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Novel microcomposite powders, consisting of inert cores
(a-AlLO;) surrounded by reactive cement-based coatings
(CaAl,O,), were synthesized by a modified Pechini process.
The evolution of the crystalline CaAl,0, phase during
calcination was studied using multiple analytical tech-
niques, including DRIFTS,”C and ¥Al MAS FT-NMR, and
XRD, for both pure CaAl,O, and CaAl,0,-coated Al,O,
precursor powders. In both powders, decomposition pro-
ceeded via hydrocarbon chain scission and removal of ester
groups at low temperatures (7 < 450°C), followed by the
formation of inorganic carbonates at higher temperatures
(T = 450°C). These decomposition processes were acceler-
ated by the underlying Al,O; cores. Transmission electron
microscopy (TEM) of the fully calcined powders showed
that the inert a-AlO; particles were surrounded by rela-
tively uniform CaAl,O, coatings ranging in thickness from
approximately 10 to 100 nm.

I. Introduction

CALCIUM ALUMINATE (CaAl,O,), the principal cementitious
phase in calcium aluminate cements (CAC), plays a vital
role in the processing and performance of chemically bonded
ceramics such as macrodefect-free (MDF) cements.! MDF
cements are composites typically consisting of unreacted cal-
cium aluminate grains (~65 vol%) embedded in a matrix
of poly(vinyl alcohol) and hydration products. While MDF
cements have several attractive features such as low-tempera-
ture (<<100°C) fabrication, high strength and toughness, and
good dielectric properties, their inherent moisture sensitivity
limits the realization of many potential applications.? Previous
studies®” have demonstrated that both the polymeric and unre-
acted cement phases contribute to property degradation in
humid environments. To overcome such limitations, we are
developing a novel processing approach in which CaAlO,-
coated inert ceramic (AlL,Q;) particles are substituted for the
CAC powder in the starting MDF formulation. The potential
advantage of this approach is that one can tailor the resulting
MDF microstructure to essentially eliminate the deleterious
unreacted cement phase by controlling the coated layer thick-
ness to inert particle size ratio. Our design of these complex
powders was inspired by the recent syntheses®*™'* of other coated
powders with differing chemistries.
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Crystalline CaAl,O, has been prepared previously'®?® by
several techniques, including the Pechini process.?® The Pechini
process and its modifications, such as the liquid mix process,?
are utilized'”'®**?° because of the homogeneity achicved at the
nanometer scale and the ease with which multication com-
pounds can be synthesized. This process utilizes the ability of
hydroxycarboxylic acids (e.g., citric acid) to form chelates with
metal ions and to undergo polyesterification when heated with
poly hydroxy alcohols such as ethylene glycol. The chemistry
of the starting precursor solutions as well as the evolution of
intermediate species has been studied in several systems;**2*
however, this knowledge was lacking for the CaAl,O, system.
For example, Zhang et al.”*> and Tai and Lessing® performed
rheological measurements on perovskite precursor solutions to
understand gel formation during the initial stage of synthesis.
Chen and Hu™ studied the chemistry of Bi, sPb,sSt,Ca,Cu,0,
precursor solutions using infrared spectroscopy and deter-
mined the presence of coordinated complexes between metal
ions and carboxylate groups of the citric acid. Finally, Cho
et al.® carried out infrared spectroscopy and thermal analyses
to understand the chemistry of titanate resin intermediates dur-
ing decomposition.

The main objectives of our research were to prepare and
study the chemical evolution and properties of CaAl,O,-coated
AlLO; microcomposite powders. A modified Pechini process
was developed to synthesize these powders despite the intrinsic
low oxide yields. The high viscosity of the precursor system
was advantageous in that Al,O, particle mass segregation could
be minimized during the coating process. To study the phase
evolution of crystalline CaAl,O, during microcomposite pow-
der synthesis, we coupled multiple techniques such as '*C and
“Al magic-angle spin (MAS) Fourier transform (FT) nuclear
magnetic resonance (NMR) spectroscopy, diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS), and X-ray
diffraction (XRD) analyses. To simplify the interpretation of
such results, measurements were first carried out on pure
CaAl,O, powders synthesized in the absence of the ALO,
phase. By comparison, the influence of the Al,O, core particles
on the CaAl,O, phase evolution during calcination could be
determined. Finally, the key properties of the calcined micro-
composite powders were characterized, including their mor-
phology, microchemistry, particle size distribution, and specific
surface area. Ultimately, our aim is to use these novel cement-
coated ceramic particles to fabricate improved chemically
bonded ceramics.

II. Experimental Procedure

(1) CaAl,0,and CaAl,O,coated Al,O; Powder Synthesis

The Ca,Al precursor solutions were prepared using Ca(NO,),
4H,0 (Aldrich, Milwaukee, WI) (0.4 mol per mole of citric
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acid), AI(NO,),-9H,0 (Aldrich) (0.8 mol per mole of citric
acid), ethylene glycol (EM Science, Gibstown, NJ ) (2 mol per
mole of citric acid), and deionized water (22 mol per mole of
citric acid) to facilitate salt dissolution. This procedure was
adopted from Ref. 17.

For the synthesis of the microcomposite powders, alumina
powder (average particle diameter ~4.9 um) (Alcoa A-10,
Pittsburgh, PA) was first added to a citric acid/ethylene glycol
solution and mixed with deionized water. A well-dispersed
suspension was obtained using ultrasonication, with the citric
acid serving as a dispersant for the Al,O, particles.”” An appro-
priate amount of the aqueous solution of calcium and aluminum
nitrate was then added to the Al,O; suspension to yield a final
as-calcined powder comprised of 30 vol% CaAlO, and 70
vol% Al O;.

The Ca,Al precursor systems were continuously mixed at
approximately 250°C to yield the resin intermediates for pure
CaAlLQ, or CaAl,0,/Al,0; powders. These intermediate pre-
cursor powders, susbsequently referred to as “Ca,Al precursor”
for the pure CaAlO, and “Ca,Al precursor-coated AlLO,” for
the CaAL,O,/AL,O, powders, were evenly spread (powder bed
thickness ~ 0.1 cm) on a platinum foil (area of 9 X 7 cm?), and
air-calcined in a box furnace to several temperatures between
300° and 900°C at either 1°C/min or 5°C/min. The samples were
held at temperature for approximately 5 min, unless otherwise
noted. The weight loss for each sample was measured. The
carbon content of the calcined powders was analyzed using a
Leco (St. Joseph, MI) combustion analyzer (analysis performed
by Luvak, Boylston, MA).

(2) CaAl,0,and CaAl,O coated AL,O; Powder
Characterization

The DRIFTS samples were prepared by mixing the partially
and as-calcined Ca,Al precursor and Ca,Al precursor-coated
ALO, powders with KBr, using an agate mortar and pestle. The
Ca,Al precursor powder-to-KBr weight ratio was 5:95 for the
sample calcined at 300°C. This ratio was then adjusted for
samples calcined to higher temperatures such that a constant
CaALO,:KBr weight ratio was maintained in all DRIFTS sam-
ples. This procedure was necessary to account for the associated
mass loss at elevated calcination temperatures. The CaAl,O;:
KBr weight ratio was normalized in an analogous way for
the Ca,Al precursor-coated Al,O, powders, where the CaAl,O,
content was held equivalent to that of the pure CaALO, pow-
ders. DRIFTS analysis of these samples was performed using
a Nicolet spectrometer (Magna IR 550 spectrometer, Nicolet
Instruments, Madison, WI) equipped with a triglycine sulfate
(TGS) detector and mounted with a diffuse reflectance cell
(COLLECTOR, Spectra-Tech, Shelton, CT) in the optics cham-
ber of the spectrometer. The optics chamber was continuously
purged with filtered air, from which H,0(g) and CO,(g) were
removed. Each spectrum was acquired at a resolution of 2 cm™!
and averaged from 128 scans. These spectra were then con-
verted to Kubelka—Munk units.?® In this form, the observed
peak intensities are directly proportional to their respective
functional group concentrations within the precursor and final
powder samples.”* Thus, the DRIFTS data can be used quanti-
tatively for a given set of samples. A quantitative comparison of
DRIFTS spectra between Ca,Al precursor and Ca, Al precursor-
coated ALO, powders calcined at a given temperature is not
possible, however, despite the sample preparation approach
described above. This difficulty arises due to the surface-
sensitive nature of this sampling technique. For a constant
CaAlO,:KBr weight ratio, the distribution of the precursor
phase is preferentially located on the surface of the Ca,Al
precursor-coated powders as compared to its bulk distribution
in the pure Ca,Al precursor powders, which leads to significant
peak intensity differences between these samples.

13C and Al MAS FT-NMR spectroscopy was carried out on
the partially and fully calcined Ca,Al precursor and Ca,Al
precursor-coated Al,O, powders. These spectra were acquired
on a multinuclear solids FT-NMR spectrometer (GN 300WB
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spectrometer, General Electric Medical, Overland, KS), which
has a 7.05 T superconducting magnet (‘H frequency = 300
MHz; "*C frequency = 75.44 MHz; YAl frequency = 78.17
MHz). A total of 5000 scans for 13C NMR and 100 scans for
“A] NMR were signal-averaged for each spectrum. The BC
chemical shifts (8 (ppm)) are reported relative to tetramethyl
silane (TMS), with a positive sign corresponding to a less-
shielded environment. Samples were spun at 5 kHz at the magic
angle (54.7°) in an appropriate probe (Chemagnetics, Fort Col-
lins, CO). The pulse sequence for °C NMR spectra incorpo-
rated a sideband suppression technique, called total suppression
of sidebands (TOSS),*" coupled with cross polarization (CP),
using a 2 ms contact time and proton decoupling. TOSS aligns
magnetization paths corresponding to different crystallites,
thereby causing the centerbands to be in phase and canceling
out the sidebands when summed over the powder sample. The
cross-polarization technique utilizes the faster relaxation of
hydrogen nuclei and thus circumvents the relaxation delay
between pulses, otherwise necessary due to the slow relaxation
of the *C nuclei. Hence, this technique preferentially detects
proton-containing species. For the A1 NMR spectra, samples
were spun between 4 and 5.4 kHz at the magic angle, and
relaxation from a proton decoupled /2 pulse was studied. The
spectra were obtained at two different rotation speeds to aid in
distinguishing the actual peaks from sidebands. Z7Al chemical
shifts (3 (ppm)) are reported relative to AICI, solution, with a
positive sign again corresponding to a less-shielded environ-
ment. The chemical shift values are reported as peak maxima
instead of isotropic peak shifts.

X-ray diffraction (XRD) analysis was carried out on the
partially and fully calcined Ca,Al precursor and Ca,Al pre-
cursor-coated Al,O, powders to study their crystalline phase
evolution as a function of calcination temperature. These mea-
surements were performed using a Rigaku diffractometer
(DMax automated powder diffractometer, Rigaku, Danvers,
MA) and CuKa radiation (40 kV, 40 mA). A total of 10 scans
were summed for each diffraction pattern obtained.

Transmission electron microscopy (TEM) samples were pre-
pared by dispersing the fully calcined Ca,Al precursor and
Ca,Al precursor-coated ALO, powders in isopropyl alcohol
using ultrasonication. A drop of each suspension was deposited
on a copper grid covered with a carbon film. These samples
were allowed to dry and then carbon-coated. The powders were
characterized using a Philips (Mahwah, NJ) 420 microscope
with energy-dispersive X-ray analysis (EDAX) capacity at
120 kV.

The particle size distribution and specific surface area of the
starting Al,O, powder, and the calcined CaAl,O, and CaAl,O,-
coated Al,O, powders were characterized using a sedimentation
technique (X-ray Sedigraph Model S000E, Micromeritics, Nor-
cross, GA) and nitrogen gas adsorption (ASAP 2400, Microm-
eritics), respectively. A theoretical composite density of
3.65 g/cm® was used for the CaAl,O,-coated Al,O, microcom-
posite powders in the particle size analysis measurements. This
assumes that the CaAlQ,:AL O, volumetric ratio is the same
for each individual microcomposite particle, and hence, is a
source of error if compositional variations are present.

III. Results

(1) Phase Evolution in Ca,Al Precursor

The DRIFTS and *C NMR spectra of the calcined Ca,Al
precursor powders are shown in Figs. 1 and 2, respectively. Due
to the overlapping peaks in the DRIFTS spectra, a Fourier self-
deconvolution routine® was used to accurately identify peak
positions. The DRIFTS and NMR peak assignments are given
in Table 1.5 The nitrogen associated with the nitrate-based
precursors was eliminated during the continuous mixing step at
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Fig. 1. DRIFTS spectra of Ca,Al precursor powders as a function of
calcination temperature (heating rate = 5°C/min).

250°C prior to the formation of the Ca,Al precursor powders, as
indicated by elemental analysis.

The NMR peaks at 169 ppm (C=0) and the peaks at 76 and
67 ppm (C—0O—C) indicate the presence of ester groups in the
Ca,Al precursor powders calcined to 300°C. These groups,
corresponding to peaks at 1730 cm™' (C=0) and at 1080 cm™!
(C—=0), were also detected by DRIFTS analysis. The ester
functional groups likely form due to the reaction between the
C—OH groups in ethylene glycol and citric acid with the car-
boxylic acid groups in citric acid. The relative intensity of
the ester-related NMR and IR peaks decreases continually for
powders calcined between 300° and 450°C, and they can no
longer be detected for powders calcined to T = 600°C. It should
be noted that the NMR peak at 76 ppm can also indicate the
presence of C—O—H or C—O—M groups. *C NMR peaks
corresponding to unsaturated hydrocarbons (C=C) at approxi-
mately 130 ppm with the related DRIFTS peaks at 3062 and

450°C

375°C

ppm

Fig. 2. ""C CP MAS FT-NMR spectra of Ca,Al precursor powders as
a function of calcination temperature (heating rate = 5°C/min).
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3021 cm™', and CH; groups at 19 ppm with the related DRIFTS
peaks at 2969 and 2870 cm™', were also observed in the Ca,Al
precursor powders calcined to 300°C. These functional groups
are believed to form as a result of chain scission. There is an
attendant reduction of the CH, peaks for powders calcined to
375°C as observed by both NMR and DRIFTS. Ultimately, the
CH, peaks disappear for powders calcined to 450°C, along with
a simultaneous increase in the relative intensity of CH, and
unsaturated hydrocarbon (C=C) peaks.

The "*C NMR peaks observed for powders calcined to 600°
and 750°C are attributed to metal complexed carboxylates and
unsaturated hydrocarbons. Bulk weight loss measurements of
the partially calcined Ca,Al precursor powders, shown in Fig. 3,
reveal that 93% of the total weight loss occurs by 600°C. This
leads to a substantial decrease in the signal-to-noise ratio of the
C NMR spectra at these temperatures, since the volume frac-
tion of organic species within these powders has been signifi-
cantly reduced. However, a relatively high amount of carbon
(=~9.16 wt%) remains in powders heated to 750°C, as shown in
Table II. Two new peaks at 1488 and 1418 cm ™! were observed
by DRIFTS in the precursor powders calcined to 600° and
750°C, which are assigned to split inorganic carbonate peaks.
The splitting of the carbonate peak suggests lower symmetry of
the carbonate species present at these temperatures.”® Upon
further calcination to 900°C, the split peaks in the DRIFTS
spectra combine to yield a single peak at 1453 cm™'. The
intensity of this peak decreases upon continued calcination at
900°C as the concentration of remnant inorganic carbonates
decreases. In addition, distinct crystalline CaAl,O, peaks
emerge in the DRIFTS spectra (between 400 and 820 cm™")
from an earlier broad absorption corresponding to amorphous
phases. These crystalline peaks show good agreement with
assignments given in Ref. 38 for this phase.

The phase evolution of the Ca,Al precursor powders during
calcination was also studied using XRD analysis. Figure 4
shows the XRD patterns for the calcined powders. A significant
amount of crystalline CaAl,O, can be detected only upon con-
tinued calcination at 900°C for 3 h. It should be noted that
minor amounts of the CaAl,O, phase were observed in the
powders calcined to 900°C for 0 h. Both observations are in
agreement with previous work by Gulgun et al.'”'®

The local environment of aluminum ions in the partially and
fully calcined Ca,Al precursor powders was studied using Al
NMR spectroscopy to provide information about their bulk
coordination. Figure 5 shows Al NMR spectra of pure
CaAlLO, powders as a function of calcination temperature.
There was a gradual shift from an octahedral (Al1*Y) to a tetrahe-
dral (A1") coordination with a significant amount of intermedi-
ate 5-fold-coordinated species (AlY) observed for powders
calcined between 375° and 600°C. Although such significant
amounts of pentacoordinated aluminum have not been detected
in amorphous aluminum hydroxide gels, they have been pre-
viously detected in materials undergoing transformation from
octahedral to tetrahedral coordination.”*' Upon calcining to
750°C, the Ca,Al precursor powder is still X-ray amorphous
(refer to Fig. 4), even though the aluminum ions are mainly
tetrahedrally coordinated, as shown in Fig. 5. Using TEM,
Gulgun et al." have detected microcrystallinity in their Ca, Al
precursor powders calcined to 700°C. However, the microcrys-
talline fraction is very low, which alone cannot explain the
predominantly bulk tetrahedral coordination of aluminum in
these powders.

(2) Phase Evolution in Ca,Al Precursor-Coated Al O,

The DRIFTS and “C NMR spectra of the calcined Ca,Al
precursor-coated Al,O, powders are shown in Figs. 6 and 7,
respectively. Ester groups, corresponding to the *C NMR peaks
at 169, 76, and 67 ppm, and DRIFTS peaks at 1730 and
1080 cm™', analogous to those present in the Ca,Al precursor
powder, were detected in powders calcined to 300°C. The
relative intensity of the ester-related "C NMR and IR peaks
decrease for powders calcined to 375°C, and these peaks are no
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Table I. Assignment of DRIFTS Peaks and “C CP MAS NMR Peak Shifts**>
13C CP MAS NMR peak
DRIFTS peak positions shifts relative to TMS 13C CP MAS NMR peak
(cm™) DRIFTS peak assignments (ppm) shift assignments
3062, 3021 CH stretching in alkene 181, 167 C=0 in metal complexed carboxylate
2969, 2870 CH stretching in CH, 169 C=O0in ester
2923 CH stretching in CH, 133 c=C
1730 C=0 stretching in COOR (0]
1700 H-bonding of C=0 76 I
1645 Metal carboxylate coordinate C-0-C,HO-C,M-0-C
complex or OH bending of water 67 ?
1600 C=C stretching C-O-C
1560-1600 Antisymmetric stretching of metal 45 _CH—
carboxylates 19 _CH.
1420, 1450, 1490 Symmetric stretching of metal .
carboxylates
1418, 1488 Splitting of C=0 stretching in
inorganic carbonate
1450-1465 CH (saturated) bending
1453 C=0O0 in inorganic carbonate
1080 C-O stretching (possibly from ester)
410, 445, 540, 575, 642, CaAlO, peaks
683,745, 815
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Fig. 3. Normalized weight loss of Ca,Al precursor and Ca,Al precur-
sor-coated Al,Q, powders as a function of calcination temperature
(heating rate = 5°C/min).

Table II.  Carbon Contents of Powder Samples
Carbon content
Sample (wt%)
ALO, powder" (as received) 0.03
Ca,Al precursor powder (calcined to)
750°C 9.16
900°C 1.54
900°C,3h 0.36
Ca,Al precursor-coated Al,O; powder (calcined to)
750°C 1.79
900°C 0.63
900°C, 3 h 0.08
fAlcoa A-10.

longer detected at higher calcination temperatures, T = 450°C,
as shown in Figs. 6 and 7, respectively. The normalized C=0
peak intensity (at 1730 cm ™) is plotted as a function of calcina-
tion temperature in Fig. 8 for the Ca,Al precursor and Ca,Al
precursor-coated Al,O, powders. Clearly, a significant amount
of ester groups still remain in the pure Ca,Al precursor powder

Fig. 4. XRD patterns of Ca,Al precursor powders as a function of
calcination temperature (heating rate = 5°C/min).

calcined to 450°C, which suggests that there are differences
between the decomposition rates of each powder. The bulk
weight loss measurements, shown in Fig. 3, of the Ca,Al pre-
cursor and Ca,Al precursor-coated Al,O; powders during
calcination offer further evidence that the underlying Al,O,
cores accelerate the removal of organic species during decom-
position. For example, the Ca,Al precursor-coated Al,O; pow-
ders have experienced 90% of their total weight loss by 450°C,
in comparison to only 64% weight loss for the Ca,Al precursor
powders calcined to the same temperature.

13C NMR peaks corresponding to unsaturated hydrocarbons
(C=C) at approximately 130 ppm with the related DRIFTS
peaks at 3062 and 3021 cm ™', and CH, groups at 19 ppm with
the related DRIFTS peaks at 2969 and 2870 cm™', were also
observed in the Ca,Al precursor-coated powders calcined at
300°C, analogous to those detected in the pure Ca,Al precur-
sors. Upon further calcination, the CH, peaks decrease at
375°C, disappearing by 450°C, along with a simultaneous
increase in the relative intensity of the unsaturated hydrocarbon
(C=C) peaks. It should be noted that the “C NMR spectra of
the Ca,Al precursor-coated Al,O; powders calcined to 450°C
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Fig. 5. ”Al MAS FT-NMR spectra of Ca,Al precursor powders as a
function of calcination temperature (heating rate = 5°C/min).

exhibited significant deterioration in the signal-to-noise ratio as
aresult of the accelerated organic decomposition processes.
The AlO; core particles also influence the development of
the intermediate inorganic carbonate phase. Inorganic carbon-
ate peaks at 1488 and 1418 cm™' are detected in significant
amounts in the Ca,Al precursor-coated Al,O, powder calcined
at 450°C, as shown in the DRIFTS spectra in Fig. 6. In contrast,
these peaks were not observed in the Ca,Al precursor powders
calcined at this temperature, but emerged only upon heat treat-
ment at higher temperatures (7 = 600°C). XRD analysis of
both the Ca,Al precursor and Ca,Al precursor-coated ALQ,
powders calcined to several temperatures at a heating rate of
1°C/min in air reveals that the crystalline CaAl,O, phase devel-
ops earlier in the microcomposite precursor powders, as shown
in Fig. 9. For example, strong diffraction peaks corresponding
to this phase are observed in the Ca,Al precursor-coated ALQ,
powders calcined to 900°C for O h. In contrast, these peaks are
not observed for the Ca,Al precursor powders calcined under
analogous conditions, as discussed previously. The desired
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Fig. 6. DRIFTS spectra of Ca,Al precursor-coated Al,O, powders as
a function of calcination temperature (heating rate = 5°C/min).

rate = 5°C/min).

phase emerges only upon continued calcination of the pure
Ca, Al precursor powders at 900°C.

(3) Properties of CaAl,O,coated Al,O, Powder

a-AlLO; and CaAl O, are the two major phases in the micro-
composite powders calcined at 900°C for 3 h (refer to Fig. 9).
The a-Al,O; phase is detected at all calcination temperatures,
solely due to the presence of the underlying a-ALQ; cores.
Transmission electron microscopy was used to establish the
phase distribution within these powders to ensure that the
CaAlLQ, phase was present in the form of a coating on the
a-Al,O, particles, not as separate particles. Figure 10(a) shows
the bright-field TEM image of an individual particle representa-
tive of the microcomposite powder calcined at 900°C for 3 h,
illustrating the presence of a relatively uniform coating approxi-
mately 25 nm thick. Fig. 10(b) shows the selected area diffrac-
tion (SAD) pattern of this particle. The bright spots are present
due to the alumina core, whereas the weak spots accompanied
by diffuse streaking originate from the CaAl,O, phase.
Figure 10(c) shows a dark-field TEM image, taken using a
CaAl,Q, diffraction spot, which clearly demonstrates that the
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Fig. 8. Normalized DRIFTS peak intensities of ester carbonyl group
(1730 cm™) for Ca,Al precursor and Ca,Al precursor-coated Al,O,
powders as a function of calcination temperature (heating rate =
5°C/min).
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Fig.9. XRD patterns as a function of calcination temperature for
(a) Ca,Al prcursor powders, and (b) Ca,Al precursor-coated Al,O;
powders (heating rate = 1°C/min).

coating corresponds to CaAlQ,. Several individual CaAl,O,-
coated Al O, particles and some CaAl,0,-coated Al,O; particle
clusters (or agglomerates) were observed using TEM. From
this analysis, the coating thickness was found to vary between
approximately 10 and 100 nm. It is noteworthy that relatively
uniform coatings were also observed for the agglomerated
CaAl0,-coated Al,O, particles.

Particle size analysis was carried out to investigate the size
distribution and median equivalent spherical diameter of the
ALQ,, CaAlLQ,, and CaAl,O,-coated AL,O, powders as shown
in Fig. 11. The AL O, powder has a median particle diameter of
4.9 pm. The CaAl,O, and CaAl,0,-coated ALLO, powders have
median particle diameters of 10.3 pm and 9.2 pm, respectively,
with the microcomposite powders exhibiting the broadest parti-
cle size distribution. Based on the median particle diameter of
the underlying Al,0, cores and the volumetric ratio of CaAl,O,:
ALQ, in the microcomposite powders, one estimates a median
diameter of 5.5 pum for these powders, which is lower than the
measured value. This difference, combined with the observa-
tion of a significant mass fraction of larger particles (D > 10
wm) in the microcomposite powders relative to the Al,O; pow-
der, could be attributed to agglomerate formation during the

coating thicknesses between individual microcomposite parti-
cles as well as agglomerated particles which can contain
CaALO,-filled internal pores, both of these factors are believed
to alter the particle size distribution. Thus, the reported particle
size distribution of the CaAl,O,-coated Al,O, powders can be
used only qualitatively to illustrate general trends for this
powder.

100

80 | ——CaAlZO . coated Al 2O3

40

20

Cumulative mass finer than (%)

100 10 1 0.1

Equivalent spherical diameter (pm)

Fig. 11. Cumulative particle size distribution of Al,0;, CaAl,0O,, and
CaAl,0,-coated Al,O; powders.
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The specific surface areas of the Al,O,, CaAl,Q,, and
CaAl,O,-coated Al,O, powders were measured using nitrogen
gas adsorption and were found to be 0.75, 3.52, and 3.34 m%/g,
respectively. The large difference in specific surface area
between the Al,O; and CaAl,O,-coated Al,O, powders is not
expected, given their respective particle size distributions. Such
differences are attributed to the fine-scale intragranular porosity
(D =~ 30 A) within the CaAl,O, product layer as determined by
adsorption—desorption isotherm measurements.

IV. Discussion

Conventional CaAl,O, powders are produced by solid-state
reactions between calcium carbonate (CaCQ,), or calcia (CaO),
and Al,O, powders at temperatures above 1400°C.'® The con-
ventional approach requires not only much higher calcination
temperatures than the coated particles, but typically yields final
powders with specific surface areas <1 m?/g and undesirable
impurity phases (e.g., CaAl,O, and Ca,,Al,,0;,). Both of these
limitations are overcome by the modified-Pechini approach.

One focus of this study was whether CaCO, (or CaO) and
ALO; were present as finely distributed intermediate phases
prior to the formation of CaAl,O, during Ca,Al precursor
decomposition. A similar question has been addressed in
related investigations carried out on BaTiO, prepared from
solution-derived*” and Pechini-derived amorphous precur-
sors.** Recently, Kumar ef al.** have shown that a weakly
crystalline, intermediate barium titanium oxycarbonate phase is
present prior to the crystallization of BaTiO; as opposed to
crystalline BaCO, and TiO,. XRD analysis (refer to Fig. 9) of
the partially calcined Ca,Al precursor powders does not reveal
the presence of crystalline CaCO, (or CaO) and Al,O, phases
in our samples prior to the formation of CaAl,O,. DRIFTS
analysis of the Ca,Al precursors calcined to 750°C (refer to
Fig. 1) indicates the existence of inorganic carbonate functional
groups. Furthermore, the bulk of the aluminum ions in these
precursors calcined to 750°C are in tetrahedral (Al'Y) coordina-
tion as determined by Al NMR (refer to Fig. 5), as compared
to the octahedral(Al'") coordination expected for Al,O,. In
previous work,'® small amounts of nanosized CaAl,O, crystal-
lites were observed in powders calcined to similar intermediate
temperatures. This observation alone, however, cannot explain
the bulk four-fold coordination found in the partially calcined
Ca,Al precursor powders. Based on these results, we propose
that an intermediate phase other than CaCO, (or CaO) and
AlO, phases precedes the formation of crystalline CaAl,Q,.
One possibility is an amorphous aluminate network consisting
of tetrahedrally coordinated aluminate polyhedra (AlO,)",
where Ca’* ions act as the charge-balancing species.** In
these networks, carbonate species may be discretely located in
pockets forming distorted calcium carbonate-like complexes, or
may form an integral part of the amorphous structure linking
two aluminate polyhedra. Both cases have been previously
reported in glasses incorporating such species.*** It should be
noted that a large amount of carbon is present in the Ca,Al
precursor powders calcined to 750°C (refer to Table II). In
future studies, the role of the starting precursor solution chemis-
try on the carbon content of these intermediate Ca,Al precursor
powders will be investigated with the aim of minimizing
excess carbon.

A second focus of this study concerned the effects of the
ALO; cores on the decomposition and crystallization of the
Ca,Al precursor during calcination. We have clearly shown that
organic decomposition processes are enhanced by the presence
of the underlying Al,O, cores. This is evident from the DRIFTS
(in Figs. 1, 6, and 8), the “C NMR (in Figs. 2 and 7), and the
weight loss measurements (in Fig. 3) as a function of calcina-
tion temperature as discussed earlier. Since ceramic surfaces
(e.g., Al,O5) are well known to catalyze organic decomposition
processes’*>? via extrinsic interactions, these observations are
not unexpected. Our results also appear to suggest that the
Al,O; cores influence the crystallization kinetics of the CaAlQ,
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phase. XRD analysis of both the Ca,Al precursor and Ca,Al
precursor-coated Al,O, powders (refer to Fig. 9) calcined at a
heating rate of 1°C/min in air provide evidence of enhanced
formation of this phase at 900°C in the latter case. However,
Kumar and Messing* have recently studied the crystallization
kinetics of Pechini-derived Ba,Ti precursor powders and have
shown that BaTiO, formation follows a shrinking core model,
whereby the transformation is rate-controlled by the diffusion
of CO,(g) through the nanometer-size intraparticle pores in
the product layer. In their work, heat transfer limitations were
minimized by choosing an appropriately thin powder bed (bed
thickness ~ 0.1 cm). Their experimental conditions agree well
with the bed thickness used during the calcination of the Ca,Al
precursor powders, suggesting that heat transfer limitations can
also be neglected in the present work. The CaAlQ, shell thick-
ness of the calcined Ca,Al precursor-coated Al,O, powders
ranged from 10 to 100 nm, which is over two orders of magni-
tude lower than the average particle size of the calcined Ca,Al
precursor powders (D,,, =~ 10.3 pm). Assuming that the
CaAl,O, phase formation from the Ca,Al precursor and Ca,Al
precursor-coated Al,O, powders also follows the shrinking core
model, one could attribute the observed differences in crystalli-
zation kinetics between these powders solely to their respective
length scale differences. However, it is also conceivable that the
underlying Al,O; cores enhance the nucleation of the CaAl,O,
crystallites. To resolve these effects, additional TEM analysis
should be carried out on the partially calcined Ca,Al precursor-
coated Al,O, powders.

V.  Summary

We have prepared CaAl,O,-coated Al,O, powders via a mod-
ified Pechini process with coating thicknesses between 10 and
100 nm. The chemical evolution of both calcined Ca,Al precur-
sor and Ca,Al precursor-coated Al,O, powders was studied
using multiple analytical techniques, which showed that the
decomposition process was accelerated by the underlying Al,O,
cores. The broad implications of our work are two-fold in
nature. First, we have demonstrated that a Pechini-based
approach can be readily extended to prepare microcomposite
powders coated by complex, multication oxides. For example,
one can envision adopting this technique to prepare novel elec-
troceramic powders such as those based on the Pb-La-Zr-Ti-O
or Ba-Sr-Ti-O system. Secondly, these reactive CaAl,O,-coated
Al O, powders are now being utilized to form chemically
bonded ceramics (e.g., organocement composites such as MDF
cement) at modest processing temperatures (I’ < 100°C).
Through our synthetic approach, the cement coating thickness
and chemical reactivity can be tailored to achieve both the
desired final cement content and processibility. As an example,
we have recently prepared microcomposite powders with dif-
ferent calcium aluminate cement shell contents of 20 and 30
vol% on varying Al,O, core diameters with mean diameters of
4.9 wm and 0.6 pm, respectively. Further work is needed to
define the upper and lower limits of the shell thicknesses that
can be reproducibly achieved, the shell thickness distributions,
and the core particle sizes which can be effectively coated via
this technique, as well as to explore what factors influence the
chemical reactivity of this cementitious phase.
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