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A. Clineyt Tag*
Department of Metallurgical and Materials Engineering, Middle East Technical University, Ankara 06531, Turkey

The binary compounds CaAl,O4 (C3A), Ca;,Al;4035 solid-state reactive firing contains the CaO, Cag3l (CA,),
(CLA,), CaAlL,0O, (CA), CaAl,O, (CA,), and CaAl ;0,4 and Cg,Al, O35 (C5A;) impurity phases at temperatures
(CA) in the CaO-Al,O5 system have been synthesized as <1300°C. Reheating this intermediate-phase mixture at a tem-
high-compound-purity ceramic powders by using the self- perature of(11450°C, after a homogenization milling, would
propagating combustion synthesis (SPCS) method. Materi-  then produce a single-phase CA powder body. On the other
als characterization of the above-mentioned phases was hand, high-purity and single-phase CA powders were also re-
performed via powder X-ray diffractometry (XRD), Fou- ported by Gulguret al® to be chemically prepared at tempera-
rier transform infrared spectroscopy, scanning electron mi- tures <900°C by using a Pechini-typgynthesis process. CA
croscopy, and energy-dispersive X-ray spectroscopy. The  compositions have been prepatedia the sol-gel technique,
structural characterization of the C,,A, phase has been by using the starting materials of aluminum sec-butoxide and
performed via Rietveld analysis on the powdered XRD calcium nitrate (Ca(Ng),). CaAl,0; (CA,) melts congruently
samples. It has hereby been shown that, by using this syn- at 1745°G* (or 1775°C) and is also known as calcium dialu-
thesis procedure, it should be possible to manufacture high-  minate. CA is preferred for use, to a large extent, among all
purity ceramic powders of CA, CA,, and C;,A, at 850°C, the high-alumina cements and is used as a high-commercial-
C,A at 1050°C, and CAs at 1200°C in a dry-air atmosphere. value chemical substance, especially in casting, trowelling, and
gunning applications. The typical temperature of synthesis of
this calcium aluminate compound, in conventional practices, is

. Introduction over a temperature range of 1350°-1450°C. Ga®J, (hibo-
) . ) nite, CA) melts incongruentf*2 at a temperature of 1885°C
THE binary compounds of the calcia—alumina (CaG%) by transforming to a mixture of a liquid phase ameAl,Os.
system are significant in a wide range of applications in Ca, does not take its place among “high-alumina cements”

metallurgical slags, ceramic materials, and cement technology.pecause it is stable against water and it does not become “hy-
The superior refractory properties of these binary line com- drated,” in contrast to other binary calcium aluminates (i.e.,
pounds, which lie between the 2900°C-melting CaO and ca, CA,, C,A, and G,A,). When CA; is blended with other
2050°C-melting AJO; terminal members, have made them cajcium aluminates, it causes a decrease in the mechanical
progressively attractive, in recent years, in the cement manu-strength of the cement
facturing technology. Cements that contain these binary com-  Cinjbulk and Hay? studied the evolution of the Gfphase
pounds are especially used in casting, trowelling, and gunning from alumina sols that contained calcium acetate. They re-
applications. The pure, alkali-free binary compounds of the ported that, after calcining the gelled sols at 1200°C, GAs
CaO-ALO; system are also being considered as replacementsthe major phase, with a significant presencenefl O, and
for the alkali-containing chemical additives that are used in CA,. After air calcination at 1400°C, an almost-single-phase
cement technology. _ , powder of CA, was obtained? this CA, powder still displayed
The chemical and thermodynamic properties of the CaO- traces ofa-Al,O5 and CA,. CA sols were also usédito coat
Al ;05 system, as well as those of the above-mentioned binary single-crystal yttrium aluminum garnet (YAG) fibers and alu-
line compounds, were recently compiled and assessed by Hall-mina plates with the CAphase; then, the GAcoated plates
stedt and by Eriksson and PeltérCaAl ,0¢ (CsA) " is known were used to study the behavior of the textured fiber—matrix
to melt incongruentlyat 1544°C, by transforming to a mixture interphases.
of a liquid phase and CaO. & (which is also known as An and Chaf* studied the microstructural and mechanical
tI'ICE.llpIUm alumlnate) I'S malnly .USEd In portland cement C'0m- properties of Aio3_CA6 ceramic Composites manufactured by
positions rather than high-alumina cements. The preparation ofthe reactive sintering of alumina with CaO or CaQ@ixtures
this compound via conventional methods (mixing and milling heated at a peak temperature of 1650°C for 2 h. It has been
of CaO and AJO; in stoichiometric amounts, followed by  noted in this study that the enhanced toughening behavior ob-
solid-state reaCt_lVe fll‘lng n kllnS) has _alWayS been trouble- served in the Samp|es is main|y due to the Crack-bridging
some, and the final product of conventional syntheses almostmechanism provided by thie situ formation of the CA plate-
always yields the other calcium aluminate compounds, together|ets. The control of the sintered grain morpholdggnd the
with some unreacted CaO and/or,8L as impurity phases.  mechanical propertié$ of the CA,-containing ceramic com-
CaAlL,O, (CA) melts congruently ail1600°C%~" and, when posites have also been studied.
prepared by using conventional methOdS, the final pI’OdUCt of The refractory properties of the Q[phase, and its app”ca_
tion in high-temperature calcium aluminate cements, have pre-
viously been discussed by Kopanda and MacZir&,,A,
(Ca Al 1 ,045) has previously been shown to be unstable in the
P. P. Phule—contributing editor anhydrous CaO-AD; system!:2:6 Earlier determinatiorfs'®
of the phase diagram have identified four intermediary phases:
C,A, CsA;, CA, and GAs. The GA5 and GA phases were
later assigned the formulas £\, and CA,, respectivelyt2:1°
L\Q/?nuzcrip}A No. ,191080- Receg/ed I;/Iay 8, 1997; approved February 1,1998.  Nurseet al®2° determined the phase diagram in a moisture-
TCeemer?tr’chg1n§ir§f;/nno‘fz;ﬁgqr1lcis Sgltfdyfhroughout this paper (i.ex, CaO, A = fre_e atmosphere and CQDdUded thatAs, is not stable under
Al,0,, and H = H,0). strictly anhydrous conditions. The formula Al ,,05,(OH),
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has been proposed for this ph&$&tructural ambiguity is still CaO-ALO; system have been synthesized by Morozeta
believed to persist over this compound. ThgAS, compound al.?* via the preparation of mixed aluminum/calcium hydrox-
has previously been synthesiZzédvia the solid-state reactive  ides in aqueous solutions. Their report claimed a reduction of
firing of reagent-grade starting materials such as Ca@aO, the synthesis temperature of 8, to <1200°C; however, the
or Al,O5;, mixed in appropriate amounts. The formation of the chemical precipitation process used was unable to produce a
C,,A, phase necessitated the attainment of temperatures insingle-phase substance, and the solid product of the subsequent
excess of 1400°C with equilibration times of >24 h. It has been air calcination also contained other calcium aluminate phases
reported by Eliezeet al?* that the final product may contain  that amounted ta5% in the calcined body.
up to 1.30-1.40 wt% kD (corresponding to the composition The structure of the GA, phase was first studied by Bu
C,,A/H) after heating td11.100°C in air of normal humidity. sem and Eitet® and they reported a cubic structure with a lat-
This water was claimed to be absorbed reversibly and without tice parametea of 11.95 A, and a possible space grouprl§f
any major structural change; therefore, Roy andRégrmed They claimed that this structure is formed by the 12:7 site ratio,
C,A, a “zeolitic” phase. and a three-dimensional network of Al@trahedra constitutes
Several binary compounds, including the,&, phase, in the the backbone of the structure whereas all the oxygen atoms
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Fig. 1. XRD spectra of combustion-synthesizedAQpowders.
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belong to every two such tetrahedra. Jeevaratatai?® later and of YAG:Nd and YIG:N@&°® phosphor powders using both
determined the space group of the,&, unit cell to beT§ of the above-mentioned fuels.
or 1-43d with a lattice parameter of 11.98 A. Only 64 of the In the present work, the experimental conditions and param-

66 oxygen atoms in the unit cell could be placed in this space eters of the preparation of the ceramic powders of the binary
group; the remaining two were assumed to be distributed sta-compounds of the CaO-4D; system have been studied.
tistically. The structure of the fluoride analogue (i.e., 11€aO These conditions and parameters are presented by using the
7Al1,04-CaF,) of cubic C,A; was refined by Williamg’ and powder route of self-propagating combustion synthesis
the structure was confirmed to belong to the space gretfal (SPCS).
with a = 11.970 A andz = 2.

It has been reporté8that fine-particle oxide ceramics could

be produced using exothermic redox reactions between an oxi- Il.  Experimental Procedure
dizer (metal nitrates) and a fuel (amides, hydrazides, etc.). This )
concept was first demonstrated by Kingsley and Patih the Starting powders of Ca(Ng,-4H,0 (99+%, Merck, Darm-

rapid synthesis of fine-particle-Al,O, and related oxides,  stadt, Germany), and AI(N{;-9H,0 (99+%, Riedel-de Hae
such as metal aluminates, rare-earth orthoaluminates, andAG, Seelze, Germany) were weighed in appropriate amounts
Ce**- or Cr**-doped aluminum oxides. The process involved and then dissolved in distilled water at room temperature to
the combustion of the corresponding metal nitrate plus either yield 0.4V stock solutions. A total of 250 mL of the cations
urea or carbohydrazide mixtures at temperatures of 500° orsolution, taken from each of the stock solutions in appropriate
250°C, respectively, under normal atmospheric pres&iifae amounts to give the stoichiometries of each of the studied
process yields foamy, voluminous, and fine oxide powders calcium aluminates, was agitated and stirred with a magnetic
within 5 min. The combustion, being instantaneous and energy stirrer in an uncovered glass beaker foh atroom tempera-
saving, has attracted much interest and has been successfulljure. A proprietary amouft of urea (CHN,O; 99.5%, Riedel-
used in the synthesis of LaCg®P Ba,YCu,0g,3* and Y-Ba- de Hdm AG) was then added to this solution. Following the
Cu-O phase&? Recently, combustion methods that used gly- dissolution of urea in the cations solution, the beaker contents
cine®® and ured* as the fuel have been reported to successfully were transferred into a Pyrex™ (Corning Glass Works, Corn-
synthesize calcium-doped LaCy@nd LaAlO;, powders, re- ing, NY) beaker (capacity of 400 mL). The Pyrex™ beaker
spectively. A similar combustion technique was also demon- with the liquid mixture was then placed in a muffle furnace and

strated for the successful synthesis of YAG:Cr an®YEu® maintained at a temperature of 510° + 10°C. Initially, the mix-
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Fig. 2. FT-IR spectra of combustion-synthesized calcium aluminate powders calcined in air at 1100°CA@XIE) CA, (c) CA,, (d) CAg, and
(e) CA).
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Fig. 3. SEM micrographs of combustion-synthesized calcium aluminate powders calcined in air at 1100°Q\((@)) CA, (c) CA,, (d) CA,

and (e) GA7).

ture boils and undergoes dehydration, followed by decompo-

sition, with swelling and frothing; this process results in a
foam that ruptures with a flame and glows to incandescéhce.
The entire combustion process was completed within 15 min.
The product of combustion was a voluminous, foamy, and
amorphous (or crystalline) precursor of the desired cal-
cium aluminate phase or, as was the case witA,G& mix-
ture of phases to maintain the overall stoichiometry. The
foamy precursors were lightly ground in an agate mortar into a
fine powder. The foams freshly recovered from the Pyrex™
reaction beakers were observed to become highly “hygro-
scopic.” Ground foams were then calcined and crystallized
on a-Al,O4 plates, in a dry-air atmosphere, over a tempera-
ture range of 250°-1050°C for prolonged times to yield

the crystalline and phase-pure calcium aluminate binary
compounds.

Powder X-ray diffractometry (XRD) spectra were obtained
from the calcined samples, for purposes of phase characteriza-
tion. XRD spectra could not be obtained from the “as-
recovered” hygroscopic foams prior to the heatings at 250°C,
because of the difficulties that were encountered in powder
sample preparation for the XRD work. A powder diffractom-
eter (Model DMax/B, Rigaku Co., Tokyo, Japan) was used,
with FeKa radiation at a step size of 0.026 and a preset time
of 1 s, for the runs performed to accomplish phase character-
ization and to check the phase purity of the synthesized ceramic
powders. Structural refinements were performed on the slowly
collected (step size of 0.02°92count time of 10 s) powder
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Fig. 4. XRD spectra of combustion-synthesized CA powders.

XRD data of G,Al, samples by using the Rietveld metR&&° ray spectroscopy (EDXS) (Kevex, Valencia, CA) analysis was
on the DBWS-9411 Rietveld Analysis packatyerhe refined performed on the samples to obtain a semiquantitative analysis
structural parameters were then used to draw the unit cell of to determine the elemental distribution in the powder samples.
this phase. The Fourier transform infrared analysis (FT-IR) The EDXS runs were believed to be accurate to approximately
spectra of the synthesized calcium aluminate powders were+3 wt%.
collected by using a spectrometer (Model DX-510, Nicolet,
CA). Dried (at 70°C) powder samples (3 wt%) were mixed in 1
an agate mortar with potassium bromide (KBr) prior to pellet '
formation. Nitrate solutions usually decompose at temperatures <700°C
The particle size and morphology of the powders were moni- with the evolution of the gases of nitrous oxides, such as
tored from photomicrographs taken via scanning electron mi- NO,, NO, and NOs.3? Urea is also know# to decompose
croscopy (SEM) (Model JSM6400, JEOL, Tokyo, Japan). The into biuret (LN-CO-NH—-CO-NH, i.e., GHsN;0,), cyan-
samples were first sputter coated with a layer of gold— uric acid (HCNO), and ammonia (Njl when it is heated
palladium alloy that wag25 nm thick. Energy-dispersive X-  to [200°C. Biuret itself then decomposes when heated at

Results and Discussion
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Fig. 5. XRD spectra of combustion-synthesized £gowders.

temperatures >300°C. Therefore, in an aqueous mixture of samples disappeared in the powder samples heated at 1100°C
metal nitrates and urea, the decomposition products are ex-for 12 h. The particle morphology of the SPCS-synthesized
pected to consist of nitrous oxides, NHand HCNO. This C,A powders (heated at 1100°C) is depicted in the SEM mi-
gaseous mixture will spontaneously ignite when the ambient crograph shown in Fig. 3(a).

temperature i$500°C. This ignition is believed to instanta- The XRD spectra of the combustion-synthesized CA powder
neously increase the local temperature of the dried foam to samples heated at different temperatures, in dry air, are given
[1L1300°C%2 which, in a sense, is similar to the case of flash in Fig. 4. Even the powders heated at 250°C were crystalline,

pyrolysis. and these powders only possessed the characteristic spectrum
) of the desired CA phase. Powder samples heated at 850°C
(1) Synthesis of GA, CA, CA,, and CA displayed an acceptable level of crystallization. A typical FT-

Figure 1 shows the XRD spectra of the combustion- IR spectrum of CA powders heated at 1100°C is given in Fig.
synthesized QA powder samples heated at different, consec- 2 (spectrum *“(e)”). The particle morphology of the SPCS-
utively increasing, temperatures. The already-crystalline pre- synthesized CA powders (heated at 1100°C) is depicted in the
cursor powders heated in the temperature range of 250°-525°CSEM micrograph shown in Fig. 3(b).
exhibited a phase mixture of & and CA,. The calcined The XRD spectra of the combustion-synthesized, @Aw-
powders heated over the range of 650°-950°C did display ader samples heated at different, consecutively increasing, tem-
mixture of three phases: 8, C,,A;, and CA. Single-phase  peratures are given in Fig. 5. The “as-synthesized” precursor
C,A powders (as deduced by XRD and EDXS analysis) could powders were amorphous, and the bottom five spectra (amor-
only be obtained by heating the precursors at 1050°C for pe- phous) correspond to the isothermal heatings at 250°, 400°,
riods of 48-72 h. Spectrum “(b)” in Fig. 2 shows a typical 525°, 650°, and 750°C (48 h each), respectively (from bottom
FT-IR spectrum for a QA sample that has been heated at to top). The amorphous powder body crystallized at tempera-
1100°C for 72 h prior to the FT-IR runs. The nitrate peaks tures >750°C, and the crystallization product was pure,.CA
present in the FT-IR spectra of the as-formed, 700°, and 900°C Spectrum “(c)” in Fig. 2 shows the FT-IR spectrum of GA
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Fig. 6. XRD spectra of combustion-synthesized £powders.

powder heated at 1100°C. The particle morphology of the SPCS-synthesized GAowders (heated at 1100°C) is depicted
SPCS-synthesized GAowders (heated at 1100°C) is depicted in the SEM micrograph shown in Fig. 3(d).
in the SEM micrograph shown in Fig. 3(c). .

The XRD spectra of the combustion-synthesized, @aw- (2) Synthesis of GA;
der samples heated at different temperatures, in dry air, are The amorphous, white, GA, precursor powders obtained
plotted in Fig. 6. The “as-synthesized” precursor powders of following the SPCS process were lightly ground in an agate
CA, composition were amorphous, and the bottom seven XRD mortar and then calcined at different temperatures (in the for-
spectra correspond to the isothermal heatings at 250°, 400°,mat of consecutive isothermal heatings for predetermined du-
525°, 650°, 750°, 850°, and 950°C (48 h each), respectively rations). Powder XRD spectra were collected following each
(from bottom to top). An acceptable level of phase crystalliza- isothermal heating step. Figure 7 shows the results of this
tion (of a phase mixture of CA«-Al,O;, and CAs) could only study, and it displays the phase evolution characteristics of
be achieved inR24 h at 1050°C. The peaks of the €phase C,,A, samples when the samples are heated in a dry-air atmo-
almost disappeared when the soaking time at 1050°C was in-sphere. Figure 7 contains eight separate XRD spectra, each
creased to 72 h. Phase-pure £dould only be obtained after  gathered at a different temperature; the four spectra at the bot-
heating the SPCS foams at 1200°C for 48 h. Cinibulk and tom portion of the figure correspond to the isothermal heatings
Hay*® previously reported a similar behavior during the crys- performed at 250°, 400°, 500°, and 600°C, respectively, from
tallization of CAg gels prepared from the calcium acetate and bottom to top. The remaining four spectra are labeled with their
alumina sols, in the sense that producing phase-purg CA respective heating temperatures. The precursors remained sig-
would be difficult, even by heatings such gels at 1400°C (i.e., nificantly amorphous over the temperature range of 250°—
traces of CA and a-Al,O5 phases were still detected). Spec- 600°C. Crystallization of the $A, precursors began at tem-
trum “(d)” in Fig. 2 depicts a typical FT-IR spectrum of GA peratures >600°C, and the crystallization product wasAG
samples heated at 1150°C. The particle morphology of the Additional heating, over the temperature range of 700°-
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Fig. 7. XRD spectra of combustion-synthesized,&, powders.

1000°C, for prolonged times, did not cause any phase contami-Mauguin No. 220), which possess th®m Laue symmetry.
nation (with any of the other binary compounds of the CaO- The unit cell of this phase contains 118 atoms (e 2).

Al,O; system) or decomposition; rather, the additional heating  Rietveld analysi#—“°was performed on the powder XRD
only improved the extent of crystallization achieved in the data collected from the samples heated at 1000°C. The posi-
powder samples. Spectrum “(a)” in Fig. 2 displays a typical tional (atomic) parameters were refined in the Rietveld cy-
FT-IR spectrum of a GA, sample heated at 1100°C. The cles, as well as the overall scale, temperature, and site-
particle morphology of the SPCS-synthesizegA; powders occupancy factors; in addition, the cell, preferred orientation,
(heated at 1100°C) is depicted in the SEM micrograph shown mixing, and half-width and background parameters were also
in Fig. 3(e). Inductively coupled plasma (ICP) spectroscopy refined in this manner. Rietveld refinement was converged in
analysis performed on the 1100°C-heateg,AG samples 43 cycles to arR,, value of 4.3%, with a Durban—-Watson
yielded a Ca:Al atomic ratio of 0.85. This value was considered statistic of 0.46.

to be in satisfactory agreement with the stated stoichiometry of  The full width at half maximum (FWHM) values obtained

this compound. from the Rietveld runs were used to determine the average
o crystallite size of the SPCS-synthesizedA, powders (heated
(3) Structural Characterization of G:A; at 1000°C) by using the Warren—Averbach methb@he av-

Structural refinements were performed on the powder erage crystallite size wasl4 A, as shown in Fig. 8.
samples of A, heated at 1000°C, in a dry-air atmosphere,on  The unit cell of CgAl,,O5; contained only five unique
alumina plates for crystallization times in the range of 72—90 h. atomic positions, which were then manipulated within the cell
The unit cell of G,A, (Ca Al 4,053) was confirmed®26to be (to yield a total of 118 positions), according to the space-group
cubic @ = 11.971 A) with a space group &#43d (Hermann— operations of them3m Laue symmetry. These five unique
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Fig. 8. Warren—AverbacH plot of C,,A, powders used to determine crystallite size.

Table I. Refined Positional Parameters of the

atomic positions, as refined by the Rietveld analysis, are re- CayAlL.O., Phase

produced in Table I.

The unit cell of Ca,Al,,05; was then drawn as a two- Positional parameter
dimensional projection (and to the correct scale) by using the Atom x y z
above-mentioned information, as depicted in Fig. 9. The num- = =5 0.1026 0.0000 0.2500
bers adjacent to the ions of the cell represent their altitudes  aj(1) 0.3750 0.0000 0.2500
along thez-axis, which is perpendicular to the plane of the Al(2) 0.2335 0.2335 0.2335
page. O(1) 0.1987 0.2846 0.1033

0(2) 0.3105 0.3105 0.3105

IV. Conclusions

The binary compounds GAl,O4 (C3A), Ca,Al14053 synthesis runs was, later, separately replaced (in the initial
(C12A7), CaALO, (CA), CaAl,0; (CA,), and CaA|,0,4(CAe) agueous solutions) in a series of experiments with carbohydra-
of the CaO-AJO; system were, for the first time, prepared via zide (CH;N,O) and glycine (GHsNO,). The GA, C,A,, CA,
the self-propagating combustion synthesis (SPCS) technique.CA,, and CA; samples prepared with the proprietary amounts
Significant decreases in the synthesis temperaturgé,(C  of either carbohydrazide or glycine were all noted to yield
1050°C; G,A,, 800°C; CA, 850°C; CA, 900°C; and CA, single-phase, “pure” (as deduced only by XRD and EDXS
1200°C), together with improved compound purities that were analysis) binary calcium aluminates, followed by isothermal
attained in the final powder bodies, of these compounds haveheatings (for 48—72 h) at 1050°, 800°, 850°, 900°, and 1200°C,
been achieved, as compared to the conventional methods andespectively.
practices of solid-state reactive firing of the starting oxides  SEM micrographs of each of the samples showed the pres-
(i.e., CaO and AIO;), which require operation temperatures in  ence of micrometer-range, irregularly shaped particles after
the range of 1400°-1550°C for prolonged times in kiln-type calcination at each temperature. The FT-IR spectra of the com-
furnaces. bustion-synthesized calcium aluminate precursor powders ex-

Urea used (as a fuel and/or oxidizer) in the combustion- hibited the typical “nitrate (NQ)” vibrations over a wave-
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length range of 1250-1650 cf The nitrate peaks in the FT-
IR plots disappeared as the calcination temperature increase
beyond 1000°C.

7M. Rolin and H. T. Pham, “Phase Diagrams of Mixtures not Reacting with

dvlolybdenum” (in Fr.),Rev. Hautes Temp. Refrac2, 175-85 (1965).

8M. A. Gulgun, O. O. Popoola, and W. M. Kriven, “Chemical Synthesis and
Characterization of Calcium Aluminate Powders).”Am. Ceram. Soc77 [2]

The once debated and heavily questioned (as its existencek31-39 (1994).

C,,A; phase (CgAl1,035) of the CaO-AlO4 binary system

has been synthesized, for the first time, via the SPCS tech-
nigue, and a significant reduction in its synthesis temperature
has been achieved with respect to conventional routes of solid-
state reactive firing practices. The structural ambiguity on this
compound has also been resolved, and the structural params-
eters and the unit-cell contents of GAl,,055 are hereby re-

fined and presented. This phase (together with other binary

SM. Pechini, “Method of Preparing Lead and Alkaline-Earth Titanates and
Niobates and Coating Method Using the Same to Form a Capacitor,” U.S. Pat.
No. 3330697, July 11, 1967.

10A. A. Goktas and M. C. Weinberg, “Preparation and Crystallization of
Sol-Gel Calcia—Alumina Compositions,J. Am. Ceram. Soc74 [5] 1066—70
(1991)

1. G. Wisnyi, “The High Alumina Phases in the System Lime—Alumina”;
Ph.D. Thesis. Rutgers University, New Brunswick, NJ, 1955.

12A. K. Chatterjee and G. I. Zhmoidin, “The Phase Equilibrium Diagram of

the System CaO-AD,—CaF,” J. Mater. Sci. 7, 93-97 (1972).

calcium aluminates) is also expected to have i |ncrea3|ng use in **M. K. Cinibulk and R. S. Hay, “Textured Magnetoplumbite Fiber—Matrix

the field of alkali-free, synthetic chemical additives in “ce-
ment” compositions.
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