦ Near net-shaped pellets of monoclinic celsian and celsian-zirconia composites have been 
produced upon complete transformation of Ba-AI-Al2C>3-Si02, Ba-Sr-AI-Al203-Si02, and 
Ba-Al203-Si-Si02-Zr02 precursors. Dimensional changes of <1% were achieved. 

-2- 
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II. Introduction 

The requirements of stiffness, toughness, light weight, and high-temperature strength make 
fiber-reinforced, ceramic-matrix composites potentially attractive for advanced engine 
components in the transportation (aircraft, diesel trucks), defense, and electric utility industries. 
However, in order to realize such potential, improved processing methods capable of producing 
dense, complex-shape, refractory-matrix composites at modest cost are needed. 

A novel method for synthesizing alkaline-earth-bearing ceramics is the oxidation of solid 
metal-bearing precursors (SMP) [1-18]. Work over the past few years at Ohio State University 
has demonstrated that dense, shaped dielectric (BaTiOa), ferrimagnetic (BaFe^Oig), and 
proton-conducting (Ba(Ce,Nd)C>3) ceramics can be produced at modest temperatures by the 
oxidation of metallic or metal/oxide precursors [1-7]. A number of authors, including one of the 
Pis, have also produced superconducting oxide composites from all-metallic precursors [8-15]. 
A unique and key feature of the work at OSU has been the recognition that alkaline earth and 
non-alkaline earth metals exhibit opposite volume changes upon oxidation, which has led to the 
concept of tailoring the precursor phase content so as to produce near net-shaped ceramic 
bodies upon oxidation [16, 17]. 

Preliminary work (conducted just prior to this present AFOSR program) at OSU indicated that 
the SMP method could also be used to produce the high-temperature silicate compound known 
as celsian, BaAl2Si20s [18]. Celsian is an attractive matrix phase for ceramic composites, 
owing to its high melting temperature (1760°C), excellent high-temperature oxidation resistance 
(unlike SiC), relatively good thermal shock resistance (owing to an average linear thermal 
expansion coefficient of only 2.3X10-6/°C from 20° to 1000°C), and modest density (3.39 g/cm3) 
[19, 20]. Celsian is also chemically compatible with Al203, Al6Si20i3 (mullite), Zr02, and Si3N4 
reinforcements (i.e., fibers, particles) [21-28]. While this early work had revealed that shaped 
monolithic celsian could be produced by the SMP method, a detailed fundamental understanding 
of the transformation mechanisms (reaction paths, microstructural evolution) and the effects of 
SMP processing conditions (e.g., precursor phase content, doping effects, etc.) on such 
transformations were not known. The syntheses of celsian-based composites was also not 
thoroughly examined. Before discussing the results of work conducted over the past year in this 
AFOSR-sponsored program, a general description of the SMP method, and its advantages 
relative to other processing routes, will be presented. 

A. General Description of the SMP Method 

This novel process consists of two basic steps: 

1) Precursor Preparation - A multicomponent, alkaline-earth-metal-bearing precursor with 
an appropriate composition, phase content, and shape is prepared. The composition 
of the precursor (i.e., the relative amount of each element, whether that element is 
present in one or more oxide or metallic phases) is determined by the phase(s) desired 
upon complete transformation. The phase content (i.e., the relative amounts and types 
of metal, intermetallic, or oxide phases) is chosen so as to minimize the net volume 
change upon transformation. 

2) Oxidation/Annealing - The solid, metal-bearing precursor body is oxidized and then 
further annealed to produce a dense, near net-shaped multicomponent ceramic or 
ceramic-matrix composite. 

General schemata of SMP methods for producing shaped, bulk monolithic ceramics are 
illustrated in Figure 1 on the following page. 
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A. General Description of the SMP Method (cont.) 
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Figure 1. Solid metal-bearing precursor (SMP) routes to bulk, monolithic ceramic components. 

The key to the SMP method is the use of alkaline-earth-metal-bearing precursors. As discussed 
in more detail in the following sections, such precursors can be readily formed into desired 
shapes, can be oxidized at a rapid, but controllable rate, and can be transformed at modest 
temperatures into dense, near net-shaped ceramic bodies. 

Before proceeding further, it is important to note that the SMP method is distinctly different 
from other oxidation processes, such as self-propagating high-temperature synthesis (SHS) [29, 
30], reaction-bonded aluminum oxide (RBAO) [31-34], directed metal oxidation (DIMOX) [35-37], 
or the co-continuous ceramic composite (C4) process [38-40]. While exothermic, self-sustaining 
combustion reactions allow for SHS processing of a wide variety of carbides, nitrides, oxides, 
and suicides with modest energy input, the resulting ceramic bodies are often relatively porous 
[30] and tend not to retain the dimensions of the starting precursor. On the contrary, the RBAO, 
DIMOX, and C4 processes are each capable of yielding near net-shaped, ceramic-bearing 
bodies. Accurate control of the dimensions of RBAO-derived bodies requires the presence of a 
specific amount of porosity within the starting precursor (in order to compensate for the volume 
expansion associated with the oxidation of aluminum). Such porosity is not required with the 
SMP process (i.e., it is possible to produce dense, near net-shaped ceramics from dense SMP 
bodies). The DIMOX process yields a ceramic-metal composite with a shape that is determined 
by the shape of the crucible (often ceramic) used to contain the molten metal during reaction 
with gaseous oxygen [35-37]. The C4 process also yields ceramic-metal composites, although 
in this case the composites are produced by a displacement reaction between a molten metal 
(e.g., molten aluminum) and a solid oxide preform (e.g., silica glass). The shape of a C4-derived 
composite is determined by the shape of the oxide preform [38-40]. The SMP method, however, 



II. Introduction (cont.) 
A. General Description of the SMP Method (conU 

is capable of yielding near net-shaped, all-ceramic bodies without relying upon the use of a 
shaped ceramic crucible or a glass preform. Instead, the SMP route relies upon conventional 
metallurgical processing (e.g., mechanical alloying to produce a powder mixture or alloy which is 
compacted and formed by deformation processing) to yield shaped solid precursors that can 
then be transformed by oxidation into near net-shaped ceramics. 

1.  Precursor Preparation 

A solid-state, powder metallurgical route can be a particularly effective method for producing 
shaped precursor bodies. Solid-state milling equipment (e.g., vibratory ball mills, attritor mills, 
rod mills) can be used to produce reactive precursor powders that, in turn, can be compacted 
and formed into desired shapes by standard deformation processes (e.g., pressing, rolling, 
extrusion, etc.). High-energy mechanical alloying has been demonstrated to be an effective 
method of fabricating metal-bearing precursors consisting of finely-divided, intimate mixtures of 
highly-reactive phases [5, 6, 9, 12, 16]. On the other hand, prolonged mechanical alloying can 
result in the extensive formation of brittle intermetallic compounds that may be difficult to form 
into complex shapes by room-temperature deformation processing [12]. The synthesis of highly- 
reactive, yet malleable alkaline-earth-bearing precursors requires careful control of milling 
parameters (milling temperature, time, rate) [1, 2, 6, 7,12,15,16,18]. 

The fabrication of a shaped precursor can also be conducted by melt casting (or so-called 
"compocasting," if a partially-molten metallic or metal+oxide precursor is cast). Planar flow 
casting (melt spinning) can be used to produce a precursor tape consisting of a finely-divided 
mixture of metallic and intermetallic phases [8,10,13]. A metallic precursor coating may also be 
produced by dipping a substrate into a molten alloy [14]. An example of a precursor system that 
may be suitablo for melt casting is the Ba-AI-Si system. As shown in Figure 2 below, a melt with 
a BaAl2Si2 composition can be produced at 1040°C. This melt can be cast into a shaped 
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Fig. 2. The BaSi2-AI phase diagram illustrating congruent melting of BaAl2S'i2 at 1040°C [41]. 
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II.  Introduction (cont.) 
A. General Description of the SMP Method (cont.) 
1. Precursor Preparation (cont.) 

precursor body composed of a BaAl2Si2 ternary compound, which possesses the same Ba:AI:Si 
elemental ratio as celsian (BaAI2Si20s). Preliminary tests conducted at OSU have indicated that 
molten alkaline-earth-bearing liquids (e.g., Ba-AI-Si, Ba-AI, and Mg) can be infiltrated into porous 
alumina preforms without requiring the use of externally-applied pressure [42]. 

2. Oxidation Processing 

In order to produce a bulk ceramic component from a shaped metal-bearing precursor, the 
precursor should oxidize at a relatively rapid (although controllable) rate, preferably at a modest 
temperature. Most alkaline earth metals (Ba, Sr, Ca, Mg) oxidize (and nitridize) at a rapid, linear 
rate at temperatures below 500°C [43-49]. Hence, it may be expected that precursors 
containing significant concentrations of alkaline earth metals would also oxidize (and nitridize) 
rapidly at modest temperatures, so that bulk forms of such precursors could be completely 
oxidized in reasonable times. Indeed, this has been observed for a variety of alkaline-earth- 
bearing precursors (e.g., Ba-Ti precursors to BaTi03 [1, 2, 4, 5], Ba-Nd-CeH3 precursors to 
Ba(Ce,Nd)03 [7], Ba-Fe precursors to BaFei2Oig [6], and Y-Ba-Cu, Bi-Sr-Ca-Cu, and Ba-Fb-Bi 
precursors to YBa2Cu30y, Bi2Sr2CaiCu20y, and BaPbxBii-xOy, respectively [8-13]). 

In order to retain the precursor shape, the net volume change upon complete transformation 
should be minimized. Owing to significant volume expansions, the complete oxidation of most 
metals and alloys results in severe spallation and cracking [43]. The molar volumes of several 
elements and oxides are listed in Table 1 below. An exceptional feature of most alkaline earth 
metals (Mg, Ca, Sr, Ba) is that the molar volume of the metal is larger than the molar volume of 
the corresponding oxide(s) (e.g., Vm(Ba) > Vm(BaO), Vm(Ba02)). The opposite is true for other 
metals (e.g., 2Vm(AI) < Vm(Al203)). Hence, an appropriate amount of alkaline earth metal can 
be mixed with non-alkaline earth metals and/or oxides such that the resulting precursor 
possesses the same overall molar volume as the desired product multicomponent oxide [17]. 
Consequently, the volume and dimensional changes upon oxidation and complete 
transformation of the precursor into the desired ceramic compound can be quite small or zero. 

Table 1. Molar volumes of metals and oxides (at room temperature). 

Element Vmtelemenf) Oxide Yr n(oxide) 100-AVm/ccVmtelementV 
(cm3/mole) (cm3/mole) 

Ni 6.60 NiO 11.2 +70% 
Cu 7.12 Cu20 23.8 +67% 
Fe 7.11 FeO 12.6 +77% 
Ti 10.6 Ti02 (rutile) 18.8 +77% 
Zr 14.1 Zr02 (monoclinic) 20.9 +48% 
Al 9.99 AI2O3 (corundu m) 25.7 +29% 
Si 12.1 Si02 (quartz) 22.7 +88% 
Ba 39.1 BaO 26.8 -31% 
Ba 39.1 Ba02 34.1 -13% 
Sr 33.7 SrO 22.0 -35% 
Sr 33.7 Sr02 26.2 -22% 
Ca 26.0 CaO 16.6 -36% 
Ca 26.0 Ca02 24.7 -5% 
Mg 14.0 MgO 11.3 -19% 

1    A Vm/aVm(element) = [Vm(oxide) - aVm(element)]/aVm(element). a is the number of moles of the element present    in 
one mole of oxide. For example, a for T1O2 is one, while a for C112O is 2. 

-7- 



II. Introduction (cont.) 
A. General Description of the SMP Method (cont.) 
2. Oxidation Processing (cont.) 

Consider the following net oxidation reaction to produce celsian from a precursor consisting 
of an intimate mixture of Ba, Al, AI2O3, and Si02 with a Ba:A!:AI2C>3:Si02 molar ratio of 
1.00:1.68:0.16:2.00. 

heat 
1 00 Ba+1.68 Al+ 0.16 a-AI203 +2.00 Si02(cristobalite)       =>       BaAI2Si208    (1) 

+ o2(g) 

The calculated percentage change in volume for this reaction is less than 0.1% (i.e., 
100-AVm/Vm(precursor) < +0.1%). Hence, the transformation of such a dense, finely-divided Ba- 
AI-AI203-Si02 precursor into dense celsian should result in a celsian component that retains the 
precursor shape. Celsian precursors with other metal and oxide phases can also be tailored to 
yield such small volume changes. For example, celsian precursors containing mullite, 
3AI203-2Si02, or intermetallic phases, such as BaAl2Si2, could be fabricated. The metal and 
oxide contents of precursors to other alkaline-earth-bearing ceramics (e.g., SrAI2Si2<08, 
BaMg2Al6Sig03o (osumilite), M^AUSisCho (cordierite), etc.) could be tailored in a similar 
fashion to yield dense, near net-shape ceramic bodies [17]. 

3.  Fabrication of Composites 

The SMP process illustrated in Fig. 1 can be modified to allow for the syntheses of ceramic- 
matrix composites. Consider the synthesis of a bulk, discontinuous-fiber-reinforced, celsian- 
matrix composite by the process illustrated in Figure 3. Metal-bearing precursor powder can be 
produced by solid-state mechanical alloying (e.g., high-energy ball milling). The precursor 
powder can be blended with ceramic fibers, and then packed and sealed into a fugitive metal 
tube. The packed tube can be formed into a desired shape by deformation processing (e.g., 
example, a thick sheet could be produced by rolling). The fugitive metal sheath can then be 
removed and the precursor can be completely oxidized and annealed to yield a dense fiber- 
reinforced ceramic-matrix composite. A similar process could be used to produce a particulate- 
reinforced ceramic-matrix composite. 

.Solid Metal-Bearing Precursor Route to a 
niscoritinuous-Fiber-Reinforced Cernmir Composite 

Prepare metal-bearing precursor powder by mechanical alloying. Blend 
powder with fibers. Pack and seal mixture into fugitive metal can. 

Deform packed can into a desired shape. Remove fugitive metal can. 

T •  H • E 

OHIO 
STÄIE 

Oxidize metal-bearing precursor matrix to produce a ceramic composite. 

SS>® § <S> ® 

wm 
® §> <s ® © © 

Figure 3. A solid metal-bearing precursor (SMP) route to ceramic-matrix composites [17]. A 
solid-state mechanical alloying/deformation approach is illustrated. 



II.  Introduction (cont.) 
A. General Description of the SMP Method fcnnt) 
3.   Fabrication of Composites (cont.) 

Continuous-fiber-reinforced composites could be fabricated by the method illustrated in 
Figure 4. A molten metal precursor can be infiltrated into a fiber preform contained within a 
shaped mold. After solidification and mold removal, the solid precursor matrix can be completely 
oxidized and annealed to yield a dense, continuous-fiber-reinforced ceramic composite. For 
example, a molten BaAl2Si2 precursor could be infiltrated, solidified and then oxidized to 
produce a fiber-reinforced, celsian-matrix composite. Indeed, recent unpublished work at OSU 
has indicated that molten Ba-AI-Si, Ba-AI, and Mg can infiltrate into alumina preforms at <1200°C 
without the need for an externally applied pressure [42]. 

Solid Metallic Precursor Route to Continuous- 
Fiber-Reinforced Ceramic-Matrix Composite 

Prepare metal-bearing precursor powder by mechanical alloying. Press 

powder into a pellet. |   [ 

Place pellet over ceramic fiber p-eform. Melt metal-bearing precursor pellet to 
allow for infiltration into preform. 

]      [ 

Oxidize solidified body to form a fiber-reinforced ceramic-matrix composite. 

®SS®® ©QS®§) ©S®®® 
T   ■    II   •   6 

OHIO 
STÄIE 
UNIVERSITY S8SSQ       ©®®®®       ®®®®S 

Fig. 4. A solid metal-bearing.precursor (SMP) route to ceramic-matrix composites. A melt- 
infiltration/solidification approach for producing a precursor matrix is illustrated [17, 42]. 

B. Attractive Features of the SMP Method 

The SMP process possesses a unique combination of advantages over other ceramic 
synthesis routes. Perhaps the most unique and important advantage is the ability to fabricate 
near net-shaped ceramic bodies by cost-effective operations that are well-suited for large-scale 
manufacturing. Metal-bearing precursors can be produced in desired shapes by conventional 
deformation processing (e.g., rolling, forging, extrusion, pressing, etc.) or by melt processing. As 
discussed above, the volume change upon oxidation (and nitridation) can be quite uniform and 
small for finely-divided (or chemically-homogeneous), alkaline-earth-metal-bearing precursors. 

Under appropriate conditions of mechanical alloying, the precursors can be malleable, so that 
organic additives (binder, plasticizer, etc.) are not required to produce a shaped body. 
Consequently, the defects generated by incomplete or inhomogeneous organic pyrolysis 
(cracks, delaminations, residual trapped carbon) can be avoided. Further, owing to the absence 
of carbon and the avoidance of CO/CO2, H2O, and gaseous hydrocarbons (associated with 
organic pyrolysis), the formation of intermediate carbonates or hydroxides can be prevented. As 
a result, novel reaction paths to multicomponent ceramics can be accessed. Since a finely- 
divided, highly-reactive mixture of precursor oxide phases can be produced by the oxidation of a 
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II. Introduction (cont.) 
B. Attractive Features of the SMP Method (cortt.) 

finely-divided or chemically-homogeneous metal-bearing precursor, a multicomponent ceramic 
phase can be formed at reduced temperatures. For example, by avoiding the formation of the 
relatively stable carbonate, BaC03, multicomponent oxides such as YBa2Cu307-y, Ba2TiC>4, 
BaAteCU, and BaCeC>3 have started forming within oxidized metal-bearing precursors at <550°C 
[5,7,12,50]. 

Sintering of ceramic bodies produced by the SMP approach can occur at relatively low 
temperatures or in relatively short times. Oxide grains formed by oxidation at moderate 
temperatures (<900°C) tend to be quite fine (submicron - see Fig. 9b on page 17). Fine-grained, 
oxidized precursors can exhibit an enhanced rate of sintering. Since an intimate mixture of 
precursor oxide phases can be produced by the oxidation of multicomponent metal-bearing 
precursors, the rate of densification may be further enhanced by a reactive sintering process. 
Indeed, completely dense YBa2Cu307_y/Ag composites have been formed by oxidizing melt- 
spun Y-Ba-Cu-Ag ribbons at 500°C and then annealing for 5 hours at 900°C [13]. Dense 
BaTi03/Pd laminates have also been produced by oxidizing Ba-Ti/Pd metallic precursor 
laminates at <900°C, and then annealing for 10 hrs at 1085°C (without the use of a liquid-phase 
sintering aid!) [1]. Dense BaCeC>3 tapes have been produced after oxidation and annealing of 
Ba-CeH3 precursors at a peak temperature of 900°C [7]. YBa2Cu307.y/Ag composites, 
BaTiCVPd laminates, and BaCeC>3 bodies prepared by more conventional processing routes 
require significantly longer times or higher temperatures for complete densification without the 
use of sintering aids. Oxidation and densification at relatively low temperatures are desired to 
reduce processing costs of ceramic composites and to minimize fiber-matrix reactions. 

In summary, under appropriate conditions of processing, malleable alkaline-earth-metal- 
bearing precursors can be deformed or cast into desired shapes, oxidized rapidly, transformed 
into a multicomponent ceramic compound (or compounds) at modest temperatures, and sintered 
to high density to yield a near net-shaped ceramic body. Work over the past year in the present 
program has demonstrated that such features also apply to the syntheses of celsian and celsian- 
matrix composites from solid, metal-bearing precursors. 

III. Results and Discussion 

The work conducted from April 15, 1994 to April 14, 1995 has been focused in the fol'owing 
areas: 

1) Understanding the intermediate reactions leading to monolithic celsian 
2) Evaluating the feasibility of synthesizing celsian-matrix composites 
3) Demonstrating the near net-shape feature of the SMP process 

SEM, EPMA, TEM, and XRD analyses have been used to evaluate the reaction paths to celsian 
from various precursors (i.e., all metallic, metal/oxide). The influence of dopants (strontium, 
magnesium) on the formation of monolithic celsian has also been studied. The SMP method has 
been applied to the syntheses of celsian/zirconia, celsian/alumina, and celsian/silicon nitride 
composites. Near net-shaped monolithic celsian and celsian-zirconia composites have also 
been produced. Progress in these areas is presented in this section of the report. 

A.   Synthesis of Monolithic Celsian 
1.   All-Metallic Precursors (Ba-AI-Si) 
a)   Precursor Preparation 

Ba-AI-Si metallic precursor tapes were prepared by compaction and deformation of powders 
produced by solid-state mechanical alloying of the elements (see schema in Fig. 1). The starting 
elemental aluminum and silicon were powders, obtained from Goodfellow, Inc. (Malvern, PA), 

-10- 



111. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian (cont.1 

1. All-Metallic Precursors (cont.) 
a) Precursor Preparation (cont.) 

with average particle sizes of ~ 10 jim and = 5 jim, respectively. The overall purities of the 
aluminum and silicon powders were >99% (major Al impurities: Si+Fe <0.9 wt%, Zn<0.1 wt%) 
and >97.5% (major Si impurities: Al<0.6 wt%, Ca<0.5 wt%, Fe<0.5 wt%), respectively. 
Elemental barium was obtained from Aldrich Chemical Co. (Milwaukee, Wl) in the form of dense 
rods with purities of >99% (major impurities: Sr<0.76 wt%, Ca<0.12 wt%). Barium flakes (=200 
jim in length) were produced from the barium rods by filing with a seasoned steel file. All 
powder handling was conducted within an argon-atmosphere glove box. 

An equimolar mixture of aluminum and silicon powder was placed within an o-ring sealed 
hardened steel vial, along with hardened steel balls and hexane as a milling lubricant. Milling 
was conducted within a high-energy vibratory ball mill (Model 8000 Mixer-Mill, SPEX Industries, 
Edison, NJ) for 4 hours. Barium flakes were then added to the milled powder to achieve a 
Ba:AI:Si molar ratio of 1:2:2, which was consistent with the desired ceramic compound, celsian 
(BaAl2S'i2C>8). Additional milling was then conducted for 1 hour. An x-ray diffraction pattern of 
the resulting Ba-AI-Si powder revealed diffraction peaks for elemental barium, aluminum, and 
silicon. Intermetallic compounds, such as BaAl2Si2 [41], were not observed to have formed. A 
high volume fraction of intermetallic compounds was not desired, owing to complications in 
room-temperature compaction and deformation of such brittle phases. 

After milling, the Ba-AI-Si powder mixture was sealed within evacuated, fugitive silver tubes 
with inner and outer diameters of 0.93 cm and 1.03 cm, respectively (99.9% purity, Handy and 
Harmon Co., E. Providence, Rl) and rolled into tapes. Rolling was conducted at room 
temperature with a two-high rolling mill (8.5 cm dia. rolls) at a rate of =22 cm/sec. After every 
50% reduction in thickness, the tape was annealed for 1 hour at 300°C in a vacuum oven, in 
order to prevent edge cracking of the silver tube. An optical micrograph of a cross-section of a 
tape is shown in Fig. 5. The compacted Ba-AI-Si core of the tape was quite malleable, as 
revealed by the absence of cracks and by the uniformity in the thickness of the core. 

250 jam 

Figure 5. Optical micrograph of a longitudinal cross-section of a silver-sheathed Ba-Ai-Si 
precursor tape produced by room-temperature rolling of mechanically-alloyed 
Ba-AI-Si powder. 
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ill. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian (cont.) 
1. All-Metallic Precursors (cont.) 
b) Oxidation Processing 

The silver-sheathed tapes were cut into 15 mm lengths and exposed to oxidation heat 
treatments conducted in flowing, purified oxygen2 over a range of temperatures, as shown in 
Figs. 6b and 6c. In order to avoid the generation of a low-melting Ba-Ag eutectic liquid at 340°C 
[1, 51], the precursor tapes were given an initial oxidation treatment at 300°C in pure, flowing 
oxygen. Ag is sufficiently noble that it should remain metallic under these conditions, whereas 
the Ba should transform into oxide. The core of each tape was exposed only at the cut ends 
(see Fig. 6a), so that oxidation at this temperature proceeded inward from the ends of each 
specimen3. The oxidation cycle was then continued with constant temperature anneals at 500°C 
and 900°C. After the 900°C treatment, the fugitive silver sheath was cleanly peeled away from 
the oxidized core of the tape (silver melts at 939°C in pure oxygen at 1 atm pressure [52]). The 
core was then sandwiched between sheets of palladium foil, to avoid interaction with the ceramic 
boat upon which the specimen rested during higher temperature heat treatments. To allow for 
conversion of the oxidized tapes to BaA^SiaOs, an additional heat treatment step was 
conducted at 1200°C in the cycle shown in Fig. 6b. A second heat treatment cycle, containing 
anneals at 1100°C, 1200°C, and 1260°C (see Fig. 6c), was introduced to further elucidate the 
reactions leading to the monolithic polymorph of BaAl2Si20s. 

200 urn 

(3) 

15 mm 
11 mm 

T/°C, T/°CA 

500  C 
12h 

90°°C    A°cimtn \ 
10h_/ \ 

24 h        /Co-,   . 
300°C 
24 h 

A°Clmm 

1100°C 
goo^c    10 h   ^, 
10 h   /.o„,   . 

.   1250°C 
1200°C         *8 h 

/ lur.'m,n    \ 

4°C/h                                     \ 

S00uC         / 
12 h        /l°C;min 

/l°C/min 

Oxidation Time Oxidation Time 

(b) (c) 

Figure 6. (a) Geometry of the silver-sheathed Ba-AI-Si specimens, (b), (c) Heat treatment 
cycles used to oxidize and transform the Ba-AI-Si precursors into BaAteSiaOs (as 
discussed in the text, the silver sheath was removed after the 900°C stages of these 
thermal treatments). 

2 The oxygen was passed through a drierite/ascarite column to remove residual water vapor or carbon dioxide. 
3 Oxygen diffusion through silver at 300°C is sufficiently slow that the oxidation reaction at this temperature 

occurred by the propagation of an oxidation front from the ends of the tape (not through the silver sheath) [1]. 
-12- 



III. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian (conU 
1. All-Metallic Precursors (cont.) 
b) Oxidation Processing (cont.) 

Prolonged annealing times were chosen at each constant temperature stage of heat treatment to 
allow for more complete reaction and/or coarsening of resulting phases for subsequent detection 
by electron microscopy. For example, prior work on other Ba-bearing tape precursors has 
revealed that barium oxidation can be completed within 8 hours over a 15 mm length at 300°C 
[1, 2, 5], although 24 hours were used at this temperature in the present work. 

c) Characterization Methods 

After a given isothermal treatment, a specimen was air quenched and then characterized by 
x-ray diffraction (XRD) and electron microscopy. XRD analyses were conducted with Cu Ka 
radiation (Scintag PAD V system) at room temperature on powder prepared from the oxidized 
Ba-AI-Si core of tape specimens. Electron microprobe analyses (EPMA) were conducted on 
polished metallographic cross-sections of oxidized specimens with a Cameca SX 50 instrument. 
To allow for quantitative WDX analyses with the electron microprobe, calibrations were 
conducted for barium, aluminum, and silicon using barium titanium silicate, BaTiSiaOg4, and 
anorthite, CaAl2Si2085, standards. EDX analyses were conducted with a Philips XL-30 SEM. 
EDX analyses were calibrated with reference to a BaO-Al2C>3-Si02-bearing glass standard 
whose composition had been independently measured by wet chemical and spectrographic 
analyses (the standard composition was 33.92 wt% Ba, 14.34 wt% Al, 16.38 wt% Si, and 35.36 
wt% O)6. Electron diffraction and energy-dispersive x-ray (EDX) analyses were conducted on 
thinned samples with a Philips CM200 TEM operating at 200 kV. Specimen cross-sections were 
glued within a 3 mm diameier stainless steel tube and thinned to perforation using standard 
grinding and ion milling procedures. A piece of the BaO-Al203-SiC>2-bearing glass standard 
used for EDX/SEM calibration was thinned to perforation for use as an EDX/TEM standard. 
Oxygen was not directly measured by quantitative EDX or WDX analyses. Instead, valences of 
+2, +3, and +4 were assumed for oxidized barium, aluminum, and silicon, respectively, to allow 
for calculation of the oxygen content. 

Partially-transformed specimens (i.e., specimens oxidized at <900°C) were prone to reaction 
with water vapor or carbon dioxide present in ambient air. To avoid such reaction, the silver 
sheathing on partially-oxidized specimens was not removed until the specimens were transferred 
into the argon-atmosphere glove box after oxidation (only the cut ends of the silver-sheathed 
tapes were exposed to ambient air during this transfer). After removing the sheathing in the 
glove box, the partially-oxidized precursor core was ground into powder with an alumina mortar 
and pestle. The powder was then mixed with x-ray transparent grease (Dow Coming, Inc., 
Midland, Ml) and placed on the XRD specimen holder (either polycrystalline silver or a silicon 
single crystal). The grease-coated powder was then removed from the glove box into ambient 
air and placed within the XRD system for characterization. The grease coating protected the 
partially-oxidized powder from excessive reaction with carbon dioxide and water vapor in air 
during XRD data collection. During grinding and polishing of partially-oxidized specimens for 
EPMA, mineral oil was used as a lubricant and sealant to avoid reaction with air. Just prior to 
coating of the polished specimen with carbon, the oil was removed from the specimen surface 
with hexane. 

Obtained from Tousimis Research Corporation, Rockville, MD 
Obtained from the Dept. of Mineral Science, Smithsonian Institute, Washington, DC 
N. P. Bansal, NASA-Lewis Research Center, private communication 
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III. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian fcont.) 
1. All-Metallic Precursors (cont.) 
d) Phase and Microstructural Evolution 

After exposure to 02(g) a peak temperature of 300°C: 

In order to determine whether the oxidation of barium at 300°C could be conducted over 
macroscopic distances within bulk Ba-AI-Si bodies, the sheathed Ba-AI-Si core within any given 
tape was directly exposed to oxygen only at the cut ends of the tape (see Fig. 6a). XRD spectra 
obtained from air-quenched specimens after various stages of the heat treatment cycle of Fig.6b 
are shown in Fig. 7„ After exposure to flowing oxygen at 300°C for 24 hours, predominant peaks 
were detected for barium peroxide (BaC>2), aluminum, and silicon. Diffraction peaks for 
elemental barium, and for alumina and silica, were not detected. This indicates that barium 
oxidation was completed, whereas much of the aluminum and silicon remained unoxidized, 
within the 15 mm long, silver-sheathed tapes after exposure to oxygen for 24 hours at 300°C. 
Relatively small peaks for barium orthosilicate, 3a2Si04, were also detected in the specimen 
quenched from 300°C. 

«VJL 

1100 °r 

800°C 

C r^^^mjttun 

■ w /y w^JII^XXV\A* 

500°C 
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x   ♦ 
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■dKUÄtfSu. 
300°C 
20  h 

20 30 40 
25 

50 60 

CO 

■     ■ 
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10  h 
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■ M 

■ 1150°C 

1100°C 
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20 30            40             50 60 
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♦ Ba02, V Si,               D Al, A Ba2Si04 

♦ Ba2Si308, * 3Al203-2Si02, T   BaSi-,0 

■ Hexacelsian 0 Ag (from x-ray sample holder) 

Figure 7. XRD spectra taken from the powderized core of Ba-AI-Si tape specimens that were 
air quenched after heat treatment in flowing oxygen at peak temperatures ranging 
from 300 to 1200°C (using the heat treatment cycle shown in Fig. 6b). The 800°C, 
1100°C, and 1150°C spectra were obtained from samples quenched during heatup 
between isothermal anneals. 
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111. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian (cont.) 
1. All-Metallic Precursors (cont.) 
d) Phase and Microstructural Evolution (cont.) 

A backscattered electron image of a polished cross-section of a specimen exposed for 20 
hours at 300°C is shown in Fig. 8a. Associated x-ray dot maps for barium, aluminum, silicon, 
and oxygen are shown in Figs. 8b-e. The x-ray maps indicated that the dark phases in the BSE 
image were enriched in either silicon or barium and depleted in oxygen (some dark pores were 
also present). Quantitative EPMA revealed that these particles were elemental silicon (labeled S 
in Fig. 8a) and aluminum (labeled A in Fig. 8a). The aluminum particles v/ere elongated in a 
direction approximately parallel to the direction of rolling. The oxygen map revealed that the 
barium-rich matrix (labeled B in Fig. 8a) surrounding these particles was oxidized, which is 
consistent with the detection of BaU2 by XRD. Fine (<10 urn) pores were detected within the 
interconnected BaC>2 phase after oxidation at 300°C. Such porosity may have provided a rapid 
diffusion path for oxygen during oxidation of the aluminum and silicon phases at the higher 
temperature stages of the heat treatment. The barium orthosilicate phase barely detected by 
XRD in the specimen annealed at 300°C for 24 hours could not be unambiguously detected in 
the specimen shown in Fig. 8a, presumably because of the small amount (or fine size) of this 
phase produced after 20 hours at 300°C. 

(d) 

(e) 

Figure 8. (a) Backscattered electron image of a 
Ba-AI-Si specimen that had been exposed for 
20 hours to flowing oxygen at 300°C, and (b)- 
(e) associated x-ray dot maps.  (A = aluminum, 
S = silicon, B = oxidized barium, P = porosity) 
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III. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian fcont.) 

1. All-Metallic Precursors (cont.) 
d) Phase and Microstructural Evolution (cont.) 

The complete oxidation of barium in the 15 mm long Ba-AI-Si tapes at 300°C was not 
particularly surprising. At modest temperatures, barium and other alkaline earth metals have 
been observed to oxidize at relatively rapid linear rates [43-49]. Such rapid, linear oxidation has 
been attributed to the presence of an open network of pores generated as a result of the smaller 
molar volume of barium oxide(s) relative to the molar volume of metallic barium (Vm(Ba02) < 
Vm(Ba)) [44]. Thermodynamic data compiled by Barin and Knacke, et al. [53, 54] indicates that 
the exposure of barium to pure oxygen at 300°C should result in the formation of barium 
peroxide. However, barium peroxide is not stable in contact with elemental silicon or aluminum; 
that is, red-ox reactions between silicon or aluminum and barium peroxide, such as shown 
below, are thermodynamically possible: 

or 

or 

Si + 2 Ba02 => 2 BaO + Si02 (2a) 

Si + 2 Ba02 => Ba2Si04 (2b) 

2 Al + 3 Ba02 => 3 BaO + Al203 (3a) 

2 Al + 3 Ba02 => Ba3AI206 (3b) 

Apparently, the rate of formation of Ba02 (by reaction with gaseous oxygen) was much faster 
than the rates of these red-ox reactions at <300°C. 

After exposure to 02(g) at peak temperatures of 400°C-500°C: 

The XRD pattern of a specimen quenched from 400°C (during the 1°C/min heatup from 300 
to 500°C) revealed peaks for similar phases as had been detected from the sample quenched at 
300°C, although the diffraction peaks for Ba2SiC>4 were appreciably larger (Fig. 7). After further 
heat treatment for 12 hours at 500°C, the relative heights of Ba2SiC>4 peaks had continued to 
increase, whereas the peaks for Ba02 had nearly vanished. The nearly complete consumption 
of Ba02 to form Ba2SiC>4 indicated that about one-fourth (by mole fraction) of the silicon in the 
precursor was oxidized within 12 hours at 500°C. Diffraction peaks for residual, unoxidized 
aluminum and silicon were also detected in the 500°C specimens. 

While the amount of Ba2SiC>4 was clearly observed to increase as heat treatment proceeded 
from 300°C to 500°C, diffraction peaks for crystalline BaO and Si02 were not detected in 
specimens quenched from this temperature range. This suggested that: 1) crystalline BaO and 
Si02 were present as short-lived intermediates to Ba2Si04 (i.e., at any particular time at 400- 
500°C, BaO and Si02 were present at volume fractions too low to be detected by XRD), or 2) 
Ba2Si04 was directly produced by the reaction of Ba02 with Si, or 3) that amorphous or 
nanocrystalline baria and/or silica-bearing phases preceded the formation of Ba2Si04. 

In order to determine whether crystalline BaO and Si02 were present as intermediate 
phases prior to the formation of Ba2Si04, TEM analyses were conducted on a specimen 
quenched from 400°C. Bright-field TEM images are shown in Figs. 9a-c and a high-resolution 
image is shown in Fig. 9d. EDX analyses confirmed the presence of elemental silicon and 
aluminum, along with Ba2Si04, as shown in Figs. 9a-d. The Ba2Si04 phase was polycrystalline 
and possessed a very fine grain size (on the order of 30 nm) as shown in Fig. 9b. EDX analyses 
also confirmed the presence of a barium-rich phase depleted of aluminum and silicon (labeled 
Ba/X in Fig. 9a and Ba/O/C in Fig. 9c)), although selected area electron diffraction patterns were 
not consistent with Ba02.  Because this specimen was exposed to air during transfer from the 
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:igure 9.  (a)-(c) Bright field TEM images and (d) a high resolution image of a 3a-A!-3i specimen 
thai had been quenched after exposure for 24 hours at 3C0°C, and then heating at 
1°C/min io 400°C (all in flowing oxygen). 
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III. Results and Discussion (com.) 

A. Synthesis of Monolithic Celsian formt,) 

1. All-Metallic Precursors (cont.) 

d) Phase and Microstructural Evolution (cont.) 

ion mill to the TEM, it is likely that BaC>2 originally present in the specimen had reacted with 
carbon dioxide or water vapor to form a carbonate, hydroxide, or hydroxycarbonate (in fact, 
some carbon was detected in the Ba/O/C phase by EDX analysis). The key TEM observations' 
for this specimen are with regard to phases present at interfaces between the Si or Al particles 
and the Ba-O-bearing grains. In Fig. 9d, a high-resolution image reveals a.very thin amorphous 
phase (« 5 nm thick, labeled Ba/Si/O) located at the interface between Si and Ba2Si04. EDX 
analysis revealed that this phase contained barium, silicon, and oxygen. A layer of pure SiC>2 
was not detected between silicon and the Ba-Si-0 glass. Hence, while the steady-state reaction 
of BaC>2 with Si to form Ba2SiC>4 appears to involve the formation of a glassy silicate, pure silica 
was apparently not involved as an intermediate phase. 

The bright-field TEM image in Fig. 9c reveals a boundary between an Al particle and Ba-O-C 
bearing grains (the latter was presumed to have been Ba02 prior to exposure to air). Electron 
diffraction and EDX analyses have revealed that the phase located between the Al and Ba-O-C 
bearing grains consisted of an amorphous phase containing Ba, Al and O. A layer of pure, 
crystalline AI2O3 was not detected between aluminum and the Ba-AI-O-bearing glass. Hence,' 
TEM analyses revealed that Ba-AI-O-bearing glass could be produced by the direct reaction of 
Ba02 with Al (i.e., crystalline AI2O3 formation was apparently not required). TEM analyses of 
several thinned regions indicated that the amount of the Ba-AI-O-bearing glass produced at 
400°C was considerably less than the amount of crystalline Ba2Si04 produced by the reaction of 
Ba02 with Si, which explains the lack of detection of the Ba-AI-O-bearing glass by EPMA. 

After exposure to 02(g) at peak temperatures of 700°C-800°C: 

After further exposure to 02(g) during heat up between 500°C and 800°C, the diffraction 
peaks for elemental aluminum nearly vanished (Fig. 7). Predominant peaks for Ba2Si04 and 
elemental silicon remained. XRD analyses did not reveal the presence of Ba02 (or BaO), AI2O3, 
Si02, or other oxide phases. A backscattered electron image and associated x-ray dot maps of 
a specimen exposed to a peak temperature of 700°C (i.e., quenched during the heatup between 
500 and 900°C) are shown in Figs. 10a-e. Several dark particles, that were rich in either 
aluminum or silicon, were contained in a brighter, barium-rich matrix. The silicon-rich particles 
(labeled S in Fig. 10a) were clearly depleted of oxygen. WDX analyses of relatively large (>5 urn 
in diameter) silicon-rich particles confirmed that these particles were largely unoxidized. The 
measured composition of the bright barium-rich matrix phase (labeled B2S in Fig. 10a) was 77.4 
wt% BaO + 22.6 wt% Si02, which is similar to the composition of Ba2Si04 (83.6 wt% BaO + 16.4 
wt% Si'02). Hence, the presence of silicon and Ba2Si04 after oxidation at up to 700-800°C was 
confirmed by both XRD and EPMA. The aluminum-rich particles (labeled AO in Fig. 10a) were 
too fine to allow for unambiguous identification by EPMA. Nonetheless, the lack of clear oxygen 
depletion in these and other aluminum-rich particles, and the significant decline in the height of 
diffraction peaks for aluminum in this temperature range indicated that the aluminum-rich 
particles were composed of AI2O3. (The absence of detectable diffraction peaks for AI2O3 in 
Fig. 7 could be attributed to the relatively low x-ray scattering associated with this compound 
relative to Ba2Si04.) 
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Figure 10. (a) Backscattered electron image o 
a 3a-AI-Si specimen that had been exposed tc 
a peak temperature of 700°C in flowing 02(g), 
and (b)-(e) associated x-ray dot maps. (AO = 
AI2O3. S = silicon, BPS = Ba?SiO^ ' 

After exposure to 02(g) at peak temperatures of 1100°C-1260°C: 

XRD analyses revealed that heating from 300 to 1100°C at 1 
of small amounts of A]gSi20-i3 (mullite), Ba^SiaOs, and the hexacelsian po'ym 

'C/min resulted in the fc 
nrnh  of 

:Al23i2037.   Residual silicon and Ba2Si04 were also detected ai 1100°C.   Further heating 
1°C/min to 1150°C resulted in complete consumption of 3a9Si04 and considerable formation 
hexacelsian, although a fair amount of unraacted silicon remained.   After 10 hours at 12C0°C: 
much of the silicon had oxidized and hexacelsian had become me dominant phase.   Small 
diffraction peaks were also attributed to residuai mullite, Ba^SisOs, and 3aSi205. 

A backscattered electron image and associated x-ray dot maps ol a specimen exposed io 
flowing oxygen for 10 hours at a peak temperature of 12Q0°C are shown in Figs. 11a-s. Y7DX 
analysis of the gray matrix phase (labeled 3A32 In Fig. 1 la) yielded a composition of 40.9 wi% 

Diffraction lines for silver, observed in -he XRD pattern of a specimen quenched from 1100:C (rig. 7), v/ere 
produced from a silver specimen holder used for this XRD analysis. 



(d)  I 

(e) 

Figure 11. (a) Backscattered electron image of 
a Ba-AI-Si specimen that had been exposed to 
a peak temperature of 1200°C for 10 hours in 
flowing 02(g) (using the cycle in Fig. 6b), and 
(b)-(e) associated x-ray dot maps. (AO = 
Al203, S = silicon, BS = Ba2Si308/BaSi205, 
BAS2 = BaO-AI203-2Si02) 

BaO + 27.2 wt% AI2O3 + 32.0 wt% Si02, which is nearly identical to that for BaAI2Si203 (40.8 
wt% BaO + 27.2 wt% AI2O3 + 32.0 wt% Si02). Comparison with the XRD analyses in Fig. 7 
suggested that this phase was hexacelsian. Dark particles (labeled S) were observed in Fig. 
11a to be surrounded by a bright skin (labeled BS). The x-ray dot maps in Figs. 11b-e and 
subsequent WDX analyses revealed that the dark particles were composed largely of unoxidized 
silicon. The BS phase contained a relatively high barium content (see barium dot map in Fig. 
11), and was depleted in aluminum. WDX analyses of several BS grains yielded an average 
composition of 58.2 wt% BaO + 41.8 wt% Si02, which falls between the compositions of the two 
binary barium silicates detected by XRD analyses: Ba2Si303 (63.0 wt% BaO + 37.0 wt% Si02) 
and BaSi205 (56.1 wt% BaO + 43.9 wt% Si02). Several fine aluminum-rich particles (labeled 
AO in Fig. 11a) depleted of barium and silicon were also detected and were presumed (for 
similar reasons as discussed above) to be AI2O3. 
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III. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian fonnt) 

1. All-Metallic Precursors (cont.) 
d) Phase and Microstructural Evolution (cont.) 

The formation of barium silicates as intermediate reaction products preceding the formation 
of BaAl2Si20s has also been observed by other authors. Planz and Muller-Hesse produced 
BaAl2Si20s by reacting a mixture of barium carbonate, amorphous silicic acid, and y-alumina 
[55]. During heating, BaSi03 was the first silicate to form, followed by a series of silicates with 
higher silica contents until BaSi20s was produced. The reaction of BaSi20s with alumina then 
yielded hexacelsian. These authors also suggested that some amount of alumina may have 
been incorporated into BaSi20s prior to the formation of celsian, although existing BaO-Al2<03- 
Si02 phase diagrams do not reveal appreciable solid solubility of AI2O3 within BaSi20s [21, 22]. 

After realizing that hexacelsian formation commenced at about 1100°C, a second heat 
treatment cycle (shown in Fig. 6c) was conducted with an isothermal anneal for 10 hours at 
1100°C and a particularly slow ramp from 1100 to 1200°C (4°C/hour). XRD analyses of samples 
quenched after 3 hours at 1200°C, 54 hours at 1200°C, and 48 hours at 1260°C are shown in 
Fig. 12. The increased amount of annealing time spent between 1100 and 1200°C resulted in 
nearly pure hexacelsian, as revealed by the XRD pattern of the specimen quenched after 3 
hours at 1200°C (i.e., compare the XRD pattern after 10 hours at 1200°C in Fig. 7 with the 
pattern after 3 hours at 1200°C in Fig. 12). During further exposure for a total of 54 hours at 
1200°C, conversion of some of the hexacelsian to monoclinic celsian occurred. After the final 
anneal for 48 hours at 1260°C, XRD-pure monoclinic celsian was produced. A backscattered 
electron image and associated x-ray dot maps of a specimen exposed for 48 hours at 1260°C 
are shown in Figs. 13a-e. The dot maps revealed a uniform distribution of barium, aluminum, 
silicon, and oxygen in this sample (note: the extensive cracking observed in this particular 
sample was a resuit of poor specimen handüng and polishing). WDX analyses revealed the 
presence of BaAl2Si20s, consistent with XRD data. 
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Figure 12.   XRD spectra taken from the powderized core of Ba-AI-Si tape specimens that were 
air quenched after heat treatment in flowing oxygen at peak temperatures ranging 
from 1200°C to 1260°C (i.e., at various stages of the heat treatment cycle shown in 
Fig. 6c). H= hexacelsian,  •= monoclinic celsian. 
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Figure 13. (a) Backscattered electron image of 
a Ba-A!-Si specimen that had been exposed to 
a peak temperature of 1260°C for 48 hours in 
flowing 02(g) (using the cycle in Fig. 6c), and 
('o)-(e) associated x-ray dot maps. (BAS2 = 
BaO-Ab03-2SiO?, P = porosity, C = crack) 
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The formation of metastable hexacelsian prior to monoclinic celsian has been observed by a 
number of authors upon heat treatment of a variety of crystalline or amorphous precursors [55- 
53]. In the absence of fluxing agents (e.g., UF, U9O, CaFa [23, 56, 61-65, 681) or solid-solution 
dopants (e.g., Sr, Ga: Ge substitutions for Ba, Al, and Si, respectively [64, 59-721), the 
transformation of hexacelsian to monoclinic celsian proceeds at a very slow rate below 153G°C 
(the temperature above which hexacelsian is thermodynamicaliy stable). For example, Chen, er 
al. [31, 63] observed that the conversion of hexacelsian to celsian in crystallized BaO-Ai2C>3- 
SiO*2 glass (produced from gel-derived precursors) required anneals of =28 days (=670 hours) at 
132Ö°C. in'the present work, XRD-pure monoclinic celsian was produced from hexacelsian ai a 
more raoid rate (i.e., within a total exoosurs time of 102 hours) within the temperature range of 
1200-1260°C. 

In order to better understand the hexaceisian-to-moncclinic celsian transformation in ine 
oxidized SMP samples, 

-09 

EM analyses were conducted on a partially-transformed specimen that, 



111. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian fconM 
1. All-Metallic Precursors (cent.) 

d) Phase and Microstructural Evolution (cent.) 

according to XRD analysis, consisted of a mixture of only hexacelsian and monoclinic celsian. 
Bright field TEM images of two thinned regions produced from such a specimen that had been 
exposed for 30 hours at a peak temperature of 1200°C (by the cycle shown in Fig. Sc) are 
shown in Figs. 14a and 14b. In Fig. 14b, a relatively large, rectangular-shaped grain (labeled 
SaAbSiQQs) was obsen/ed. Finer grains of more spherical shape can be seen in Figs. 14a and 
1 4b. EDX analyses revealed that both the spherical and rectangular shaped grains were 
composed of BaAbSipOa. Selected area electron diffraction also revealed the presence of 
amorphous phases in Figs. 14a and 14b. EDX analyses of the amorphous phase yielded 
compositions thai were near the 1200°C iiquidus surface of the BaO-AbOs-SiCb phase 
diagram, as shown in Fig. 15 [21, 22]. (The measured compositions of the BaAl2Si2C>3-type 
phase are also shown in this figure.) This suggests that some liquid oxide was present within 
the oxidized Ba-AI-Si specimens at >1200°C. The amorphous phase had not been previously 
detected by EPMA, which indicates that the overall amount of this phase (and, hence, the 
amount of liquid oxide present after 30 hours at 1200°C) was relatively smail. While the exact 
mechanism of conversion of hexacelsian to monoclinic celsian is not yet clear, a liquid oxide 
phase may have assisted in this transformation (i.e. via a dissolution/reprecipitation mechanism). 
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Figure 14.   Bright field TEM images of a specimen quenched after 30 hours exposure to oxygen 
at 1200°C (the heat treatment cycle shown in Fig. 6c was used). The compositions 
measured by EDX of the amorphous phase and the cn/stalline grains are shown in 

ig. 15. 
.01. 



CJUSTOMUTC 

TRIDY71IT£-\ 

lWO0-^     l 

SAKBORHITE 

Figure 15.   Compositions of the amorphous phase (open circles) and the BaAl2Si20s-type 
grains (open squares) measured by quantitative EDX/TEM analyses of a specimen 
quenched after heat treatment at a peak temperature of 1200°C for 30 hours in 
flowing oxygen (using the heat treatment cycle shown in Fig. 6b). 

A summary of the phases detected at various stages of heat treatment of the Ba-AI-Si 
precursors is shown in Table 2 below. 

Table 2. Phase Evolution to Celsian from Ba-AI-Si Precursors 

Temperature/Time/Cycle Phases Detected Detection Method* 

300°C     20 hours     1f Ba02 
Si 
Al 

Ba2Si04 

XRD, WDX 
XRD, WDX 
XRD, WDX 
XRD 

400°C     heatup#      1 Ba-0+ 
Si 
Al 

Ba2Si04 
Ba-AI-0 glass 
Ba-Si-0 glass 

EDX 
XRD, EDX 
XRD, EDX 
XRD, EDX, ED 
EDX, ED 
EDX, ED 

500°C     12 hours     1 Ba2Si04 
Si 
Al 

Ba02 

XRD 
XRD 
XRD 
XRD 
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III. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian fconU 
1. All-Metallic Precursors (cont.) 
d) Phase and Microstructural Evolution (cont.) 

Table 2. Phase Evolution to Celsian from Ba-AI-Si Precursors (cont.) 

Temperature/Time/Cvcle Phases Detected Detection Method* 

700°C     heatup# 1 Ba2Si04 
Si 

Al203 

WDX 
WDX 
WDX 

800°C     heatup# 1 Ba2Si04 
Si 

XRD 
XRD 

1100°C   heatup# 1 Ba2Si04 
Si 

Ba2Si308 
AI6Si20i3 

hex-BaAI2Si208 

XRD 
XRD 
XRD 
XRD 
XRD 

1150°C   heatup# 1 hex-BaAI2Si208 
Si 

BaSi205 
Ba2Si3Ö8 
AI6Si2013 

XRD 
XRD 
XRD 
XRD 
XRD 

1200°C   10 hours 1 hex-BaAI2Si208 
Si 

BaSi2C>5 
Ba2Si3<D8 
AI6Si20i3 

Al203 

XRD, WDX 
XRD, 
XRD, WDX 
XRD, WDX 
XRD 
WDX 

1200°C   3 hours 2 hex-BaAI2Si208 XRD 

1200°C   30 hours 2 BaAl2Si208 
Ba-AI-Si-0 glass 

EDX 
EDX, ED 

1200°C   54 hours 2 hex-BaAI2Si208 
mono-BaAl2Si208 

XRD 
XRD 

1260°C   48 hours 2 mono-BaAl2Si208 XRD, WDX 

* WDX= wavelength-dispersive x-ray analysis (quantitative analyses or qualitative x-ray dot 
maps) via EPMA, EDX= energy-dispersive x-ray analysis via TEM, ED= electron diffraction 

# Quenched during heatup at 1°C/min from 300-500°C, 500-900°C, or 900-1200°C. 
+ Presumed to have been Ba02 prior to reaction with H2<J(g) and CÜ2(g) in ambient air. 

Cycles 1 and 2 refer to the heat treatments shown in Figs. 6b and 6c, respectively. 

e.  Dimensional Changes 

Metallographic measurements of the Ba-AI-Si precursor tape before and after transformation 
to celsian revealed an average change in thickness of +9.5% (100-At/tprecursor> where t refers 
to thickness). Consider the following net reaction. 

Ba + 2 Al + 2 Si 
heat 
=> 

+ 02(g) 
BaAl2S'i208 (monoclinic celsian) (4) 
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III.  Results and Discussion (cont.) 
A.   Synthesis of Monolithic Celsian (conU 

1. All-Metallic Precursors (cont.) 
e.  Dimensional Changes (cont.) 

The predicted thickness change for a Ba-AI-Si precursor (based on the molar volumes of barium, 
silicon, aluminum, and monoclinic celsian) undergoing this net reaction is 10.4%8, which is in 
reasonable agreement with the measured thickness change. In order to obtain smaller 
dimensional changes after complete transformation to monoclinic celsian, precursors containing 
an appropriate mixture of metal and oxide phases need to be synthesized. Such precursors are 
discussed in the following section. 

2. Oxidation of Metal/Oxide Precursors 

Metal-oxide composite precursors are required in order to fabricate near net-shaped celsian 
and celsian composites by the SMP method. In this section of the report, the preparation of 
metal/oxide precursors, oxidation processing, phase/microstructural evolution are discussed. 
The fabrication of near net-shaped, phase-pure celsian bodies will also be described. 

a)   Precursor Preparation 

Mechanical alloying was used to prepare metal-oxide precursor powder mixtures. The 
starting components are listed in Table 3 below. 

Table 3. Starting Materials for Metal/Oxide Precursors 

Commercial Source 

Aldrich Chemical Co., Milwaukee, Wl 

Johnson-Matthey, Ward Hill, MA 

Cerac, Inc., Milwaukee, Wl 

Johnson-Matthey, Ward Hill, MA 

Goodfellow Corp., Malvern, PA 

Johnson-Matthey, Ward Hill, MA 

Johnson-Matthey, Ward Hill, MA 

The major impurities in the barium and strontium were other alkaline earth metals (e.g., for 
barium, the major impurities were <0.76 wt% Sr, <0.12 wt% Ca). The major impurities in the 
magnesium powder were <0.1% silicon, <0.05% manganese, and <0.03% iron. The major 
impurities in the aluminum powder were silicon and iron (<0.9 wt% total of these elements). The 
major impurities in the silica (quartz) powder were alumina (<0.4%), iron oxides (<0.07%), 
potassia (<0.06%) and calcia + magnesia (<0.05%). 

Ba and Sr flakes (=200 |im in length) were produced by filing rods of these elements with a 
seasoned steel file. The cristobalite polymorph of silica was produced by heating the 
commercially-obtained quartz powder for 10 hours at 1600°C, followed by quenching and milling 
for 5 hours in a high-energy vibratory ball mill (the presence of crystobalite was confirmed by 
XRD). Ba-AI-aAl203-Si02(cristobalite) precursors with a targeted Ba: Al: AI2O3: SiÜ2 molar 
ratio of 1.00:1.68: 0.16: 2.00 were prepared. Such a precursor mixture was chosen such that 

Material Form Ave. . Size (urrO Puritv (%) 

Ba Rods not applicable >99 

Sr Rods not applicable 99.0 

Mg Powder 30 99.6 

a-Al2Ü3 Powder 1.5 99.99 

Al Powder 10 99.0 

Si Powder 2 99.9 

Si02 Powder 2 98.8 

This predicted change in thickness is based on the assumption that the relative length change is the same in all 
three dimensions. 
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III. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian (cont.) 
2. Metal/Oxide Precursors (cont.) 
a) Precursor Preparation (cont.) 

the reaction-induced volume change upon complete transformation to monoclinic celsian would 
be nearly zero (see discussion on pages 36 and 37). That is, the increase in molar volume due 
to aluminum oxidation was used to compensate for the decrease in molar volume due to barium 
oxidation. The oxidation of elemental silicon could also have been used to compensate for the 
decrease in molar volume due to barium oxidation; that is, Ba-Si-Al203-Si02 precursors with an 
appropriate amount of Ba and Si could also be used, in principle, to produce near net-shaped 
celsian. However, the aluminum in Ba-AI-Al203-Si02 precursors is more ductile than the silicon 
in Ba-Si-Al203-SiC>2 precursors, so that the former type of precursor should be more malleable 
than the latter. Hence, the transformation of Ba-AI-Al2C>3-Si02 precursors was examined in 
more detail. Half of the barium (on a moie% basis) was replaced in some precursors with either 
strontium or magnesium in order to determine whether these dopants would enhance the 
formation of monoclinic celsian during later stages of heat treatment. 

5-10 gram batches of these mixtures were placed in a yttria-stabilized zirconia vial (3.5 cm 
inner diameter, 4.5 cm length). Along with each powder mixture, 2 yttria-stabilized zirconia balls 
and 30 ml_ of hexane were added to the zirconia vial. The vial was then sealed in an argon-filled 
glove box and transferred to the high-energy vibratory SPEX mill. After milling, the zirconia vial 
was returned to the glove box whereupon the hexane was removed by filtration and evaporation. 
Milling of the precursor mixtures was conducted for relatively short times <4 hours, in order to 
avoid the formation of brittle intermetallic compounds (such as BaSi, BaS'i2, BaAU, BayAli3, 
BaAl2Si2 [41]). XRD patterns of the precursor powders indicated only the presence of the 
starting precursor components; thai is, no peaks for intermetallic compounds were detected. 

Hexagonal or circular pellets of these precursors were produced by uniaxial pressing of the 
precursor powder within hardened steel dies inside the argon-atmosphere glove box. The 
hexagonal pellets possessed edge-to-edge widths of =6.6 mm and thicknesses of 2-3 mm. The 
circular pellets were =10 mm in diameter and 2-3 mm thick. Because the Ba-AI-Al2C>3-Si02 
precursors consisted of =49.7 vol% ductile metal (i.e., Ba+AI), these precursors could be 
pressed to a relatively high density. For example, an Archimedes measurement conducted on 
the precursor pellet shown in Fig. 24a yielded a theoretical density of 94.1 %. 

Tapes were also prepared by packing and vacuum sealing a given powder batch into a 
fugitive silver tube. The tube was rolled at room temperature into a tape with a thickness of =500 
jim (see discussion on page 11 for additional details of the rolling procedure). After every 50% 
reduction in the tape thickness, a vacuum annealing treatment was conducted at 300°C for 1 
hour in order to avoid edge cracking of the silver sheathing. 

b)   Oxidation Processing 

Several Ba-AI-Al2C>3-Si02 pellets were placed on a bed of alumina powder within an alumina 
combustion boat. The pellet-bearing boat was then sealed inside a quartz tube within the argon 
atmosphere of the glovebox. The quartz tube contained valved inlet and outlet ports to allow for 
purging (just prior to oxidation) with flowing oxygen. The quartz tube was removed from the 
glove box and placed inside a horizontal tube furnace. The quartz tube was then purged with 
purified, flowing oxygen. The furnace was heated at a rate of 1°C/min from room temperature to 
300°C and held at this temperature for 24 hours. The quartz tube was then removed from the 
furnace and allowed to cool, whereupon it was evacuated and transferred inside the argon- 
atmosphere glove box. One sample was removed from the quartz tube for x-ray diffraction 
analysis. The quartz tube was then re-sealed within the glove box and placed back into the 
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III. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian fconU 
2. Metal/Oxide Precursors (cont.) 
b) Oxidation Processing (cont.) 

furnace and the remaining samples were exposed to a second heat treatment at a higher 
temperature (e.g., 500°C or 650°C) in flowing oxygen (heating and cooling were conducted in a 
similar manner as for the 300°C heat treatment). After the second treatment, a second sample 
was removed for x-ray diffraction analysis. This sequence was repeated with further consecutive 
heat treatments of up to 1200°C. Additional heat treatments up to 1650°C were conducted in 
ambient air in a box furnace (the box furnace heating rate was =30°C/min). Schema of the 
thermal treatments used are shown in Figs. 16a and 16b. As with Ba-AI-Si precursors, 
prolonged annealing times (10-96 hours) were used to allow for the formation of relatively coarse 
phases at a given temperature, for subsequent evaluation by electron microscopy. 

Time Time 

(a) (b) 

Figure 16. Heat treatment cycles used to oxidize and transform the Ba-AI-Al2C>3-Si02 
precursors. The schematic inset in (a) reveals the geometry of the hexagonal pellet 
specimens. 

c)   Phase and Microstructural Evolution 

The phase and microstructural evaluation of Ba-AI-Al203-SiC>2 pellet specimens exposed to 
the heat treatment cycle shown in Fig. 16a were examined with XRD analyses and electron 
microscopy. 

After exposure to 02(g) at a peak temperature of 300°C: 

XRD spectra obtained from air-quenched specimens after thermal treatment in flowing 
oxygen at peak temperatures of 300-1650°C are shown in Fig. 17. After exposure to flowing 
oxygen for 24 hours at 300°C, predominant diffraction peaks for Ba2SiC>4 and SiC>2 (cristobalite) 
were detected. Peaks of relatively low intensity were also observed for Al and possibly for 
BaAl2C>49. Major diffraction peaks for BaC>2 were absent, although a small amount of BaCC>3 
was detected. The presence of some BaCC>3 was attributed to reaction (perhaps of Ba02) with 
CO2 present in ambient air during transfer of the specimens to the x-ray diffractometer (note: the 
flowing oxygen used to oxidize the specimens was scrubbed of carbon dioxide and water vapor 
with an ascarite/drierite column). 

While the strongest diffraction peak for BaAl204 overlaps a peak for Ba2SiC>4 (e.g., the peak near 29 
28.3°), a minor non-overlapped peak for BaAl204 (near 29 = 34.2°) was detected. 
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X = BaAl204 

ti- = Ba2Si04 

* = BaSi03 

o = BaC03 

Q = BaAl2Si208 (Hexacelsian) 

• = BaAl2Si208 (Celsian) 

♦ = Si02 (Cristobalite) 

A = A1 
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Figure 17.   XRD spectra taken from the powderized Ba-Al-Al203-Si02 pellet specimens that 
were quenched after heat treatment at: a) 300°C for 24 hours b) 650°C for 72 
hours, c) 900°C for 24 hours, d) 1200°C for 35 hours, e) 1350°C for 20 hours 
f) 1580°C for 35 hours, and g) 1650°C for 20 hours, followed by 1500°C for 20 
hours (using the heat treatment cycle shown in Fig. 16a). Heat treatments at 
<1200°C and at >1350°C were conducted in flowing 02(g) and ambient air 
respectively. 

A backscattered electron image and associated x-ray dot maps of a specimen quenched 
l\T f1 Pe

D
ak

0\
emperaturö of 300°C are shown in Figs. 18a-d. A bright, aluminum-depleted phase 

(labeled B2S) can be seen, along with a gray, silicon-depleted matrix phase (labeled BA) Dark 
particles enriched in either aluminum (labeled A) or silicon (labeled S) can also be seen Several 
A and S particles were of sufficiently large size as to allow for unambiguous EDX confirmation 
that such particles were aluminum or silica. Unfortunately, the presence of fine closely-spaced 
aluminum and silica particles mixed in with the BA and B2S phases inhibited unambiguous 
quantitative EDX confirmation of the compositions of the BA and B2S phases (TEM analyses are 
in progress). Nonetheless, reference to the XRD pattern in Fig. 17 leads to the tentative 
conclusion that the BA and B2S phases were BaAI204 and Ba2Si04 respectively 
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Figure 18.   (a) Backscattered electron image and (b)-(d) associated x-ray dot maps of a 
polished cross-section of a quenched Ba-AI-AbCVSiC^ pellet specimen that had 
been exposed to flowing oxygen for 24 hours at 300°C. (A = aluminum, S = Si02, 
BA = BaAl2Ü4 (deduced from XRD analyses), B2S = Ba2Si04 (deduced from XRD 
analyses)) 

After exposure to 02(g) at a peak temperatures of 650°C and 900°C: 

After 72 hours at 650°C, the aluminum peaks had vanished and the peaks for BaAl2C>4 
increased in relative intensity. Diffraction peaks for Ba2Si04 and SiC>2 were still present. A 
small amount of BaSi03 was also detected. 

The diffraction peaks for the BaAl2C>4 phase were most dominant after 24 hours at 900°C. 
The diffraction peaks for BaSiC>3 became more distinct at the expense of peaks for Ba2SiC>4 and 
SiC>2, which had vanished and significantly decreased in intensity, respectively. Hexacelsian 
had also begun to form at <900°C. 

After exposure to 02(g) at peak temperatures of 1200-1500°C: 

After 35 hours at 1200°C, an appreciable amount of hexacelsian had transformed into 
celsian. Diffraction peaks for cristobalite had vanished, although peaks for residual BaAl204 
remained after this heat treatment. Additional heat treatments at 1350°C and 1500°C resulted in 
an increase in the intensities of peaks for celsian at the expense of peaks for hexacelsian. 
Residual BaAl204 was retained after firing at a peak temperature of 1500°C for 20 hours. 
Nonetheless, no distinct, unambiguous diffraction peaks for binary barium silicates could be 
detected in the specimens quenched from 1200-1500°C. 

Backscattered electron images and associated x-ray dot maps of two cross-sectional areas 
of a specimen quenched after 35 hours at 1200°C are shown in Figs. 19a-d and 20a-d.  In Fig. 
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Figure 19.   (a) Backscattered electron image and (b)-(d) associated x-ray dot maps of a 
polished cross-section of a quenched Ba-AI-Al2C>3-SiC>2 pellet specimen that had 
been exposed to flowing oxygen for 35 hours at a peak temperature of 1200°C 
(using the heat treatment cycle in Fig. 16a). (AO = AI2O3, BA = BaAl204 (deduced 
from XRD analyses), BAS2 = BaO-Al203-2Si02) 

19a, an aluminum-rich particle (labeled AO) can be detected within a gray matrix phase (labeled 
BAS2). The composition of the gray matrix phase was 41.0 wt% BaO, 26.7 wt% AI2O3, and 32.3 
wt% Si02, which is similar to that for BaAI2Si208 (40.8 wt% BaO, 27.2 wt% AI2O3, 32.0 wt% 
Si02). EDX analyses revealed that the aluminum-rich particle consisted of aluminum oxide. A 
thin, bright coating (1-2 u.m thick) was observed to surround the alumina particle. Barium, 
aluminum, and silicon dot maps indicated that the coating contained barium and aluminum and 
was depleted in silicon. Indeed, the brightness of the coating relative to the gray matrix indicates 
that the coating was barium rich with respect to BaA^S'^Os- Quantitative EDX analysis (of a 
thicker coating around another alumina particle not shown) yielded a composition of 61.3 wt% 
BaO, 33.9 wt% AI2O3, and 4.8 wt% Si02, which is consistent with BaAI204 (60.1 wt% BaO, 39.9 
wt% AI2O3 - some overlap of the beam interaction zone with the matrix may be responsible for 
the silica detected in the EDX analysis). Hence, both XRD and EDX analyses confirmed the 
presence of BaAl204 and BaAl2Si20s in specimens quenched from 1200°C. 

In Fig. 20a, fine, bright particles (labeled BS) depleted of aluminum are observed in a gray 
matrix. EDX analyses confirmed that the matrix phase was BaAl2Si208- While the bright 
particles shown in Fig. 20a were too fine to allow for unambiguous EDX analyses, analysis of a 
larger particle of similar brightness yielded a composition of 69.7 wt% BaO, 5.7 wt% AI2O3, and 
24.6 wt% Si02, which is similar to that expected for BaSi03 (71.8 wt% BaO, 28.2 wt% Si02)- 
However, BaSi03 was not evident in the XRD analyses of this specimen. Either the volume 
fraction of these particles may not have been sufficient to allow for detection by XRD or these 
particles may have consisted of an amorphous silicate. Further TEM analyses is underway to 
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Figure 20.   (a) Backscattered electron image and (b)-(d) associated x-ray dot maps of a 
polished cross-section of a quenched 3a-Ai-Al2C>3-Si02 pellet specimen that had 
been exposed to flowing oxygen for 35 hours at a peak temperature of 1200°C 
(using the heat treatment cycle in Fig. 16a). (BS = BaSi03, BAS2 = BaO-AI203- 
2Si02) 

identify these particles.  Nonetheless, EDX and XRD analyses were consistent in detecting the 
presence of both BaAfcSiaOs and residual BaAI204 in the specimen quenched from 1200°C. 

After exposure to 02(g) at a peak temperature of 1650°C, followed by 1500°C: 

In order to allow for more complete consumption of residual BaAl2C>4, pellet specimens were 
further annealed for 20 hours at 1650°C. This thermal treatment was followed by 20 hours at 
1500°C, in order to reform monoclinic celsian from hexacelsian produced at 1650°C (monoclinic 
celsian becomes thermodynamically unstable above =1590°C [21, 22]). After such heat 
treatment, XRD analysis revealed that BaAI204 had been completely consumed. The most 
dominant diffraction peaks were associated with hexacelsian, however, as only partial 
reconversion back to monoclinic celsian had occurred within 20 hours at 1500°C. A 
backscattered electron image and associated dot maps of such a specimen are shown in Figs. 
21a-d. The x-ray maps revealed a relatively uniform distribution of barium, aluminum, and 
silicon. Quantitative EDX analyses of the gray matrix phase shown in Fig. 21a yielded a 
composition of 38.1 wt% BaO, 29.1 wt% AI2O3, and 32.8 wt% SiC>2, which is consistent with 
BaAI2Si208 (40.8 wt% BaO, 27.2 wt% Al203, and 32.0 wt% Si02). 

The consumption of BaAl204 at 1500-1650°C indicated that a source of silica was present 
that could not be detected in the XRD patterns. One possible source is an amorphous silicate 
(perhaps the fine BS particles in Fig. 20a). In the work discussed above on the transformation of 
Ba-AI-Si precursors, TEM analyses revealed that an amorphous silicate phase was produced at 
1200°C.  This silicate possessed a composition close to that expected for an oxide liquid that 

-32- 



I .:-.  : 

U-JiVWj-T^ia V::<f •- S-- ■ 

^5v>:iSV^rÄif:*f^*'''"'>-':i   "' yg^i 

(a) (b) 

(c) (d) 

Figure 21.   (a) Backscattered electron image and (b)-(d) associated x-ray dot maps of a 
polished cross-section of a quenched Ba-AI-Al2C>3-Si02 pellet specimen that had 
been exposed to ambient air for 20 hours at a peak temperature of 1650°C, 
followed by 20 hours at 1500°C (using the heat treatment cycle in Fig. 16a). 
(BAS2 = BaOAI203-2Si02) 

can be produced in the BaO-Al203-SiC>2 system at 1200°C [21, 22]. It is possible that such a 
silicate was also produced in the Ba-AI-AI203-Si02 specimens during exposure to temperatures 
>1200°C. TEM analyses are underway to determine if such a liquid was indeed present in these 
partially-transformed metal-oxide specimens. 

A summary of the phases detected at various stages of transformation of the Ba-AI-Al203- 
Si02 precursors to ceisian is presented in Table 4 below. Comparison of the data in Tables 2 
and 4 reveals some similarities and differences in the intermediate reaction products preceding 
BaAl2Si208 from Ba-AI-Si and Ba-AI-Al203-SiC>2 precursors. For both types of precursors, 
Ba2SiC>4 was produced within 20-24 hours at 300°C. In other words, the formation of Ba2Si04 
by the reaction of oxidized barium with a silicon source takes place at <300°C whether the silicon 
source is Si or SiC>2. A Ba-Si-0 glass phase was detected between oxidized barium and Si in 
the TEM image shown in Fig. 9d. Mass transport across this glassy phase or across crystalline 
Ba2SiC>4 may be the rate-limiting process for the formation of Ba2SiC>4 in Ba-AI-Si precursors at 
<400°C. If so, and if a similar amorphous phase is present between oxidized barium and 
Ba2Si04 present in Ba-AI-Al203-Si02 precursors at <400°C, then the rate of formation of 
Ba2Si04 may not be strongly dependent on the Si-bearing phase present in the starting 
precursor. Further TEM work is needed to reveal the morphology of the interface between Ba02 

and Si02 in Ba-AI-Al203-Si02 precursors at <400°C. 

While Ba-AI-0 glass was detected by TEM analyses at 400°C in the Ba-AI-Si precursors, 
only for the Ba-AI-AI203-Si02 precursors was crystalline BaAI204 detected by XRD or 
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III. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian (r.nn\) 
2. Metal/Oxide Precursors (cont.) 
c) Phase and Microstructural Evolution (cont.) 

SEM/EPMA at >300°C. It appears that the rate of formation of BaAI204 was strongly enhanced 
by either the presence of some AI2O3 in the starting precursor or by the absence of elemental 
silicon. If the formation of BaAl204 was enhanced by the presence of AI2O3, then the formation 
of BaAI204 in the Ba-AI-Si precursors should have lagged behind the oxidation of aluminum. 
Indeed, if BaC>2 is completely consumed by reaction with silicon (to form Ba2Si04) before 
appreciable reaction can take place between BaC>2 and oxidized aluminum (as appears to have 
happened during oxidation of the Ba-AI-Si precursors), the BaA^CU may be bypassed as an 
intermediate reaction product. The presence of some Al203 in the Ba-AI-AI203-Si02 precursors 
may have allowed for the formation of some BaAl204 prior to complete consumption of Ba02. 
Additional work is required to evaluate the role of AI2O3 on the rate of formation of BaAI2C>4. 

Table 4. Phase Evolution to Celsian from Ba-AI-A!2C>3-SiC>2 Precursors 

Temperature/Time/Cvcle 

300°C     24 hours     3f 

650°C     72 hours     3 

900°C     24 hours     3 

1200°C   35 hours     3 

1350°C   20 hours     3 

1500°C   20 hours     3 

then 
1650°C 
1500°C 

20 hours 
20 hours 

Phases Detected Detection Method* 

Ba2Si04 

Si02 
Al 

BaAI204 
BaC03+ 

XRD 
XRD, EDX 
XRD, EDX 
XRD 
XRD 

Ba2Si04 

Si02 
BaAI204 

BaSi03 

XRD 
XRD 
XRD 
XRD 

BaAI204 

Si02 
BaSi03 

hex-BaAI2Si2C>8 

XRD 
XRD 
XRD 
XRD 

BaAI204 

hex-BaAl2Si20s 
mono-BaAl2SJ208 

AI2O3 

XRD 
XRD, EDX# 
XRD, EDX# 
EDX 

BaAI204 

hex-BaAl2Si20s 
mono-BaAl2Si208 

XRD 
XRD 
XRD 

BaAI204 
hex-BaAI2Si208 

mono-BaAl2Si208 

XRD 
XRD 
XRD 

hex-BaAI2Si208 
mono-BaAl2Si208 

XRD, EDX# 
XRD, EDX# 

* EDX= energy-dispersive x-ray analysis via SEM 
+ Presumed to have been Ba02 prior to reaction with CC>2(g) in ambient air. 

Cycle 3 refers to the heat treatment cycle shown in Fig. 16a. 
# While EDX analyses can not distinguish between hexacelsian and monoclinic celsian, the 

presence of BaAl2Si20s was confirmed. 
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III. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian (conU 
2. Metal/Oxide Precursors (cont.) 
c) Phase and Microstructural Evolution (cont.) 

Hexacelsian preceded the formation of monoclinic celsian with both types of precursors. 
Several authors have reported that substitution of some of the barium with strontium in 
precursors to celsian dramatically enhances the rate of formation of monoclinic celsian [69, 72]. 
Hence, in order to enhance the rate of transformation of hexacelsian to monoclinic, half of the 
barium was replaced in some of the metal/oxide specimens by strontium. The consequences of 
partial substitution of barium with magnesium have also been examined. The results of such 
experiments are discussed in the following section. 

d) Effects of Sr and Mg Doping 

Pellets were prepared by uniaxial pressing of precursor powder with targeted Ba: Sr or Mg: 
Al: AI2O3: Si02 molar ratios of 0.50: 0.50: 1.68: 0.16: 2.00. XRD patterns of the Ba-Sr-Al-Al203- 
SiC>2 and Ba-AI-Al203-SiC>2 specimens after heat treatments at peak temperatures of 1200°C 
are presented in Figs. 22a and 22b, respectively. The strontium-doped sample was exposed for 
a shorter time at <1200°C than the strontium-free sample (i.e., the heat treatment cycle of Fig. 
16b was used to oxidize the Sr-bearing sample, whereas the cycle of Fig. 16a was used for the 
Sr-free sample). As discussed above, the XRD pattern of the strontium-free sample revealed 
peaks for BaAl204, hexacelsian, and monoclinic celsian. However, after 10 hours at 1200°C, 
only peaks for monoclinic celsian were detected in the strontium-doped pellets. Clearly, the rate 
of conversion to celsian in these strontium-bearing precursors was faster than for strontium-free 
precursors. This is consistent with prior work of other authors who found that partial substitution 
of strontium for barium in mixed salt or glass precursors enhanced the formation of monoclinic 
celsian [69, 72]. 

x  BaAl204 

Q BaAl2Si2Os 
{Hexacelsian) 

m  BaAl2Si208 

(Celsian) 

Figure 22.   XRD spectra obtained from (a) a powderized Ba-Sr-AI-AI203-Si02 pellet specimen 
that had been exposed to a peak temperature of 1200°C for 10 hours (via the heat 
treatment cycle shown in Fig. 16b) and (b) Ba-AI-AI203-Si02 pellet specimens that 
had been exposed to a peak temperature of 1200°C for 35 hours (via the heat 
treatment cycle shown in Fig. 16a) 
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III. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian fcont.) 
2. Metal/Oxide Precursors (cont.) 
d) Effects of Sr and Mg Doping (cont.) 

An XRD pattern of a magnesium-doped specimen exposed for 10 hours at 1200°C is shown 
in Fig. 23b below (the heat treatment cycle of Fig. 16b was used). Dominant peaks for 
monoclinic celsian and osumilite, Balv^AlöSigOso, were detected. Three unidentified peaks 
(located at 29= 29.9°, 31.6°, 32.8°) were also detected10. Whereas residual BaAI204 was 
detected in this specimen, diffraction peaks for hexacelsian peaks were absent. While the XRD 
pattern in Fig. 23b reveals that the synthesis of osumilite by the SMP method is possible, 
strontium substitution for barium appears to be a more effective means of producing pure, 
monoclinic celsian than magnesium substitution. 

X = BaAl204 

<> =BaMg2AJgSi903o (Osumilite) 

G = BaAliSiiOß (Hexacelsian) 

• =BaAl2Si208 (Celsian) 

20 25 30 
29 

35 

Figure 23.  XRD spectra obtained from (a) a Ba-AI-Al2C>3-Si02 pellet specimens that had been 
exposed to a peak temperature of 1200°C for 35 hours (via the heat treatment cycle 
shown in Fig. 16a) and (b) a powderized Ba-Mg-AI-Al203-SiC>2 pellet specimen that 
had been exposed to a peak temperature of 1200°C for 10 hours (via the heat 
treatment cycle shown in Fig. 16b). 

e)   Near Net-Shaped Celsian Bodies 

Net reactions to celsian from Ba-AI-Al203-SiC>2 or Ba-Sr-AI-Al203-SiC>2 precursors are shown 
below. 

Precursor Products 

1.0 Ba + 1.68 Al + 0.16 a-Alo03 
+ 2 Si02(cristobalite) 

0.50 Ba+ 0.50 Sr +1.68 Al 
+ 0.16 a-AI203 + 2 Si02(cristobalite) 

heat 

+ oxygen 

heat 

+ oxygen 

1.0 BaAI2Si208 (5) 

1.0(Bao.5Sr0.5)AI2Si208 (6) 

10  JCPDS card files for magnesium-bearing compounds such as MgAl2C>4, MgSiC>3, Mg2SiC>4, Mg2Al4SiOio. 
Mg2AISi50i8, BaMg2Si207, BaMgSiC>4, Ba3MgSi20s, and Ba2MgSi207 did not provide definitive matches to 
these unidentified peaks. 
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111. Results and Discussion (cont.) 
A. Synthesis of Monolithic Celsian f.conU 
2. Metal/Oxide Precursors (cont.) 
3) Near Net-Shaped Celsian Bodies (cont.) 

The volume changes associated with net reactions (5) and (6) were calculated to be =+0.1%. 
and -0.2%, respectively (% vol. change = 100-[Vproduct-Vprecursor]/Vprecursor)- In other words, if 
such dense precursors can be completely transformed into dense BaAbSiaOsor 
(3ao.5Sro.5)Al2Si203, then the observed volume change should be minimal. If such 
transformation occurs uniformly throughout a bulk, intimately-mixed precursor, then the resulting 
change in a given specimen dimension should also be quite small. 

Optical images of a Ba-Sr-AI-Al203-Si09 hexagonal precursor pellet before oxidation and 
after complete transformation into (Bao.5Sro.5)Al2Si2C>3 are shown in Figs. 24a and 24b, 
respectively (a peak firing temperature of 1580°C for 24 hours was used to transform the pellet 
via the heat treatment cycle of Fig. 16a). The average edge-to-edge dimensions of the 
hexagonal pellets shown in Figs. 24a and 24b were 6.58 and 6.65 mm, respectively, which 
corresponds to a relative dimensional change of only 1%. XRD data confirmed that the pellet 
was composed of only monociinic celsian. Archimedes density measurements indicated that the 
transformed pellet shown in Fig. 24b possessed a density that was 98.5% of the theoretical 
density of (Bao.5Sro.5)Al2Si20s. Such a result demonstrates the feasibility of fabricating dense, 
near net-shaped celsian by the SMP method. 

10mm 

(a) (b) 
:igure 24. Optical photographs of a Ba-Sr-AI-Al203-Si02 precursor pellet (a) before and 

(b) after heat treatment at a peak temperature of 1580°C for 24 hours (using the 
heat treatment cycle shown in Fig. 16a). The pellet shown in b) has been 
completely transformed into (Bao.5Sro.5)Al2Si208.. 

3.   Syntheses of Celsian Composites 

The syntheses of three types of celsian-matrix composites have been examined to date: 
celsian-zirconia, ceisian-aiumina, and celsian-silicon nitride. The results of this work are 
discussed below. 

1.    Celsian/Zirconia 

A potentially-attractive feature of celsian-zirconia composites is enhanced fracture 
toughness resulting from the tetragonal-to-monoclinic transformation of zirconia particles, in a 
manner analogous to other zirconia-toughened ceramics [23, 73-77]. Indeed, celsian-zirconia 
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III.   Results and Discussion (cont.) 
A.   Synthesis of Celsian Composites (cont.) 
1.   Celsian/Zirconia (cont.) 

composites containing 20 mol% zirconia have exhibited higher indentation hardness than pure 
celsian [23]. Zirconia additions to celsian have also been found to enhance densification [23]. 

a) Precursor Preparation, Oxidation Processing 

Ba-Si-Al203-Si02-Zr02 precursor mixtures were prepared by mechanical alloying. The 
targeted molar Ba: Si: AI2O3: Si02: ZrC>2 ratio of this precursor was 1.00: 0.90: 1.00: 1.10: 0.91. 
The only ductile metal present in this phase assemblage was barium, which consisted of only 
32.1 vol% of the precursor. Consequently, uniaxial pressing yielded pellets that were <88% of 
the theoretical density. In order to partially compensate for sintering shrinkage resulting from the 
removal of the porosity in the starting precursor, the molar ratios of species in these precursors 
were chosen such that the reaction-induced volume change would be +9.4% (that is, the molar 
volume of this precursor was about 9.4% lower than the calculated molar volume of the celsian- 
zirconia composite that would be produced upon complete transformation, ignoring any solid 
solubility of zirconia in celsian). 

The Ba, Si, AI2O3, and SiC>2 starting components are the same as those listed in Table 3 
(page 26). The zirconia was obtained (Johnson-Matthey, Ward Hill, MA) as powder with a purity 
of 99.9% and an average particle size of 5 (im. A 3.5 g batch of this powder was sealed within a 
yttria-stabilized zirconia vial (in the argon-atmosphere glove box) along with 2 yttria-stabilized 
zirconia balls and 30 ml_ of hexane. High-energy vibratory milling was conducted for 7 hours. 
After filtration and evaporation of the hexane, the resulting powder mixture was uniaxially 
pressed into pellets with a diameter of 10 mm and a thickness of =3 mm. 

The Ba-Al203-Si-Si02-ZrC>2 precursors to celsian-zirconia were first oxidized in pure, flowing 
oxygen with successive 24 hours anneals each at 300°C, 500°C, and 900°C. The pellets were 
then heated in air at 1200°C for 26 hours, followed by 1350°C for 20 hours and then 1580°C for 
20 hours. 

b) Transformation to Net-Shaped Celsian-Zirconia Composites 

X-ray diffraction patterns obtained from powderized pellets of the Ba-AI203-Si-Si02-Zr02 
precursor after firing at peak temperatures of 1200°C and 1580°C are presented in Figs. 25a 
and b, respectively. In both patterns, peaks for monoclinic celsian and monoclinic zirconia were 
detected. Based on the intensities of zirconia and celsian peaks, it appears that the relative 
amount of zirconia detected after the 1580°C heat treatment was greater than after the 1200°C 
heat treatment. Further work is underway to determine whether this apparent increase in the 
amount of the zirconia phase was a result of the exsolution at 1580°C of some zirconia that, at 
1200°C, had been dissolved in a solid solution with monoclinic celsian. (Debsikdar and 
Sowemimo reported that 10 mole% or more zirconia could be dissolved in solid solution with 
hexacelsian at 1050°C [23].) Comparison of the x-ray patterns in Figs. 25a, 17, and 12 also 
suggests that the zirconia in these specimens may have enhanced the formation of monoclinic 
celsian relative to hexacelsian at 1200°C. A secondary electron image and a zirconium x-ray dot 
map of a fracture section of a celsian-zirconia composite produced after firing at a peak 
temperature of 1580°C for 20 hours are shown in Fig. 26. The zirconium x-ray map reveals the 
free zirconia particles present in the celsian matrix. The data shown in Figs. 25 and 26 
demonstrate the feasibility of synthesizing composites of monoclinic celsian and zirconia at 
1200-1580°C from Ba-AI203-Si-Si02-ZrC>2 precursors. Measurements of the diameters of 
circular pellets before and after complete transformation revealed small changes in dimensions 
(1-3%), thereby confirming that celsian-zirconia composites could be produced from Ba-Al2C>3- 
Si-Si02-Zr02 with a retention of shape. 
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igure 25.   XRD spectra obtained from a 8a-AI203-Si-SiO?-Zr09 pellet specimens that had 
been exposed to a peak temperature of (a) 1200°C for 26 hours and (b) 1580°C for 
20 hours. Filled circles and triangles represent monoclinic celsian and monoclinic 
zirconia, respectively. 

(a) Co) 
rigure 26.   (a) Secondary electron image and (b) zirconium x-ray dot map of a fracture section 

of a 8a-Al203-Si-Si02-Zr02 pellet specimen that had been exposed to a oeak 
temperature of 1580°C for 20 hours. 
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III. Results and Discussion (cont.) 
A. Synthesis of Celsian Composites fcont.) 

2. Altex™ Fiber-bearing Composites 
a) Precursor Preparation, Oxidation Processing 

A discontinuous-fiber-reinforced, celsian-matrix composite has also been produced by a 
method similar to that shown in Fig. 3. In this case, Altex™ aluminosilicate fibers (85% Al203, 
15% Si02, ave. diameter of 15 |im)11 were cut into 1 cm lengths and then blended with Ba-Si- 
Al2C>3-SiÖ2 precursor powder. The fiber content in the mixture was 10 vol%. In this case, the 
Ba-Si-Al203-Si02 precursor powder possessed a Ba: Si: AI2O3: Si02 atomic ratio of 1.00: 0.50: 
1.00:1.50. Work discussed on page 16 indicated that one fourth (at% basis) of the silicon in Ba- 
Al-Si precursors could be oxidized by reaction with BaC>2 at 300-500°C to yield Ba2Si04. 
Hence, it should be possible to completely oxidize a Ba-Si-Al203-SiC>2 precursor with a Ba:Si 
ratio of 2:1 at <500°C. By completely oxidizing the silicon at such a modest temperature, the 
formation of BaAl2Si20s at higher temperatures would not be slowed by the time required for 
silicon oxidation (note: the XRD data in Fig. 7 indicated that residual silicon was present in Ba- 
Al-Si precursors after 10 hours at 1200°C). The precursor-fiber mixture was packed into a 
fugitive silver tube, which was evacuated and welded shut. The tube was compacted and rolled 
into a tape (for details of rolling, see the discussion on page 11). The heat treatment cycle 
shown in Figure 27 was used to transform the precursor tape into an Altex-fiber-reinforced, 
celsian-matrix composite. 

T/°C. 

5°C/min 1260°C 
)48h 

 \ 
\ 

- 

RT 

~nno« 12 h 300  C 
24 h        /~T, ^°C,min 

 '  1°C/min 

Oxidation Time 

Figure 27.   Heat treatment cycle used to transform an Altex™ fiber-bearing, Ba-Si-Al203-Si02 

precursor into a discontinuous-Altex fiber-reinforced celsian-bearing composite. 

b)   Transformation to an Altex™ Fiber-bearing Composite 

A secondary electron image of the composite produced by the heat treatment shown in Fig. 
27 is shown in Fig. 28. The discontinuous fibers retained their round shape and approximate 
diameter after oxidation and transformation of the surrounding Ba-Si-Al2C>3-Si02 precursor 
matrix (that is, appreciable consumption of the fibers during transformation of the matrix was not 
detected). No solid reaction products were detected by EPMA at the interface between the 
fibers and the BaAI2Si208-bearing matrix, which was consistent with the fact that celsian and 
alumina are chemically compatible (i.e., a tie line exists between BaAl2Si20s and AI2O3) [21, 
22]. While mechanical testing of such discontinuously-reinforced composites remains to be 
conducted, along with further work to produce and test continuous-fiber-reinforced composites 
(i.e., by the method shown in Fig. 4), this preliminary work revealed that the synthesis of Altex- 
fiber-reinforced composites is possible by the method shown in Fig. 3. 

11   Textron Specialty Materials, Lowell, MA 
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Figure 28.   BaAI2Si208-bearing, discontinuous Altex™ fiber composites produced by the SMP 
method shown schematically in Fig. 3. 

3.   Silicon Nitride-bearing Composites 

Composites of celsian with silicon nitride have exhibited appreciably higher strengths and 
fracture toughness values than pure celsian [24, 26]. A particularly attractive feature of celsian- 
silicon nitride composites is the similarity in the (relatively low) thermal expansion coefficients of 
these compounds. Such a composite could be relatively resistant to damage from thermal 
cycling. 

a) Precursor Preparation, Oxidation Processing 

The barium, aluminum, alumina, and silica sources and purities were similar to those shown 
in Table 3 (page 26). Silicon nitride powder with a particle size of <40 u.m and a purity of >98.7% 
was obtained from UBE industries. A precursor with a targeted Ba: Al: AI2O3: SiÜ2: Si3N4 molar 
ratio of 1.00: 1.68: 0.16: 2.00: 2.28 (i.e., a near net-shape composition) was blended together. A 
7 gram batch of the Ba-AI-Al2<03-SiO2-Si3N4 mixture was milled in a zirconia vial for a period of 
only 80 minutes. After removal of the hexane, the silicon nitride-bearing powder mixture was 
packed and sealed (under vacuum) into a fugitive silver tube. The tube was compacted by 
rolling into a tape (see discussion of rolling conditions on page 11) with a thickness of =500 jim. 

Silver-sheathed Ba-AI-Al203-Si02-Si3N-4 precursor tapes were oxidized in pure, flowing 
oxygen in successive anneals of 24 hours each at 300°C, 500°C, and 900°C. The fugitive silver 
sheath was then removed after the 900°C heat treatment, and a subsequent treatment in pure, 
flowing nitrogen was conducted for 35 hours at 1200°C. 

b) Reaction Products 

The x-ray powder diffraction patterns obtained from a Ba-AI-Al203-SiC>2-Si3N4 precursor tape 
after heat treatment for 24 hours at a peak temperature of 900°C and after 35 hours at a peak 
temperature of 1200°C are presented in Figs. 29a and 29b, respectively (the silver peaks 
detected in Fig. 29a were due to the use of a silver specimen holder). The XRD pattern after 
900°C treatment show major peaks for hexacelsian, cristobalite, barium mono-aluminate, and 
silicon nitride. Further treatment at 1200°C yielded additional hexacelsian and a loss of almost 
all of the mono-aluminate, although a significant amount of cristobalite remained. The 
cristobalite retained in this specimen may have been produced by the oxidation of some of the 
silicon nitride during heat treatments at <900°C conducted in flowing oxygen. In any event, 
predominant peaks for monoclinic celsian were not detected in this type of specimen after 
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III.   Results and Discussion (cont.) 
A.   Synthesis of Celsian Composites (cont.) 
3.    Silicon Nitride-bearing Composites 
b) Reaction Products (cont.) 

prolonged annealing at 1200°C. While the preliminary data in Fig. 29 indicates that a significant 
amount of the compound BaAI2Si208 can be produced at 1200°C in flowing nitrogen while 
retaining Si3N4, additional work (perhaps involving partial strontium substitution for barium) is 
needed to evaluate processing conditions leading to monoclinic celsian/silicon nitride 
composites. 

X =BaAl204 

O = S13N4 

Q =BaAl2Si208 (Hexacelsian) 

♦ = Si02 (Cristobalite) 

A =Ag 

Figure 29b. XRD diffraction patterns of powderized Ba-AI-Al203-SiC>2-Si3N4 specimens after 
exposure (a) in flowing oxygen at a peak temperature of 900°C for 24 hours, and 
(b) in flowing nitrogen at a peak temperature of 1200°C for 35 hours. 

IV. Conclusions 

Two goals of this one-year program were of an applied research nature: 1) to demonstrate 
that near net-shaped celsian bodies could be produced, and 2) to demonstrate that celsian- 
matrix composites could be fabricated by the SMP method. A more fundamental research aim 
was to develop a better understanding of phase/microstructural evolution during the 
transformation of metallic and metal-oxide precursors into celsian. These applied and basic 
research goals have been achieved. 

Malleable, alkaline-earth-bearing precursors have been fabricated by rolling or pressing of 
mechanically-alloyed metal or metal+oxide powders. Phase-pure monoclinic celsian or celsian- 
bearing composites were produced upon oxidation and post-oxidation annealing of such all- 
metallic and metal+oxide precursors. Complete transformation of appropriate Ba-AI-Al2C>3-Si02 
and Ba-Sr-AI-Al203-SiC>2 precursors yielded near net-shaped celsian bodies (i.e., the 
dimensional changes before and after complete transformation were <1%). Composites of 
celsian with zirconia were successfully fabricated. The amount of free zirconia increased as the 
firing temperature increased from 1200-1580°C, which suggested that appreciable solid solubility 
of zirconia in monoclinic celsian was possible at the lower temperature. Dimensional changes 
before and after complete transformation of Ba-Al203-Si-Si02-Zr02 precursor pellets into 
celsian-zirconia composites were 1-3%, which indicated that celsian-zirconia composites can be 
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IV. Conclusions (cont.) 

produced with a retention of shape by the SMP method. AltexTM (Al203-rich) fiber-bearing 
composites were also produced. Appreciable chemical interaction of the oxidized precursor with 
the fibers at <1260°C was not observed. Attempts at producing celsian-silicon nitride 
composites at <1200°C resulted in the formation of a mixture of hexacelsian, and silicon nitride 
along with an appreciable amount of silica. 

The reaction path to celsian from Ba-AI-Si precursors over the temperature range of 300- 
1260°C has been evaluated using XRD, SEM/EDX, EPMA, and TEM. Barium oxidation 
occurred rapidly at 300°C. The resulting Ba02 reacted primarily with Si at 300-500°C to yield 
Ba2Si04. High-resolution TEM analyses of interfaces between Ba02 and Si revealed that this 
reaction involved the formation of a thin layer of amorphous silicate located between Ba02 and 
Ba2Si04. An amorphous phase was also detected at interfaces between Ba02 and Al although 
the extent of reaction was much lower than for Ba02 and Si at 300-500°C During heating 
(1°C/mm) between 500 and 800°C, appreciable oxidation of the aluminum particles within the 
Ba-AI-Si precursor had occurred. Continued oxidation of Si and reaction of the resultinq SiO? 
with Al203 and Ba2Si04 at 800-1100°C resulted in the formation of other binary silicates 
(AI6Si2013, Ba2Si308) and hexacelsian, BaAI2Si208. At 1200-1260°C, hexacelsian transformed 
into monoclmic celsian. The complete transformation to monoclinic celsian occurred within 102 
hours at 1200-1260°C, which is a shorter annealing period than has been reported for other 
types of precursors. TEM analyses revealed the presence of an amorphous silicate, along with 
crystals of BaAI2Si208, in specimens quenched from 1200°C. The composition of the 
amorphous silicate suggested that the hexagonal-to-monoclinic transformation may have been 
assisted by the presence of a liquid oxide at 1200°C. 

The reaction path to celsian from Ba-Al-Al203-Si02 precursors has also been evaluated As 
for Ba-AI-Si precursors, extensive Ba2Si04 formation occurred within 24 hours at 300°C In 
other words, appreciable formation of Ba2Si04 by the reaction of oxidized barium with a silicon 
source occurred at <300°C whether the silicon source was Si or Si02 Unlike Ba-AI-Si 
precursors, however, extensive formation of crystalline BaAI204 was detected at >300°C The 
presence of some Al203 in the precursor appears to have allowed for the formation of some 
BaAI204 prior to complete consumption of the reactant Ba02 (by the concurrent reaction of 
Ba02 with Si02 to form Ba2Si04). Between 650 and 900°C, hexacelsian formation commenced 
at the expense of barium aluminate, silica, and barium silicate. Appreciable formation of 
BaAI2Si208 had occurred after heat treatment for 35 hours at 1200°C, although complete 
consumption of barium aluminate and barium silicates required heat treatments in excess of 20 
hours at 1500°C. As for Ba-AI-Si specimens, hexacelsian preceded the formation of monoclinic 
celsian at 1200°C. However, substitution of half of the barium with strontium dramatically 
enhanced the formation of monoclinic celsian formation at <1200°C. Partial substitution of Mg 
for Ba also enhanced the hexacelsian-to-monoclinic celsian transformation although an 
appreciable amount of barium osumilite, BaMg2AI6Si903o, was also produced. 

V. Future Work 

The work conducted in this project has raised a number of fundamental and applied 
questions that will be explored in an AFOSR project that commenced on June 1 1995 (contract 
#F49620-95-1-0372). The goals of this new project are: ' 

♦ To further explore and better understand the novel, low-temperature reaction paths and 
associated oxidation and transformation mechanisms leading to the formation of celsian 
from metal-bearing precursors. 

♦ To determine whether chemically-homogeneous precursors, or precursors containing 
phases on a finer scale, can be transformed rapidly into celsian at temperatures well 
below 1100 C. 
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V.   Future Work (cont.) 

♦ To determine the high-temperature creep resistance and fracture toughness of dense, 
SMP-derived monolithic celsian and celsian-matrix composites. 

♦ To determine whether the SMP method can be applied to other classes of refractory 
ceramic compounds. 

Little work has been conducted at OSU to date to understand how the rate of oxidation of 
celsian precursors is influenced by SMP processing. In the new AFOSR program, the rate of 
oxidation of celsian precursors at various temperatures and oxygen partial pressures will be 
determined by thermogravimetric analysis (TGA). The influence of processing conditions on the 
oxidation kinetics will be carefully examined. Processing modifications will be aimed at altering: 
1) the extent of interconnected porosity in the barium oxide-bearing phases that are produced at 
low temperatures (by choosing oxidation conditions that lead to either BaO or BaC>2), 2) the 
sizes of the discrete aluminum and silicon-bearing metal phases, and 3) the amounts of oxide 
and metal phases (Al vs. AI2O3, Si vs. SiC>2) in the starting precursor. 

A number of intermediate oxide compounds (AI6Si20i3, Ba2Si04, Ba2Si308, BaSi205) have 
been detected in Ba-AI-Si and Ba-AI-AI2C>3-Si02 precursors annealed between 800 and 1200°C. 
While it is known that these oxide phases reacted to form hexacelsian above 1100°C, the exact 
sequence of reactions leading to hexacelsian is not yet clear. The mechanism of transformation 
from metastable hexacelsian to stable monoclinic celsian is also not known. TEM analyses have 
revealed the presence of an amorphous oxide phase in samples quenched from a peak 
temperature of 1200°C (see Fig. 14). If the amorphous oxide had been present as a transient 
liquid at elevated temperatures, then the transformation of hexacelsian to monoclinic celsian 
may be occurring by a dissolution/reprecipitation mechanism (i.e., metastable hexacelsian may 
dissolve into the liquid oxide and stable monoclinic celsian may precipitate out from the liquid). 
Such a mechanism is responsible for polymorphic transformations of other metastable silicates 
(e.g., the cristobalite to tridymite transformation in lime-doped, silica-rich refractories [78]) and is 
consistent with the observed effect of fluxing agents on the rate of transformation of hexacelsian 
to celsian [23, 56, 61-65, 68]. Further TEM analyses are underway to evaluate whether such a 
dissolution/reprecipitation mechanism is responsible for monoclinic celsian formation. 

The influence of processing conditions on the rate of transformation to celsian will be 
examined by modifying the SMP process so as to alter the sizes of the discrete aluminum and 
silicon-bearing phases. If hexacelsian is forming by the solid-state reaction of a number of 
intermediate oxide phases, and if the rate of transformation to hexacelsian is limited by solid- 
state diffusion, then a reduction in the sizes of the intermediate oxide phases may result in a 
faster rate of transformation to hexacelsian (i.e., finer intermediate oxide phases may result in 
shorter diffusion paths). It may be possible to reduce the sizes of the intermediate oxide phases 
by starting with much finer phases in the precursor^. Alternately, a chemically-homogeneous 
BaAI2Si2 compound precursor could be used. In this case, the barium, aluminum, and silicon 
are atomically mixed. Low-temperature oxidation of such an atomically-mixed precursor may 
result in a very fine, intimate mixture of intermediate oxide phases that can react quickly or at 
very low temperatures into hexacelsian. BaAI2Si2 precursors can be produced by melt 
processing (see discussion on pages 5 and 6) or possibly by prolonged mechanical alloying of 
elemental barium, aluminum, and silicon. A mixture of BaAI2Si2 with ductile metal phases (e g 
Ba, Al) may be sufficiently malleable as to be compacted and formed into a dense shaped 
precursor body. 

12 The rate of transformation of mechanically-alloyed Ba-Ti precursors to BaTi03 is strongly influenced by the 
extent of mechanical alloying of the metallic precursor powder [1, 5]. This may be due to the refinement of 
barium and titanium phases in the Ba-Ti precursors with prolonged milling, such that the diffusion distances 
involved in the later stages of transformation to BaTiC>3 were reduced 
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V. Future Work (cont.) 

Work will continue on the use of the SMP method to produce fiber-reinforced celsian-matrix 
composites. The influence of the fibers on SMP processing (e.g., formability of the fiber-bearing 
precursors, influence of the fibers on densification kinetics) will be determined. Of particular 
interest is the influence of SMP processing on the physico-chemical state of the fiber-matrix 
interface. If dense fiber-reinforced composites can be produced with low sintering temperatures 
little chemical reaction should occur between the matrix and the fibers. The absence of strong 
chemical bonding between the matrix and the fibers may allow for appreciable toughening by a 
fiber pullout mechanism in the final composites. 

While celsian is an attractive refractory material for ceramic matrices, the synthesis of a few 
other alkaline-earth-bearing aluminosilicate ceramics will also be examined (as time permits) 
Such compounds include barium osumilite (BaMg2AI6Si903o) and cordierite (Mg2AI4Si50i8) 
These alkaline earth-bearing oxide compounds possess modest thermal expansion coefficients 
and good thermal shock resistance (relative to other ceramics). Indeed, cordierite is widely used 
as a low-expansion, thermal-shock-resistant ceramic (e.g., it is used as a substrate for catalytic 
converters used to reduce undesired emissions in automobiles). Exploratory studies will involve 
examination of the formability of the metal-bearing precursors to such compounds, the oxidation 
kinetics of the precursors, and the rate of transformation of the oxidized precursors to the final 
ceramic phase. Precursor systems that are formable and can be transformed rapidly into the 
desired ceramic phases will be considered for further development as a ceramic matrix material. 
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