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Yttrium Aluminum Garnet Fibers from Metalloorganic Precursors
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Mixtures of yttrium acetate hydrate (Y(O,CCHj)5-4H,0)
and aluminum formate hydrate (Al(O ,CH)5-3H,0 in H,0)
or yttrium isobutyrate (Y[O ,CCH(CH;),]s) and alumi-
num isobutyrate (AlI[O,CCH(CH,),];) in tetrahydrofuran
were used as precursors to process yttrium aluminum gar-
net (YAG, Al;Y;0,,) fibers. The pyrolytic decomposition
patterns of Al(O,CH);-3H,0, Y(O,CCH3);-4H,0, and a
[3Y(O,CCH3)4°4H,0/5AI(0,CH)4-3H,0] YAG stoichiome-
try mixture were assessed by heating samples to selected
temperatures and characterizing the products by thermo-
gravimetric analysis, differential thermal analysis, X-ray
diffractometry, and Fourier transform infrared spectros-
copy. The YAG acetate/formate precursor decomposes to
an amorphous intermediate at temperatures >400°C and
crystallizes (at[BO0°C) to phase-pure YAG with a ceramic
yield of 40% at 1000°C. YAG isobutyrate precursor fibers
were extruded or hand drawn. YAG acetate/formate pre-
cursor fibers were formed using a commercial extruder.
The pyrolysis behavior of both precursor fibers was studied
to identify the best pyrolysis conditions for producing
dense, defect-free ceramic fibers. Only thin (diameter of
<30 um) precursor fibers could be processed to dense, de-
fect-free, thin YAG fibers (diameter of <20 um). For the
YAG isobutyrate precursor, crack-free crystalline YAG fi-
bers (diameter of [7 um) were obtained at 1000°C. For
YAG acetate/formate precursor fibers, dwell times ¢ 2 h at
temperatures of 400° and 900°C were necessary to process
fully dense, defect-free ceramic fibers. Heating the resulting
900°C fibers (at a rate of 30°C/min) to 1570°-1650°C gave
dense fibers with grain sizes of 0.7-3.2 um and bend
strengths of up to 1.7 £ 0.2 GPa (for fibers that had a
diameter of (10 um and had undergone sintering at
1600°C).

I. Introduction
TTRIUM aluminum garnet (YAG or AJY;0,,) exhibits
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usedt1-14For example, commercial Nical®h(10-12um in
diameter; Nippon Carbon, Tokyo, Japan) and Tyr&#ar8—10
pm in diameter; Ube Industries, Yamaguchi, Japan) Si-C-O
composite fibers are produced from polycarbosilane precur-
sors® 15 Similarly, various commercial oxide fibers (most
based on alumina (AD;) are produced using chemical-
processing approaches. For example, S&ffll ,O, fibers (di-
ameter of(B um, 5% silica (SiQ); ICI, Runcorn, U.K.) are
produced from AIC} or aluminum acetate/polysiloxane pre-
cursorst® and Sumika Alumin@ fibers (diameter of 17 wm,
50% SiQ,; Sumitomo Chemicals, Tokyo, Japan) are produced
from alkyl-substituted polyaluminoxane/silicate ester precur-
sorst? Both fiber microstructures are reported to consist of
Al, O3 nanocrystals in an amorphous aluminosilicate matrix.
The presence of an amorphous phase reduces the fiber tensile
modulus, melting temperature, and creep resistahce.

The Nexte® (The 3M Co., St. Paul, MN) series of ADs-
based fibers (312, 440, 610, and 720, diameters of 1Q+dp
are made using aluminum monoacetate or formoacetate/silica
hydrosol precursor$-22The 3M patents describe methods of
producing ALO; precursor fibers from spinnable solutions that
consist of high concentrations of aluminum monoacetate (or
aluminum formoacetate), lactic acid (or DMF), silica hydrosol,
and small amounts of boric acid {BO;) ([ wt%) or a hy-
drous iron polymer solution[p.6 wt% Fe) in BO.**2° The
extruded precursor fibers, on pyrolysis to temperatures
>1000°C, exhibit composite microstructures that contain mix-
tures of microcrystalline (nanocrystalline) &, with mullite,
silica—boria (Si@-B,0Os3), or aluminosilicates. The composite
fibers exhibit melting points that are lower than that 0f®@{
because of the presence of lower melting phases, such as SiO
B,O5, or mullite. For example, Next& 440 (70 wt% ALO,/28
wt% SiO,/2 wt% B,O5;) melts at a temperature 6fL700°C,
which is lower than that of AD; (2054°C). Nexté® 610
fibers (D9 wt% AlL,O4/0.3 wt% SiQ, grain size of 0.1 wm)
have a microstructure that consistscefAl ,O5; (major phase)
with nanocrystalline mullit&? The presence of lower-melting

high strength and low creep rates at high temperatures mullite at AlLO; grain boundaries can reduce the high-

(>1000°C) and, thus, offers potential for high-temperature
structural application$:# In particular, YAG fibers may be of
use for reinforcing ceramic-matrix composites (CMEdh
fiber-reinforced CMCs, thin fibers (<2f.m) are desired be-
cause of their high strength, flexibility, and weavabifityUn-

fortunately, traditional ceramic processing methods (e.g., pow-

temperature performance of the filz&r.

In addition to ALO, fibers, other oxide fibers, including
mullite, zirconia (ZrQ), and SiQ, have also been prepared
using chemical route® Although many polycrystalline oxide
fibers have been developed, most of them have a common
drawback—i.e., low creep resistance at high temperatires.

der and melt processing) are usually not amenable to The general reason is extremely fine grain sizes (g3,

processing thin fibers (<2@m in diameter):-6-1Thus, chemi-

which, coupled with the presence of a glassy phase, exacer-

cal-processing approaches to ceramic fibers are now widely bates creep. Consequently, dense, phase-pure ceramic fibers
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with larger grain sizes (0.5-2m for fibers that are 10-2@m
in diameter) are still needed for high-temperature engineering
applications.

The choice of 0.5-2.Qum grain sizes is suggested as a
means of balancing high-temperature creep resistance with su-
perior mechanical properties at all temperatures. This range of
sizes represents a proposed rule of thumb that must be tested,
because there are no literature studies on the effects of grain
size on creep and mechanical properties for oxide ceramic fi-
bers. Furthermore, because of the high surface-to-volume ratios
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in ceramic fibers, it is not clear that such relationships, devel- white gel. Another 300 mL of kD was added, and the mixture
oped for monolithic materials, can be applied (see below).  was heated, with stirring, to boiling. After 1 h, the white gel
Because YAG offers better high-temperature creep proper- dissolved to a cloudy liquid. Boiling was continued (with stir-
ties than A}O,;,** YAG fibers are potential substitutes for ring) to reduce the volume toil00 mL. The temperature was
high-temperature engineering applications, as long as thethen reduced to 60°C, to slow the evaporation rate. The beaker
above-mentioned concerns can be resolved. YAG fibers havewas covered with a watch glass to prevent contamination dur-
been produced from the melt by crystal-growth methods. For ing evaporation. When the mixture became a wet white pow-
example, Saphikon YAl ;0, /Al ,O5 eutectic fibers (12pm in der, it was further dried (drierite, Siel) in a desiccator for
diameter; Saphikon, Milford, NH) are produced using edge- 2 d. The yield was 65.9 g (306 mmol of Al{COH),-3H,0),
defined film-fed growth (EFG) method$:24Single crystalline which is a 100% vyield, based on the Al(OsBtfat was con-
YAG fibers (800 wm in diameter) have been made using a sumed. The product was soluble in boiling water and gave a

laser-heated pedestal-growth (LHPG) method. TGA (1000°C) ceramic yield of 23.6 wt% (theoretical yield is
Phase-pure, polycrystalline YAG fibers have also been made 23.6 wt%).
from suspensions of AIOOH and yttria §95) colloidal sols!© (B) Purification of Yttrium Acetate Hydrate, Y,OCH;)5-

Fibers with diameters offl20 um and average grain sizes of 4H,O (FW = 338.10): Energy-dispersive spectroscopy
4 wm were shown to offer bend strengths[@20 + 180 MPa (EDS) analysis showed trace amounts of chlorine and calcium
and a bend stress relaxation (BSR) parameter of 0.92in the purchased yttrium acetate. Therefore, 65 g of material
(1100°C/1 h}:°The obtained BSR is a factor of 10 greater than was recrystallized from 500 mL of hot& (100°C) and then
that of all commercially available polycrystalline &, fi- filtered through coarse filter paper (P8, Fisher-brand, Fisher
berst® Scientific Hampton, NH). Evaporation at 100°C 50 mL

The above-mentioned large-diameter, inflexible fibers are gave a supersaturated solution (precipitates appeared) from
inconvenient for use in fiber-reinforced CMCs. Furthermore, which 56.4 g of crystalline product (87% yield, dried at 20°C/2
single-crystal fibers are expensive and difficult to produce in d/air) was recovered on cooling. No chlorine and calcium im-
quantity. Cheret al?® were able to produce thinner YAG fibers  purities were detected. The TGA ceramic yield was 33.5 wt%
(diameters of 15-3@um, grain sizes of 1.5um, and a BSR (theoretical yield is 33.4%).
parameter of 0.95 at 1100°C/1 h) via sol—gel processing; how- (C) Preparation of YAG Precursor SolutionA 3:5 stoi-
ever, small amounts of a second phase were added as a sinterchiometric precursor solution, 3Yg8CH;);:5AI(0,CH)s,
ing aid, to improve fiber integrity® Thus, phase-pure, fully  was prepared by dissolving 11.63 g (34.4 mmol) of
dense, flexible YAG fibers still remain a viable processing Y(O,CCH,)5-4H,O and 12.40 g (57.4 mmol) Al(SCH),-

target. 3H,0 in 350 mL of HO at 100°C in a 400 mL beaker. Formic
For this purpose, we recently described the use of yttrium acid (6 g), ethylene glycol (4 g), and isobutyric acid (2 g)
and aluminum isobutyrates to synthesize YAG powdefaG were added to stabilize the solution. The resulting solution was

fibers were also accessibiéhowever, this process required an  evaporated to reduce the volume B0 mL and then trans-
inert environment (nitrogen gas or argon), because of the highferred to a rotary evaporator (Model RE-111, Brinkmann In-
moisture sensitivity and organic solvents (tetrahydrofuran struments, Westbury, NY) to further reduce the volume until
(THF) and toluene) in aluminum isobutyrate. To simplify the the viscosity was suitable for hand-drawing fibers (final vol-
process, we considered precursors that were less sensitive to aiome of (B0 mL, TGA ceramic yield of 28%). Approximately
or moisture and were O soluble. Yttrium acetate hydrate 15 mL of YAG precursor solution was transferred to a 50 mL
(Y(O,CCH3)5-4H,0) and aluminum formate hydrate schlenk flask, then connected to a vacuum line and vacuum
(Al(O,CH)5-3H,0) are both stable in air, dissolve in,@, and dried at 100°C [(D.75 torr (1100 Pa)) for 2 h. The dried pre-
offer potential as starting materials for the synthesis of YAG cursor gave a TGA ceramic yield of 40.5% at 1000°C. After
fibers. In this paper, we describe (i) the reactivity patterns of grinding in an ALO; mortar and pestle in air, the precursor was
Al(O,CH),-3H,0, Y(O,CCH,);-4H,0, and 5:3 (Al:Y) stoichi- ready for bulk material studies.
ometric mixtures of these compounds (YAG precursor) during (D) Density Measurements:Density measurements were
their pyrolytic transformation to phase-pure,@L, Y,O;, and used to establish the theoretical volume changes that are ex-
YAG, respectively; (ii) studies on fiber processing; and (iii) pected during the conversion from precursor to ceramic.
initial studies on the mechanical properties of YAG fibers from Vacuum-dried, ground YAG precursor powder® (60 g) were
the formate/acetate precursor. pressed into disks that were 12.8 mm in diameter, using an
applied pressure of 255 MPa for 15 s. The carboxylate com-
plexes are assumed to deform plastically. Thus, the resulting
pelletis assumed to be almost 100% dense. Optical microscopy
suggests a fully dense material without visible porosifthe
(1) General Procedure dimensions of compacted pellets were measured (using cali-
Aluminum tri(sec-butoxide) was purchased from Chattem pers) to determine the densities. The average pellet dimensions
Chemicals (Chattanooga, TN) and was used as received. Isowere 12.86 mm x 2.42 mm, with a density of 1.5 gfcm
butyric acid (99%) was purchased from Pfaltz and Bauer (Wa- ) L
terbury, CT). Yttrium acetate hydrate (99.9%) (Y(CCH,)s: (3) Pyrolysis and Characterization of the Bulk Precursor
xH,0) was purchased from Johnson Matthey Co. (Ward Hill,  (A) Pyrolysis Studies: Ground samples[{l g) of
MA), and ethylene glycol (99%) was purchased from J. T. Al(O,CH);-3H,0, Y(O,CCH,);-4H,0, and the YAG precur-
Baker (Phillipsburg, NJ). Formic acid (95%-97%) was pur- sor were placed in separate,8; boats and heated in dry air
chased from Aldrich Chemical Co. (Milwaukee, WI). All the at a rate of 10°C/min to selected temperatures, followed by a

Il. Experimental Procedure

experiments were conducted in air. holding period of 2 h. Pyrolyses at temperatures <1000°C were
) o conducted in a furnace (Type 6000, Thermolyne, Dubuque, IA)

(2) SyntheS|S and Characterization of YAG Precursor in f|0W|ng air (100 Crﬁ/mm) that was equipped with a pro-
(A) Synthesis of Aluminum Formate Hydrate AlGBI),- grammable temperature controller (Model 818P, Eurotherm,

3H,0 (FW = 216.081): Aluminum tri(sec-butoxide), Northing, U.K.). Pyrolyses at 1400°C were conducted in an-
Al(OsBuU);, is 11 wt% aluminum (by thermogravimetric analy- other furnace (Model 51314, Lindberg, Watertown, WI)
sis (TGA)). In air, 75.09 g (306 mmol) of Al(OsByivas added equipped with a controller (Model 59246-P, Lindberg).

to a 1000 mL beaker; 200.0 mL of,® (deionized, 11.11 mol, (B) Thermogravimetric Analysis (TGA)TGA studies

12 equiv) was added to this material. The mixture gelled im- were performed using a thermal analysis instrument (Model
mediately as Al(OH)3H,0O formed. Then, 60.0 g (1.30 mol, Hi-Res TGA 2950, TA Instruments, New Castle, DE). The
1.42 equiv) of formic acid was added, partially dissolving the samples were loaded on a platinum sample pan. The TGA was
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ramped at a rate of 10°C/min to 1000°C at the “High-Res 4” (C) Scanning Electron Microscopy (SEM)Green and py-
setting, with a nitrogen-gas balance flow of 40%min and an rolyzed precursor fibers were characterized using a scanning
air-purge flow of 60 criymin. electron microscopy (SEM) microscope (Model S800, Hitachi,
(C) Differential Thermal Analysis (DTA): DTA experi- Tokyo, Japan) that was operating at 5 keV. SEM samples were
ments were conducted using a differential scanning calorimeter prepared by mounting fibers (3—5 mm in length) on an alumi-
(Model DSC 2910, TA Instruments). DTA samples (10—20 mg) num stub using carbon paste. The fibers were sputter coated
were loaded into a platinum crucible and heated at the samewith [0.1 um Au/Pd to improve the conductivity.
rate as the corresponding TGA Hi-Res sample rate, to 1500°C (D) Fiber Bend Tests: The strength of pyrolyzed fibers
in dry air at a flow rate of 50 cAimin. The DTA reference was  was evaluated using a “bending test,” as described in detail
a-Al,O; (Aluminum Co. of America, Pittsburgh, PA). elsewhere?®2%this was done by forcing a YAG fiber sample to
(D) Diffuse Reflectance Infrared Fourier Transform Spec- conform to a certain radius of curvature by looping it around
troscopy (DRIFTS): DRIFTS studies were performed using a drill bits or steel wires of decreasing diameters until the fiber
Fourier transform infrared spectroscopy (FTIR) spectrometer failed. The diameters of the drill bits and wires that were used
(Mattson Galaxy Series FTIR-3000, Mattson Instruments, ranged from 2.5 mm to 0.5 mm. The fracture cross section of
Madison, WI). Optical-grade potassium bromide (KBr) crystal the broken fiber was then assessed by SEM, and the shortest
from International Crystal Laboratories (Garfield, NJ) was distance from the centroidal axis to the surface of the fiber was
ground and used as the background. The experimental detailgecorded. The bend strengif) (was then calculated using the
have been describéd. relation
(E) X-ray Diffractometry (XRD) Studies of Precursor Py-
rolysis Products: The pyrolytic transformation of the precur- o :E_Z
sors to crystalline products, as a function of processing tem- p
perature, was followed by X-ray diffractometry (XRD) using a
rotating anode goniometer (Rigaku Denki Co., Tokyo, Japan).
Samples (40—-80 mg) were prepared using the same procedure
as for the DRIFTS samples. The powders were then loaded into
X-ray sample holders (glass plates) for data collection. The
working voltage and current were 40 kV and 100 mA, respec-
tively. CuKa (A = 1.54 A) radiation with a nickel filter was Ill. Results and Discussion
used. Scans were continuous from 5°-80; Rith a step scan
of 10° 2/min and increments of 0.05°62 Products (peak
positions and relative intensities) were characterized by com-
parison with standard JCPD8les.

whereE is the elastic modulus (the value that was used is 280
gPa),28 z the shortest distance from the centroidal axis to the
Surface of the fiber, ang the radius of curvature at which the
fiber breaks.

In the following sections, we discuss (i) the synthesis and
characterization of AI[(@CH);-3H,0, Y(O,CCH;),-4H,0, and
a formate/acetate YAG precursor, (ii) bulk pyrolysis decom-
position patterns for the individual carboxylates and the YAG
(4) Fiber Studies precursor, and (iii) preliminary studies on processing fibers

(A) Fiber Drawing and Extrusion: Precursor fibers were 1o isobutyrate and formate/acetate precursors.
both hand drawn and extruded. For hand-drawn fibers, a small(1) Synthesis of AI(QCH),-3H,0

spatula was dipped into the viscous solution and withdrawn. — Ajuminum formate hydrate was synthesized via the follow-
The resulting fibers were suspended from a wooden framework ing reactionso-31

(100 mm x 100 mm) and left to air dry. In this case, green

fibers =20 wm in diameter and 200 mm in length were ob- room temp.
. + X —
tained. Al(OCH;CHCH,CHy); + 3H,0 0L = Al(OH),
Fibers were also extruded in air using an extruder (Bradford + 3HOCH,CHCH,CH, Q)
University Research, Bradford, U.K.). The extrusion spinneret )
diameter was 8@m. Typically, 10 mL of precursor solution Al(OH), + 3HOOCHD1%) c AI(O,CH), + 3H,0 @

(ceramic yield of 27.9 wt%) was loaded into the chamber of the
extruder. An extrusion load of 300-400 kg was applied to the Reaction (2) provides different hydrate products, depending on
piston to extrude fibers, with the extrusion-ram speed set at the temperature at which water is removed, as discussed by
0.05-0.15 mm/min. A rotating fiber takeup reel that was 250 Kwon3° and Chaplyginaet al3! When the final evaporation
mm in diameter and locadel m below the spinneret allowed temperature is 105°C, the product is AI(OH}@MH),-H,0,
fiber drawing. Thinner or thicker fibers could be collected as a which is insoluble in HO, even at 100°C° Al(O,CH),-3H,0,
function of the takeup reel rotation speed, which could be which is obtained at65°C, dissolves slightly in KD.3*
varied from 0-10 rpm. The thinnest continuous fibers obtained Al(O,CH);-4H,0, which is obtained at room temperature, dis-
were [0 um dia. solves in HO easily3° Anhydrous aluminum formate,
(B) Pyrolysis Studies of Fibers:All the Al(O,CH);-H,O Al(O,CH)j, is slightly soluble in cold HO but cannot be ob-
and Y(O,CCHy)5-4H,0 precursor fibers were dried at 100°C  tained via reaction (3°
for 2 h, to remove the solvent, and then heated at a rate of The AI(O,CH);-3H,0 that has been produced here was
1°C/min to 400°C and held at that temperature for 2 h. The formed at a temperature @60°C. The product is proposed to
same Lindberg furnace that was used for bulk material studiesbe Al(O,CH);-3H,0, based on DRIFTS spectra and a found
was used for the high-temperature pyrolyses. All pyrolyses ceramic yield of 23.6%, which is the expected theoretical yield.
were conducted in air. Several heat-treatment schedules wer N
studied: (i) heat treatment to remove carbonate by pyrolyzinge(z) Characterization OT Al(QCH)3-3H,0 i .
fibers at 900° or 1000°C and holding them at that temperature . (A) Thermal Analysis: The TGA profile for aluminum

for 2 h; (ii) different heating rates, such as 15°C/min and 30°C/ formate hydrate decomposition (Fig. 1) shows two regions of
min, for sintering; and (iii) sintering temperatures of 1400°, Mass loss, from 20°C to 130°C and from 195°C to 300°C, with

1500°, 1550°, 1570°, 1600°, and 1650°C. Also, a batch of & final ceramic yield of 23.6 wt%. The first mass loss results in

fibers were heat treated at a rate of 20°C/min to 1500°C for 2 the loss of water and formic acid (reaction (3j):

h without dwelling at a temperature of 400°C for 2 h. 130°C

Al(O,CH);5-3H,0 U U - AI(OH)(O,CH),-0.5H,0
+HCOOH1® +0.5H,01 (3)

- H H [} i 0,
TJoint Committee on Powder Diffraction Standards, Swarthmore, PA (now Inter- Th,e Ce,ramlc,yIE|d at temperatgres >,13O Cis 35.2 wt Ml
national Center for Diffraction Data (ICDD), Newtowne Square, PA). which is similar to the theoretical yield for AI(OH)@CH),-
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100

each) were used to perform the DTA (5°C/min/air) to 1400°C
to obtain the inset that is shown in Fig. 2. The inset shows two
phase transformations: one that starts at 840°C and another that
begins at 1120°C. The XRD data (Fig. 4) suggest that the
840°C exotherm corresponds to the crystallizatiomal 05,
whereas the 1120°C exotherm corresponds to the crystalliza-
tion of a-Al,O5. All the intermediate phases are white powders.

(B) DRIFTS: The aluminum formate hydrate spectra that
are shown in Fig. 3 (also see Table I) were analyzed and
compared with published datdThe broad band at 3600-2300
cmtis assigned t@(O—H) bands in the hydrate watétThe
peak at 3500 cmt (v(O-H)) in as-synthesized samples (very
weak) and samples that have been pyrolyzed at 125°C indicates
the presence of hydroxyl groups (Al-OFf.At 125°C, the
spectrum is essentially identical to that reported for
20 y T i . AIOH(O,CH);-0.5H,0.3t

0 200 ™ s 800 In the 400°C spectrum, two slight peaks, at 1615 and 1390

emperature (°C) cmL, indicate the formation of trace amounts of carbonate

(COs27), e.g., AL(CO,)5.123The broad absorption bands indi-
cate that the material is amorphous. The absence of a powder
diffraction pattern via XRD suggests that the carbonate is either
amorphous or of insufficient quantity to be detected (<2 wt%);

0.5H,0 (35.6 wt%). AI(OH)QCH),-0.5H,0 formation is sug-  thjs is corroborated by the TGA (Fig. 1), which shows a mass
gested by the DRIFTS studies below. At higher temperatures, |gss of (1. wit% from 400° to 1000°C.

80

Weight (%)
3

23.6%

Fig. 1. TGA of Al(O,CH);-3H,0 in air.

Al(OH)(O,CH),"0.5H,0 transforms to AJOz:*° By 900°C, the carbonate bands disappear, coincident with
aa0°C the appearance of new absorption bands at 575 and 735 cm
12AI(OH)(O,CH),-0.5H,0 O Ll - 6AI, 0, that correspond to the appearancerpAl,O; in the XRD

analysist In the DRIFTS spectra for samples that have been
+SHCOOH! +19COT +8.5H0 1 (4) pyrolyzed at temperatures >1100°C, these peaks disappear and
Several intermediate decomposition products are proposed tonew peaks, at 470, 490, 620, and 650 &nappear that corre-
form:32 spond to the appearance @fAl,O; in the XRD analysis.
I e (C) XRD Patterns: Figure 4 provides XRD data for
<, <, Al(O,CH),-3H,0 that has been heated (5°C/min/air) to se-
Al (OH)(OLH), Dgic Al20(0,CH), DU lected temperatures for 2 h. The XRD pattern of the as-
<, processed sample is crystalline. Although the pattern does not
AIO(O,CH) 0T = Al,0, () Correspond to the diffraction data for AlfOH).-3H,0.* it is
The differential thermal analysis (DTA) that is shown in Fig. 2 quite similar to the XRD data from Chaplygire al3*
reveals endotherms with maxima at 155° and 340°C. The At 125°C, the material remains crystalline; however, the
endotherm that is centered at 155°C likely corresponds to re- powder pattern matches the diffraction data for AIOHQBI),:
action (3)%° and the endotherm that is centered at 340°C likely xH,O.3 The ceramic yield from 125°C (35.2 wt% vs theoreti-
corresponds to the decomposition of ,8(0,CH), and cal, 35.6 wt%) supports the formation of AIOH{CH),:
AIO(O,CH) (reaction (5)3132 0.5H,0 as an intermediate.

DTA of the precursor does not provide clear details about ~ The material becomes amorphous when heated to 400°C. At
high-temperature phase transformations because the sampl®00°C, the powder pattern reveals low-intensity, broad peaks
size at temperatures >400°C is too small to compare with the that are indicative of the partial crystallizationgfAl ,O5.T At
reference AJO, (at 400°C,[4 mg (20 wt%) remains). For this  1100°C, as supported by the DTA data (Fig. @Al,O5**
reason, a precursor sample was first pyrolyzed to 600°C for 2 begins to crystallize. At 1400°C, a well-definagAl ,O; XRD
h. Then, the same quantities of sample and referei2@ g pattern results, as indicated by the increasing intensity and the

narrowing peak widths.

(3) Characterization of Y(QCCH)5-4H,0

(A) Thermal Analysis: The Y(O,CCH,)5-4H,0O that has
been used in these studies was recrystallized to remove the
calcium and chlorine impurities. Husséfrsuggested the fol-
lowing thermal decomposition pattern:

['600°C
Y(0,CCHy)5-4H,0 U L = Y,05+Y,(COy)s
+ gasegCO,, CO, H,0, CH,COCH;, othe) 1 (6)

>600°C
Y2(C03)3 ot - Y05+ COst (7)

The TGA profile (Fig. 5) shows two major mass losses. The
first, from ambient to 85°CI[{20 wt%), corresponds to the loss
of H,0. The second mass loss, from 265° to 340°BY wt%),
corresponds to the decomposition of the complex. At tempera-

Temperature Difference (°C/mg)

155°C

0 200 400 600 800 1000 1200 1400
Temperature (°C)

i . in air: *JCPDS Powder Diffraction File Card No. 38-655.
Fig. 2. DTA of Al(O,CH);-3H,0 in air; the sample was heated at the $JCPDS Powder Diffraction File Gard No. 37771,

same heating rate as TGA for AlfOH);-3H,0 to 1000°C, then at 1JCPDS Powder Diffraction File Card No. 16-394.
10°C/min to 1500°C. #JCPDS Powder Diffraction File Card No. 10-173.
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1400°C 2h

1100°C 2h

900°C 2h

400°C 2h

125°C 2h

f S

As Synthesized

LI L L L L L L B L L L LN S B O

4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumbers (cm™)

Fig. 3. DRIFTS spectra of Al(QCH);-3H,0O pyrolyzed at selected temperatures. Samples were ramped at 10°C/min in air to the selected
temperature, with a holding time of 2 h.

Table I. IR Peaks of Al(O,CH);-3H,0, Y(O,CCH,);-4H,0, and YAG Formate/Acetate Precursor
Wavenumber (cimt)

Compound v(O—H) w(C—H) 1.{OCO) Vas,aefOCO) v(OCO) Vo.qefOCO)  vger(C—H)
Al(O,CH),-3H,0" 3600-2300 2907 1620 1400 1375 800
AIOH(O,CH),-nH,O" 3500 2930 1620 1420, 1406 1385 800
AIOH(OZCH)ZT 3500 2930 1630, 1605 1428, 1417 1400, 1390 800, 775 1080
Al(O,CH);-3H,0 3600-2300 2900 1620 1400 1380 800, 780
Al(O,CH),-3H,0 at

125°C 3500 2910 1612 1391 1360 793,774
Y(O,CCH;);-4H,0 3600-2300 3010, 2960, 2950 1500 1450 1340
YAG precursor 3600-2300 2880, 2950 1600, 1720 (tiny) 1464 1380

"Data from Chaplyginaet al3*

tures >340°C, TGA indicates a slow mass l0ss1( wt%) that therm likely corresponds to the loss of®l The endotherm
corresponds to the evolution of G@nd some organics (see that is centered di300°C and the exotherm that is centered at
DRIFTS studies, section 1I8)(B)). The ceramic yield 410°C correlate with the major mass loss. Based on the infrared
(1000°C) is 33.5 wt% (Fig. 5), which exactly as calculated (IR) results below and studies on Al{OCH,); decomposi-

for Y(O,CCHy)5-4H,0, given reactions (6) and (7). The ce- tion?3% it is likely that the decomposition process involves li-

ramic yield of a sample that has been dried at 80°C2ft is gand loss with some coincidental ligand oxidation, probably
43.0 wt%, as calculated for conversion of Y{OCH;), to per the reactions
Y ,0;. )

The DTA plot (Fig. 6) exhibits endotherms, starting at 50°C Y(O,CCH,), O % YO(0,CCH,) + (CH,CO)L,0  (8)

(centered at 100°C) and 250°C (centered at 300°C), and an
exotherm at 340°C (maximum at 410°C). The 100°C endo- and
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Fig. 4. XRD spectra of Al(QCH);-3H,0 pyrolyzed at selected temperatures; the samples were prepared as in DRIFTS studi¢d {) phase
(JCPDS File Card No. 10-173)\) n-Al ,O5 phase (JCPDS File Card No. 4-8759,Y Al(OH)(O,CH),-xH,0O phase (JCPDS File Card No. 37-771),

and (V) Al(O,CH)5-3H,0 (Chaplyginaet al32)).

[400°C
YO(O,CCHy) U U - Y,05 + Y ,(COs); (Minor)
+ gasegCO,, H,0, (CH;CO),0, othe)r (9)
The ceramic yield for this process would b2 wt%, whereas
the observed ceramic yield from 265° to 340°CIE6 wt%.

This observation, coupled with the 300°C (2 h) DRIFTS spec-
trum (below), shows that the continued presence(&—H)

50°C

100

o
(=]
1

Weight (%)
3
1

40 7

33.5%

20 T T T
400 600 800
Temperature (°C)

Fig. 5. TGA of Y(O,CCH,)54H,0 in air.

and carboxylate bands, albeit of decreased intensity, provide
some support for a reaction akin to reaction (8) that occurs
during the decomposition of Y(({CCHy),.

Note that experimental differences between the TGA and
DTA plots make the temperatures different for the same ther-
mal event, although the TGA and DTA studies were performed

2.0

410°C

Temperature Difference (°C/mg)

600 800 1000 1200

Temperature (°C)

0 200 400

Fig. 6. DTA of Y(O,CCHjy);-4H,0 in air; the sample was heated at
the same heating rate as TGA for Y{OCH,);-4H,0 at temperatures
<1000°C and then at 10°C/min to 1500°C at temperatures >1000°C.
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appeared simultaneously at 560, 470, and 430 In the

past the sample pan; therefore, no fresh air flows directly on the current study, the 300°C/2 h pyrolyzed Y{OCH;);-4H,0
sample, as in the TGA. Also, the DTA sample pan is deeper sample likely consists of a mixture of,®; and YO(Q,CCHy).
than the TGA pan and seems to form a dead-air zone; therefore|t is also possible that some carbonate forms; however, the
less sample surface is exposed to fresh air. Thus, the dead zonearbonate bands would be hidden beneath/{f&s= O) bands.
in the DTA inhibits decomposition, and these reactions have a At 500°C (DRIFTS spectrum not shown), th€C=0O)
tendency to start at higher temperatures. In our previous studybands disappear, and carbonate peaks appear at 1530 and 1405

on the pyrolysis behavior of Y({CCHMe,),, bce Y,0; crys-

cm1, which suggests the formation of,§C0Os);. The 600°C

tallized at 300°C/2 h. An exotherm that was associated with spectrum is quite similar to the 500°C spectrum, except for a
crystallization was observed beginning at 280°C (maximized at decrease in the carbonate peak intensities. These peaks finally

380°Ct
(B) DRIFTS: Figure 7 displays DRIFTS spectra for

Y(O,CCH,)5-4H,0 samples that have been pyrolyzed using
the same procedures as those which were used for,8K{};-
3H,0. The spectrum of Y(@CCH;);-4H,O (lowest inset in
Fig. 7) shows weak(O—-H) bands in the wave number range of
3500-2800 cmt, weakv(C—-H) bands at 3010, 2960, and 2950
cm1, and strongv(C=0) bands at 1560, 1450, and 1350
Cm_l.34

As shown in the insets, when heated to 120° and then 300°C,

the v(C—H) band intensities diminish as Y{OCH,);-4H,0

disappear at 800°C, which indicates the complete elimination
of carbonate. Indeed, most of the carbonate is gone by 600°C;
only an additional 2 wt% loss is observed. The remaining ma-
terial is assumed to be stoichiometrigQ3. The intensities of
the peaks at 560, 470, and 430¢rincrease as the temperature
increases from 500°C to 1400°C, which indicates continued
crystallization and/or grain growth of )0, as supported by
XRD studies. Again, all the intermediate pyrolysis samples
were white powders.

(C) Powder X-ray Diffractometry (XRD) PatternsFigure
8 displays powder XRD patterns for Y{OCH,)5-4H,0 py-

seems to decompose to YO{OCH;) or some related pro-  rolysis samples that were produced as in the DRIFTS studies.
duct. The continued presencegD—H) bands may indicate a The XRD pattern for the as-recrystallized sample is similar to
different product or the fact that the samples are prepared inthat of Husseir#* Although there is no significant change in the
air and DRIFTS emphasizes surface species (e.g., water thaDRIFTS spectrum for the sample pyrolyzed to 300°C, the XRD
has been physisorbed during sample preparation). Most peakglata for the recrystallized samples pyrolyzed to 120° and
at wave numbers <1750 cthremain unchanged, as also 300°C are quite different, which suggests structural changes
observed by Husseitf. However, a weakv(Y-0O) band at when heated. Although Husséfnsuggested that crystalline
560 cnt! suggests the presence 0£(%.1:3¢ The 560 cm?

peak grows in intensity at higher temperatures. In the

Y(O,CCHMe,); pyrolysis studies, where bcc,®0; forms at
300°C/2 h, DRIFTS peaks that correspond to crystallip®y .
%
* T 1400°C
* LJ* * X x x e * * % *
1400°C 2h J J BRI I T AL N
800°C
800°C 2h j‘[! | I
A i 600°C
600°C 2h
300°C
10 300°C 2h N\ : / A
I N
120°C 2h ” ’\ I 120°C
As-recrystallized
h/_/\K/l¥ As-recrystallized
R AR T RAaazazss AEaaaazas , 0 10 20 30 40 50 60 70 80
4000 3500 3000 2500 2000 1500 1000 79°

Wavenumbers (cm™)

Fig. 8. XRD spectra of Y(QCCH,);-4H,0O pyrolyzed at selected
temperatures; the samples were prepared as in DRIFTS studies ((*)
bce yttria (JCPDS File Card No. 41-1105)).

Fig. 7. DRIFTS spectra of Y(QCCH,);4H,0 pyrolyzed at 10°C/
min (2 h dwell) in air at the selected temperatures.
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Y(O,CCH,), is stable to 350°C/1 h, our XRD data indicate the (see DRIFTS section) and the color of the sample changes from
formation of a new, intermediate crystalline or partially crys- white to light brown. The fourth loss, from 400°C to 920°C
talline phase at 300°C/2 h. This phase may correspond to(mass loss of 9 wt%), is associated with carbonate decompo-
“YO(O ,CCH,),” which is suggested by the TGA, DTA, and  sition. The sample coincidently becomes black at temperatures
DRIFTS evidence and the work on the aluminum analo§ue. >600°C. The fifth loss, from 930° to 1000°C (mass loss of 3
However, no further evidence is available to support this ex- wt%), results from the oxidation of trace amounts of free car-
planation. bon, as samples change from black to white. The presence of
At 500°C, the XRD pattern shows crystalline bcgO4; residual carbon at such high temperatures, in an oxidizing at-
however, the broad peaks and low intensities suggest thatmosphere, is not commonly observed for the pyrolytic decom-
considerable material is either amorphous or nanocrystalline, position of aluminosilicates, nor was such behavior noted in the
as observed in the XRD profile for Y(QiPr), at 300°C* It isobutyrate studie’
is possible that the presence of carbonate inhibits crystal- The found ceramic yield is 40.0 wt%, whereas a ceramic
lization; however, no evidence supports this conjecture. At yield of 28.3 wt% is calculated for 3[Y(&CCH;);-4H,0]-
higher temperatures=600°C), the XRD intensities increase 5[Al(O,CH);-3H,0]. The calculated ceramic yield for anhy-
and the peak widths narrow, which indicates better crystalliza- drous 3[Y(QCCH,)5]-5[AI(O,CH),] is 36.9 wt%, which is
tion. At 1400°C, the XRD profile indicates well-crystallized also lower than the found value. It is possible that some

Y ,0s. Al(O,CH);-3H,0 transforms to Al(OH)(QCH), when the
o YAG precursor is vacuum dried at 100°C. The calculated ce-

(4) Characterization of 3Y(QCCH;)3:5AI(0,CH)5 YAG ramic yield for 3[Y(Q,CCHy)s]-5[AI(OH)(O,CH),] is 40.4

Precursor Mixture wt%, which is similar to the TGA ceramic yield. However, the

The YAG precursor was prepared by dissolution of the cor- DRIFTS data do not show the presence@—-H). Alternately,
rect stoichiometric mixture in O, formic acid, isobutyric the precursor is actually 3[Y(#ZH),]-5[AlI(O,CH),], which
acid, and ethylene glycol, followed by vacuum evaporation of offers a ceramic yield of 40.1 wt%, which also is similar to that
the solvent and grinding of the resulting powder, as detailed in found. The acetate ligands may exchange with the free HCO
the experimental section. Samples of this bulk powder were that has been used as a stabilizer during precursor synthesis.
then pyrolyzed to selected temperatures as discussed previ- In Fig. 10, the DTA shows three exotherms at temperatures
ously. <900°C. The first one, which is centered at 230°C, likely cor-

(A) Thermal Analysis: The TGA plot of the bulk, dry responds to the second mass loss step in the TGA and may be
(100°C/2 h) powder (Fig. 9) seems to show a decomposition associated with the partial decomposition of formate to
profile that is not a simple superposition of both AYCH),- M(OH)(O,CH), (M = Al and/or Y) species (see DRIFTS,
3H,0 and Y(OQCCH,)5-4H,0O decomposition profiles. There  section 11(4)(B)). The second exotherm, which is centered at
are five mass-loss steps during decomposition, according to the340°C (third mass loss step in TGA, 260°-420°C), corresponds
derivative curve. The first one, beginning at 120°C (mass loss to a mass loss diB0 wt% in TGA. In this temperature range,
of 10 wt%), corresponds to the elimination of water and loosely the carboxylate ligands decompose primarily to carbonate and
bound organics. The second one, from 180°C (centered atoxide species (see DRIFTS, section(4)(B)). The third exo-
210°C, mass loss of 8 wt%), corresponds to the partial decom-therm, which is centered at 440°C (fourth step in the TGA,
position of carboxylate ligands, possibly via reactions (3) and mass loss of B wt%), likely corresponds to the oxidation of
(8). The third mass loss, from 240°C (centered at 310°C, massresidual organics and network formati&htHowever, the black
loss of 30 wt%), probably corresponds to the decomposition of color of the materials clearly indicates the presence of some
the residual carboxylate ligands, a€C—H) bands disappear residual carbon.
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Fig. 9. TGA of YAG formate/acetate precursor in air.
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Fig. 10. DTA of YAG formate/acetate precursor in air.

None of the DTA peaks has a common position with the
DTA studies of the individual aluminum and yttrium com-
pounds (Figs. 2 and 6). Such behavior implies that the YAG
precursor is not simply a mechanical mixture of the individual
aluminum and yttrium compounds. For example, the YAG pre-
cursor that has been pyrolyzed at 600°-800°C/2 h is black,
although neither the aluminum nor the yttrium carboxylates
generate black pyrolysis products. We have previously ob-
served similar synergistic behavior following THF dissolution
and recovery of mixtures of Cu/Ba and Y/Al isobutyrat€s.

1060°C M
940°C ‘J/\/\
N
895°C J
800°C 20 min
800°C 10 min
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm'l)

Fig. 11. DRIFTS spectra of DTA-pyrolyzed YAG formate/acetate
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One possible interpretation is that a mixed-metal carboxylate
complex is forming; however, we have not sought to explore
this possibility.

The DTA (Fig. 10) also shows two exotherms, at 930° and
1000°C (fifth step in the TGA). Because we were concerned
about the origin of both peaks, an additional DRIFTS study
was conducted with the DTA samples. A series of DRIFTS
spectra were taken between the two exotherms, to follow the
evolution of the precursor (Fig. 11). The YAG precursor pow-
der remained black until just above 890°C, which is the tem-
perature below the onset point of the first exotherm. At 895°C
(no dwell time), the sample displayed broad carbonate peaks
with reasonably strong intensities, as does the 400°C/2 h amor-
phous sample in Fig. 12. Between 930° and 1000°C, the sample
was gray. The DRIFTS analysis for a sample that has been
heated at 940°C (no dwell time) shows a typical crystalline
YAG profile, with the carbonate peaks absent (Fig. 11). At
1060°C, where the second exotherm is complete, the sample
was white. The DRIFTS analysis for the sample that has been
held at 1060°C (no dwell time) is almost the same as the
DRIFTS analysis for the 940°C sample, which suggests no
changes at the atomic level. Based on the above-mentioned
observations, one can conclude that the first exotherm results
from the oxidation of carbon and the second results from the
crystallization of YAG.

(B) DRIFTS: Figure 12 displays spectra of the as-
processed YAG precursor and samples that have been heated to
selected temperatures. The as-processed YAG precursor spec-
trum (bottom) is similar to that of Al(GCH);-3H,0O but with
broader peaks. It is possible that the Y@IH,);-4H,0 peaks
are hidden by Al(QCH),-3H,0 peaks, because of the higher
concentration of the aluminum compound, or a new mixed-
metal complex forms. Alternately, based on the changes in
ceramic yield, the acetate ligands may have been displaced by
formate ligands during synthesis of the YAG precursor.

At 250°C, the major peak positions do not change; however,

1500°C 2h

900°C 2h

800°C 2h

400°C 2h

szé

300°C 2h

E

250°C 2h

Vacuum Dried

T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

precursor; the samples were heated at 10°C/min to the selected tem+ig. 12. DRIFTS spectra of YAG formate/acetate precursor heated at

perature, with a holding time dfll s for 895°, 940°, and 1060°C.

10°C/min to selected temperatures, followed by a holding time of 2 h.
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Fig. 13. XRD spectra of YAG formate/acetate precursor pyrolyzed to selected temperatures; the samples were treated as in DRIFTS studies ((*)
YAG (JCPDS File Card No. 33-40)).

the broadv(OH) band at 3600—3200 crh(hydrate water) dis- is heated to 700°C, this peak shifts to 3®, @hich indicates
appears and a(OH) band appears at 3700-3400¢rthat can a change in the amorphous structure, perhaps suggesting some
be assigned to O—H stretches of Al/Y hydroxyl groups, which local ordering, as implied by the peaks at 650—1000*dmthe
suggests partial hydrolytic decomposition (e.g., reaction (3)). DRIFTS spectra at the same temperature. This type of behavior

At 300°C, thev(C=0) bands at 1600, 1464, and 1380¢m
disappear and carbonate peaks that are centered at 1530 and
1400 cnm? appear. The(C-H) bands at 2950 and 2880 tin
and thev(O—-H) band at 3700-3400 crhare still observed in
the spectrum, which suggests that carboxylate ligand decom-
position is incomplete.

At 400°C, all bands that are associated with the carboxylate
ligands disappear (in the YAG isobutyrate precursor study, the
carboxylate ligands disappear at 30040)wo broad carbonate
peaks centered at 1530 and 1400 €m@ppear. All the remain-
ing peaks are broad as well, which indicates an amorphous
material.

The carbonate peaks persist to only 800°C €riadth dwell
versus no dwell in Fig. 11), as observed for the isobutyrate
precursoft The broad peaks at 650—1000 @nin the 300°—
400°C spectra evolve into a set of peaks at temperatures
=800°C that correspond to the crystallization of YA&

(C) XRD: Figure 13 provides XRD powder patterns of
bulk YAG precursor samples that have been pyrolyzed to se-
lected temperatures. As with the YAG isobutyrate studlies,
intermediate crystalline phases (e.g., bc©Y, n- or a-Al ,03)
are observed before the crystallization of YA@Q0°C). For-
mate/acetate-derived YAG crystallizes at temperatures that are
[1L00°C lower than the isobutyrate precursor.

The dried precursor exhibits broad peaks centered at@.2° 2 Fig. 14. SEM micrograph of as-spun extruded YAG isobutyrate pre-
which is typical of an amorphous material. When the precursor cursor fiber.
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Fig. 15. SEM micrograph of extruded isobutyrate precursor fiber Fig. 17. SEM micrograph of as-spun extruded YAG formate/acetate
cured at 1°C/min to 160°C (dwell time of 2 h). precursor fiber.

has been termed “noncrystalline but not completely amor- ates the same phase changes in the bulk IR/XRD samples, as
phous.'%13 observed for the higher-temperature, shorter-time transforma-
The appearance of crystalline YAG at temperatures that aretions in the DTA. Thus, the exothermic crystallization peak in
[(1L00°C lower than YAG from the isobutyrate precursor may the DTA occurs af1L000°C rather than the 800°C crystalliza-
suggest better atomic mixing, a lower stability precursor, or tion temperature that has been observed in the XRD studies.
better nucleation of crystallites during decomposition, because Crystallization occurs coincident with the elimination of car-
of a higher impurity level. The exact reasons for this behavior bon.
cannot be explained at present. Samples that have been pyrolyzed at 800°C/1 h/air are black,
At temperatures >800°C, YAG continues to crystallize, as and the XRD and DRIFTS analyses both indicate an amor-
evidenced by the continued refinement in peak shapes andphous material. A sample that has been held2fd at800°C
intensities. The difference in phase-transformation tempera-is mostly white, and XRD and DRIFTS analyses reveal crys-
tures between the DTA and IR/XRD analyses is due to differ- talline YAG. In the DTA, the air flow is toward the bottom of
ences in the heating schedule, because crystallization of YAG the sample pan, therefore, no fresh air flows toward the sample
at 800°C is not only temperature dependent, but also is atmo-directly, and the temperature is ramped continuously, rather
sphere and time dependent. The IR/XRD samples were heatthan dwelling at a selected temperature for 2 h. Thus, the DTA
treated at selected temperatures for 2 h, whereas the DTA datasample at 895°C is still black and amorphous. When the sample
were obtained for samples that were heated continuously tois heated further, free carbon is oxidized and eliminated as
1500°C. A longer heating time, at lower temperatures, gener- CO,, and phase transformation occurs. Thus, atmosphere has a

Fig. 16. SEM micrograph of hand-drawn isobutyrate fiber heated to Fig. 18. SEM micrograph of extruded YAG formate/acetate fiber
1000°C for 2 h. heated at 1°C/min to 100°C for 2 h, then to 700°C for 2 h.



640 Journal of the American Ceramic Society—Liu et al. Vol. 81, No. 3

Fig. 19. SEM micrograph of extruded YAG formate/acetate fiber Fig. 21. SEM micrograph of extruded YAG formate/acetate precur-
heated at 1°C/min to 100°C for 2 h, then at 20°C/min to 1500°C for sor fiber heated at 1°C/min to 100°C for 2 h, 1°C/min to 400°C for 2
2 h. h, and then 15°C/min to 900°C for 2 h.

role in crystallization, because the carbon impurities seem to shows an SEM micrograph of an extruded green isobutyrate
retard crystallization. fiber. The as-processed green fiber has a circular cross section,
(D) Fiber Processing: To successfully process fully asmooth surface, and is {n in diameter. When the sample
dense, defect-free, polycrystalline YAG fibers, the experimen- is heated to 160°C, cracks form (Fig. 15). A likely explanation
tal design must allow for the extreme changes in volume and for cracking is that the fiber diameters are too large; thus, the
density that occur as the green precursor fiber transforms to agas diffusion distances are too long. Consequently, gaseous
ceramic fiber. The first step is to clearly define the conditions decomposition products accumulate at the subsurface level to
under which these changes occur by doing bulk material stud-form gas bubbles that damage the fibers. For example, a 20 mg
ies. These studies provide an idea of the time/temperature desprecursor (17.5 mi) releases 2 mg of gaseous byproducts at
pendence on YAG evolution from precursor and permit the 200°C (the TGA in Fig. 9 shows a 10% mass loss at 200°C). If
design of a heat-treatment schedule to process dense, carborthe gaseous byproducts are assumed to be eith@rdfd CO,,
free YAG fibers. the generated volume (at room temperature) would be 4.3 x 10
(E) Al/Y Isobutyrate YAG Precursor Fiber Processing: mm? (for H,O) or 1.8 x 16 mm? (for CO,). Each volume is a
Based on our earlier studies of the Al/Y isobutyrate YAG pre- factor of >100 greater than the volume of the precursor mate-
cursor! YAG isobutyrate precursor fibers were processed by rial.
hand drawing and extrusion, followed by pyrolysis. Figure 14  Based on this consideration, thinner fibers (green-fiber di-

Fig. 20. SEM micrograph of extruded YAG formate/acetate precur- Fig. 22. SEM micrograph of extruded YAG formate/acetate precur-
sor fiber heated at 1°C/min to 110°Crf@ h and then 1°C/min to sor fiber heated at 1°C/min to 100°C for 2 h, 1°C/min to 400°C for 2
400°C for 2 h. h, and then 15°C/min to 1000°C for 2 h.
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Fig. 23. SEM micrograph of extruded YAG formate/acetate precur-
sor fiber heated at 1°C/min to 100°C for 2 h, 1°C/min to 400°C for 2
h, 15°C/min to 900°C for 2 h, and then 15°C/min to 1570°C for 2 h.

ameters of <2@um) with shorter diffusion distances were made
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that results from both mass loss and densification is 87%. If we
assume that the volume changes that occur as a precursor fiber
is pyrolyzed occur only in the diametrical dimension and that
full densification results, the expected change in fiber diameter
will be 64%. These extensive volume changes must be care-
fully controlled to ensure that uniform, stress-free ceramic fi-
bers result following pyrolysis.

(B) Green Fiber Processing:As discussed previously,
the size (diameter) of the green fiber (Fig. 17) is important to
process dense, defect-free YAG fibers. Large-diameter (>30
,m) green fibers foam or crack during decomposition (e.g., the
40 wm diameter fiber in Fig. 18, which was pyrolyzed to
700°C/2 h). The optimum size is <30m, preferably <2Qum
(e.g., as shown in Fig. 17). These acetate formate fibers are
easily extruded to give green fibers that arep2 in diameter
and look similar to that shown in Fig. 14. Although the spin-
neret orifice (BO wm) is circular, extruded green fibers often
have a dog-bone cross section, because of uneven drying.
Green fibers that have been dried under tension have circular
cross sections.

(6) Fiber Pyrolysis

(A) Low-Temperature Pyrolysis:All fibers were heated at
100°C/2 h to remove solvent, water of hydration, and process-
ing aids. Fine green fibers (diameters [@f0 pm) that were
pyrolyzed at a rate of 20°C/min directly to 1500°C/2 h were
porous (Fig. 19). Two factors contribute to the observed po-
rosity. First, with fast heating rates, the surface material de-
composes first, which eliminates surface carbonate, and den-
sification/crystallization occurs first at the surface. The interior
then gasifies, the pressure builds up, and cracks/flaws form as

by hand drawing. Thin, crack-free but somewhat porous YAG this gas evolves, which leads to hollow fibers. Second, the

fibers were obtained by heating to 1000°C in air (Fig. 16).

Although the fibers are not fully dense, they may still offer

fibers do not densify coincident with ligand decomposition. To
solve this problem, the fibers were heated at a rate of 1°C/min

useful properties, because their internal porosity is reminiscentto 400°C/2 h, the temperature at which most carboxylates de-

of that observed for FP alumina (DuPont, Wilmington, DE)
fibers7:16.38.39

(5) Fibers from Al(O,CH);-3H,0 and Y(OQCCHjg);+4H,0

(A) Density and Volume ChangesThe measured density
for the YAG precursor is 1.5 g/ctnwhereas the reported den-
sity of YAG is 4.5 g/cnd. Thus, the theoretical volume change

compose. In this way, the gaseous byproducts diffuse out of the
fibers slowly and completely. Fibers that were processed with
this heat treatment were dense (see Fig. 20). Consequently, as
organics and carbonate in the fiber center decompose, the gas-
eous byproducts cannot diffuse easily out of the fibers and
some voids/internal pores form. To solve this problem, a rela-
tively low heating rate, 10°C/min, was selected, and holding

Fig. 24. SEM micrographs of extruded YAG formate/acetate precursor fiber heated at 1°C/min to 100°C for 2 h, 1°C/min to 400°C for 2 h,

15°C/min to 900°C for 2 h, and then 30°C/min to 1570°C for 2 h.
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reasonable explanation is that the low heating rate that has been
used still promotes more-efficient loss of impurities at the sur-
faces than in the interior, which results in faster pore coales-
cence and sintering at the surface than in the interior.

(C) Densification-Temperature StudiesDensification of
900°C fibers occurs at >1400°C. Figures 25-27 shows SEM
micrographs of the 900°C fiber that has been ramped at a rate
of 30°C/min to 1400°, 1500°, or 1600°C for 2 h. Fibers that
have been sintered at 1400°Crfa h exhibit porous cross
sections (see Fig. 25). Fibers that have been sintered at 1500°C
for 2 h are much denser (Fig. 26), although some voids form at
the grain boundaries. Fibers that have been sintered at 1570°
and 1600°C for 2 h are almost fully dense (Figs. 24 and 27).

(D) Mechanical Properties of YAG Fibers:Room-
temperature fiber strength was characterized using a bending
test?®2° The bend strength of 900°C fibers that have been
sintered using post-pyrolysis heat treatments at rates of 30°C/
min to 1570°, 1600°, or 1650°C fa2 h were assessed, as
described in the experimental section. At least five fibers were
tested for each heating schedule. SEM analysis shows fiber
cross sections that are fully dense. For example, the fiber in
Fig. 28 (1570°C/2 h) has a bend strength of 1.3 + 0.3 GPa. This
calculation is based on the assumption that the fibers that are
. tested are fully dense, have the same density as bulk material,
' and have the same elastic modulus (280 &Pag bulk mate-

Fig. 25. SEM micrograph of extruded YAG formate/acetate precur- al. Figure 29 provides a view of bend strength versus sinter-
sor fiber heated at 1°C/min to 100°C for 2 h, 1°C/min to 400°C for 2 ing temperature. Based on the results, a 1600°C sintering tem-
h, 15°C/min to 900°C for 2 h, and then 30°C/min to 1400°C for 2 h. perature offers the best strength, 1.7 + 0.2 GPa, with an average
grain size of 1.8 + 0.2um (grain sizes were based on point-
fraction analysis of SEM micrographs, and at least five fibers
periods & 2 h attemperatures of 900° or 1000°C were used to were measured for each heating schedule).
cautiously eliminate carbonate. At these temperatures, YAG When the sintering temperature is >1600°C, the grain size
grains do not grow dramatically and the fiber surface does not increases and reduces the grain-boundary area (Fig. 30), thus
completely densify, as shown in Figs. 21 and 22. reducing the room-temperature strength. Figure 31 plots the

(B) Heating-Rate Studies:Post pyrolysis studies (after bend strength versus the grain size. From the limited amount of
heat treatment at 900°C) were conducted to optimize densifi- data, an average grain size of Juéh seems to offer the best
cation and grain growth. Faster heating rates usually result in strength.
denser fiberd®2 For example, 900°C fibers that have been  As discussed in the introduction, smaller grain sizes should
heated at a rate of 15°C/min to 1570°Qr ¥ h are usually provide better room-temperature strength if Hall-Petch-type
porous (Fig. 23), whereas those that have been heated at a rateriteria are valid; however, the 1570°C fibers with an average
of 30°C/min to the same temperature are dense (Fig. 24). Ingrain size of 1.2um have lower strength. Presently, we cannot
addition, a skin seems to form in the fiber shown in Fig. 23. A explain why 1570°C sintering offers lower strength. One pos-

Fig. 26. SEM micrographs of extruded YAG formate/acetate precursor fiber heated at 1°C/min to 100°C for 2 h, 1°C/min to 400°C for 2 h,
15°C/min to 900°C for 2 h, and then 30°C/min to 1500°C for 2 h.
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Fig. 27. SEM micrographs of extruded YAG formate/acetate precursor fiber heated at 1°C/min to 100°C for 2 h, 1°C/min to 400°C for 2 h,
15°C/min to 900°C for 2 h, and then 30°C/min to 1600°C for 2 h.

sible explanation is that, at 1570°C, the fibers are not com- needs to be performed to identify the exact source(s) of failure.
pletely dense and have a higher flaw population, which leads to Compared to the YAG fibers that were prepared by Keig
bend strengths that are lower than those of 1600°C fibers. al.»%2 (bend strength of 520 + 180 MPa), thinner YAG fibers
However, SEM studies on fracture surfaces of fibers that have with smaller average crystallite sizes seem to offer higher bend
been sintered at 1570°C show porosities of <0.7% (point- strengths (1.7 = 0.2 GPa). Additional work is required to fully
fraction analysis). validate these conclusions and to analyze the creep properties.
Although pores were not observed at initial fracture posi-
tions, we cannot as yet exclude their role as critical flaws. An
alternate explanation is that the large, irregular grain bound-
aries at the fiber surfaces serve as critical flaws. More work ~ The chemical evolution that occurs during the pyrolytic
transformation of bulk samples of AlgQH);-3H,O0 and
Y(0,CCH,);-4H,0 to their respective, common high-
temperature ceramic forms-Al,O5; and bce %05 was ex-
amined. The results established baseline behavior patterns of
use in evaluating the decomposition patterns of a YAG precur-
sor that was formulated from 5:3 stoichiometric mixtures of
Al(O,CH);-3H,0, Y(O,CCHy)4-4H,0, and additives. In the
individual cases, decomposition followed well-defined path-
ways, wherein the initial products were the amorphous oxides
that were contaminated with trace-to-minor amounts of the
respective carbonates. At higher temperatures, the ceramic

IV. Conclusions
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Fig. 28. SEM micrograph of extruded YAG formate/acetate precur- BT
sor fiber heated at 1°C/min to 100°C for 2 h, 1°C/min to 400°C for 2 1560 1580 1600 1620 1640
h, 15°C/min to 900°C for 2 h, and then 30°C/min to 1570°C for 2 h; Temperature (°C)

a bending test shows that the fiber has a bend strength of 1.3 + 0.2
GPa. Fig. 29. Bend strength versus sintering temperature.
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products crystallized: for AI(GCH);-3H,0, first m-Al,O4
(840°C) and them-Al ,O5 (>1120°C); for Y(QCCH,)5-4H,0,
only bcc Y,O5 (=400°C). Surprisingly, these results had al-
most no bearing on the reactivity pattern of the YAG precursor,
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