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The occurrence of segregation and its influence on microstructural and phase evolution
have been studied in MgO-Mg#D, powders synthesized by thermal decomposition

of aqueous nitrate precursors. When the nitrate solutions of Mg and Al were
spray-pyrolyzed on a substrate held at 673 or 573 K, homogeneous mixed oxides were
produced. Spraying and drying the nitrate solutions at 473 K resulted in the formation
of compositionally inhomogeneous, segregated oxide mixtures. It is suggested that
segregation in the dried powders was caused by the difference in solubility of the
individual nitrate salts in water which caused Mg-rich and Al-rich salts to precipitate
during dehydration of the solutions. The occurrence of segregation in the powders
sprayed at 473 K and not 573 or 673 K is ascribed to the sluggish rate at which the
early stages of decomposition occurred during which the cations segregated. The phase
evolution in segregated and segregation-free MgO-M@Apowders has been

compared. The distinguishing feature of the segregated powders was the appearance of
stoichiometric periclase grain dimensions in excess ofydrBat temperatures as low

as 973 K. By comparison, the segregation-free powders displayed broad diffraction
peaks corresponding to fine-grained and nonstoichiometric periclase. The grain size
was in the range 5-30 nm at temperatures up to 1173 K. The key to obtaining
fine-grained periclase was the ability to synthesize (Mg Al)O solid solutions with the
rock salt structure. In the temperature range 973-1173 K, spinel grain size varied from
5 to 40 nm irrespective of its composition and did not appear to be influenced by
segregation.

I. INTRODUCTION portance from the recent finding of high degrees of
ncompaction at low temperatures that have been obtained

The usefulness of liquid precursor pyrolysis as a tec ; -
in amorphous and nanomaterials synthesized by thermal

nique to study metastable effects in ceramics was illus - !
trated by Wefers and Bélivho showed that a variety of d€composition technlqu§§.

metastable phases of A&, could be produced on ther- Proce_s_smg mult_lcomponent systems by thermal de-
mal decomposition of Al(OH) More recently, metasta- composition technlques often §uffers from_the problem
bility of products synthesized through pyrolysis of liquid ©f Segregation, which results in compositional hetero-
precursors has been studied in several systefis a geneity in the powders (or whiskers or thin films). If salts

recent review, Levi has explained the thermodynamics Precipitate from the precursor solution before pyrolysis,
of metastability accessed through the pyrolysis of inor1€ subsequent decomposition process yields regions of
ifferent compositions. An example of this has recently

ganic precursors. One of the most attractive featured - ; 5 X

about the techniques involving pyrolysis is the low tem-P€en obtained in Y05-Zr0, systent Segregation de-

perature T/T., < 0.5, whereT/T,. is the homologous pends on the nature of the precursor and is observed after
m =~ m

temperature) at which it is possible to synthesize metathe decomposition of the mixture of precursor salts and

stable and nanophase materials. The work assumes ipalt solutions. In contrast, a single-source precursor (for
example produced by cohydrolysis) often yields a homo-
geneous product after thermal decompositidisegre-
aAddress all correspondence to this author. gation alsqidepends on the .aCtuaI proc.efss adopted for
Present address: Department of Metallurgy and Materials Engid€COMPposition and the variation of solubility of the pre-
neering, Institute of Materials Science, Box U-136, University of CUrsors with temperature. Thus a systematic study of the

Connecticut, Storrs, Connecticut 06269-3136. segregation behavior is essential for the development of
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the process based on thermal decomposition. In this awhere, K, K,, and K, andf, were constants determined
ticle, we report the results of a study of the influence ofby regression analysis$,is the diffracted intensity that
prior segregation on the phase selection and evolution iwas measured at a scattering angl®.obn the basis of
thermally decomposed MgO—-Mg#&D, synthesized from the regression, the exact position of the peak,iand the
nitrate precursors. In particular, we compare the resultkattice parameter is calculated after accounting for the
on thermally decomposed powders obtained on dryingnstrumental correction. Krepresents the background
nitrate solutions with that of spray pyrolyzed products.noise of the x-rays and was considered a constant for the
The two cases correspond to situations representing thealculations in a particular range @f{typically 3—4°). In
presence and absence of segregation. The choice of tfiect, 6, remained the same even when the background
system is dictated primarily by the availability of ther- was considered to vary linearly with diffraction angle,

modynamic dat4:**~*? The composition of periclase and spinel is calculated

on the basis of the lattice parameter shifts. Applicability
[I. EXPERIMENTAL DETAILS of Vegard's law is assumed. For spinel, the variation in
A. Thermal decomposition and characterization the lattice parameter betwegrAIl,O; (& = 0.790 nm)

) . ) and stoichiometric MgAIO, (a = 0.80831 nm) is rep-
Precalibrated aluminum nitrate [AI(Ng} - —xH,0]  (esented as:

and magnesium nitrate hexahydrate [Mg®sBH,O]

were mixed in double-distilled deionized water in the a = 0.82662 - 0.03662 (@)
ratio required to yield MgO-20, 30, 40, and 50 mol% wherey is the mole fraction of AJO5 in the spinel phase.

Al 0,. The solutions were subsequently dried at 473 KEstimation of the composition of periclase from its lattice
on a borosilicate evaporating dish. The salt solutiongparameter is based on the data available from previous
were also spray pyrolyzed on a borosilicate dish that wagvork of Alper et al*® The variation in lattice parameter
maintained at 673 and 573 K. Details of the spray py-of periclase with composition is given by:

rolysis technique used have also been discussed in Ref. 4. _ _

The powders obtained on thermal decomposition (both a = 04212 - 0.027% 3)
sprayed and dried) were heat treated at temperaturéth Egs. (2) and (3) have proved successful in explain-
ranging between 973-1373 K in a platinum crucible, andng earlier results reported on spray pyrolyzed powders
the resulting phases were identified with x-ray diffractionand have been discussed in detail in Ref. 4.

(Huber Guinier diffractometer model 642) with Cy, ia- The gﬁig size has been determined with Scherrer’s
diation. The samples were also characterized by gravimetr@@fmlllal ’

using a CAHN thermogravimetric analyzer (TG 171). t = K\MBcod, (4)

B. Methods used in x-ray analysis wherep is the full width at half-maximum (FWHM) and

Because periclase and spinel are both cubic and thel# 9iven by B = 4K,—instrumental broadening (esti-
lattice parameters are in the ratid:2, the distinction Mated by running coarse-grained MgO as standard). K is
between phases is difficult to make when the X_rayknown the shape factor and’ usually tak_es the value o_f
diffraction (XRD) peaks are broad. The presence or ab@20ut 0.9. Because Scherrer's formula gives an approxi-
sence of the periclase peaks is especially difficult to es™at€ value, Kin the calculations in this study has been
tablish because a spinel reflection is close to evenPProximated at 1.0.
periclase reflection. The problem is exacerbated when Whenanasymmetry of the peaks was present, the data
solid solution formation occurs because this reduces thg°uld not be fitted to a single Lorentzian function. The
separation between the two sets of peaks caused by | ata were then fitted to a sum of two Lorentizians:
tice parameter shifts. The criteria for identification of | = KI/[K2%+ (6 — 0,,)7]
the phases have been discussed in considerable detail in + K3/[K4%+ (6 - 0,,)7] +K (5)
an earlier articlé and are briefly: (i) splitting of the N ° .

(200),/(400), and (220)/(440), peaks + strong (311) The peak positions for the two peaks then wegeand

peak — spinel and periclase present; (i) no splitting of %2 K2 and K4 were taken to be the measure of the

the (200)/(400), and (220)/(440), peaks + strong (311)  Individual peak widths.

peak - single phase spinel; (iii) no splitting of the

(200),/(400), and (220)/(440), peaks + weak or nonex- Illl. RESULTS

istent (111)/(311); peak - single phase periclase. Slow 5 typical thermogram of the dried 20 mol% /0,

scan XRD data were used to calculated the exact pegkswders is shown in Fig. 1. Weight loss below the drying

positions. The data were fit to a Lorentzian function ofjemperature of 473 K is expected to arise from reversible

the type: moisture absorption during storage. The samples reach a
| = KJ/[K,Z+ (6 - 0,7 + K, (1) constant weight between 673 and 773 K. Thus little or no
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volatile materials is remaining in the samples after heaThe as-dried powders contained unidentifiable peaks in
treatments above 873 K. The effect of heat treatment oall the compositions and have been marked “*” in
phase evolution in MgO-MgAD, powders that were XRD plots (Figs. 2-5). Heat treatment in the temperature
prepared by drying the nitrate solutions with compositionrange 623—673 K yielded x-ray patterns typical of non-
of 50, 40, 30, and 20 mol% AD, are shown in Figs. 2-5. crystalline products. Because these unidentified phases
The results are summarized in Table I(a), which lists thdmarked “*") did not exist above 673 K, they are pre-
phases present in these materials as identified by XRBumed to be complex hydrated nitrates.
In the 50 mol% ALO, composition, powders synthe-
sized by drying nitrate solutions decomposed by 673 K

0.2 and yielded amorphous powders. This is followed by
T crystallization of spinel which starts at 973 K. Weak
N peaks of periclase and corundus-Al,O3) are observed in
] the dried powders after heat treatment at 1373 K (Fig. 2).
,g 0.15
200,/400, 220,/440,
= 0.1
': ] ; /\.I\A‘
.‘O_P ] 1173K
v - /\/'/\\L 1073K
= 0.05] \ >
: g N\ ™ 973K
] S| e {3k
] =
0 I — — - 673K
500 1000
Temperature (K) s i
FIG. 1. TGA curve obtained from powders with composition MgO— - . . '

20 mol% ALO; dried at 473 K. 15 20 25 30 35 40
3}1s 1123 FIG_. 3. Eﬁect of heat treatment on MgO-40 mol%,@}, prepared by
o-ALO, 440 drying nitrate precursors at 473 K.
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FIG. 2. Effect of heat treatment on MgO-50 mol%,@}; prepared by  FIG. 4. Effect of heat treatment on MgO-30 mol%,8 prepared by
drying nitrate precursors at 473 K. drying nitrate precursors at 473 K.
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After drying at 473 K, the 40 mol% powders containedtreatment show sharp peaks corresponding to periclase
unidentifiable phases similar to the 50% powders (Fig. 3)which begin to appear along with broad spinel peaks. The
After heat treatment at 973 K, the x-ray diffractograms ofx-ray diffractograms of samples after heat treatments at
these powders show a broad and somewhat asymmetri®73 and 1173 K show sharp periclase and relatively
peak corresponding to the 20800, reflection. The con-  broader spinel peaks. The diffractograms of the heat-
stituent phases are believed to be predominantly perireated 20 mol% AJO; powders show sharp periclase
clase with a small amount of poorly crystallized spinel.peaks at temperatures of 673 K and above. Broad spinel
After heat treatment at 1073 K, the dominant phase ipeaks appear in the diffractogram only after heat treat-
spinel with small amounts of periclase which is con-ment at 1073 K/1 h (as is clear from the inset in Fig. 5).
cluded from the shoulder on the 40feak. After heat X-ray diffractograms after heat treatment of powders
treatment at 1173 K, the resultant phases were identifiedynthesized by spraying solutions with 20 mol%,®4
to be fine-grained spinel and periclase. at 473 and 573 K is shown in Figs. 6(a) and 6(b),

The dried solutions of MgO-30 and 20 mol%.,8;  respectively.
decomposed into a noncrystalline phase around 673 and For ease of comparison between solutions that have
623 K, respectively (Figs. 4 and 5). In the 30 mol% been dried at 473 K and solutions that have been sprayed
Al,O; powders, the x-ray patterns after the 973 K heatat 673 K, Fig. 7 has been reproduced from Ref. 4. It
illustrates the effect of heat treatment on powders pre-
pared by spray pyrolyzing nitrate precursors at 673 K. A

]
i list of the phases obtained on heat treatment of the spray-
-.A.JL\. JJL“"K pyrolyzed powders is given in Table I(b). Tables Il to V
| 01K summarizes the composition and grain sizes (as calcu-
"""g“ ~Aators lated using Scherrer’s formula) of the phases obtained in
the pyrolyzed powders and in the dried powders.
A ' In the spray-pyrolyzed powders (Fig. 7) with compo-
2 N, AT B pray-pyroly powd g. p
= 200, 90,7520 sition MgO-50 mol% AJO,, spinel nucleates at 973 K,
5 400, fene. N and the only phase seen in these powders is spinel even
= Mww after heat treatments up to 1373 K. In the other compo-
— 1073K
Vi __.L4 B VY ') o
A A, 773K TABLE I(b). Phases obtained in MgO-Mg4D, processed by spray
MM pyrolysis of nitrate precursors at 673 K and subsequent heat treatment.
= 673K
" 23K/2h Heat
H . . treatment  20% AO;  30% ALO;  40% ALO;  50% Al,O,
; s sDried 97314 P P P S
10 20 30 40 1073/1H P+S P+S s s
e 1173/1H P+S P+S S +P S

FIG. 5. Effect of heat treatment on MgO—20 mol%,8% prepared by  P: periclase; S: spinel.
drying nitrate precursors at 473 K. #/ery small amounts.

TABLE I(a). Phases obtained in MgO-Mg/), processed by drying of nitrate precursors at 473 K and subsequent heat treatment.

Heat
treatment 20% A0, 30% Al,Oq4 40% Al,O4 50% Al,O4
As dried Undecomposed salts Undecomposed salts Undecomposed salts Undecomposed salts
623/2H A A
673/1H P A A A
773/1H P P
873/1H P P
973/1H P+3 P+3 P+3 S
1073/1H P+S P+S S +%P S
1173/1H P+S P+S S+P S
1273/1H S
1373/1H S+P+C
1373/6H S+P+C

A: amorphous; B: periclase; S: spinel; C: corundum.
#/ery small amounts.
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sitions (20—40 mol% AIO), the phase present at 973 K ment above 1273 K. The phase diagram predicts the line
is periclase. In the 20 and 30 mol% ,8l; powders, a compound MgA}O, at the 50% composition. The phase
two-phase mixture of periclase and spinel is observediagram also clearly indicates that spinel supersaturated
at 1073 K. As the powders are heated to 1173 K, thevith MgO when heated to a high temperature would
compositions of these two phases (as illustrated byesult in MgO (periclase) and spinel (Mg&,).** The
shifts in XRD peaks) and their volume fractions changepresence of a homogeneous spinel phase with a compo-
(Fig. 7 and Tables Il and IV). In the MgO-40 mol% sition of 50% ALO; would not result in MgO or corun-
Al O,, at 973 K the phase present is periclase, at 1073 Klum on heating up to the melting point. When MgO-rich
itis spinel, and at 1173 K the phases present are periclaspinel is heated, it precipitates MgO, and its composition
and spinel. shifts to that of stoichiometric spinel (Mg4D,). Simi-
larly a—Al,O5 results from the decomposition of an
Al,O5-rich spinel. The presence of periclase and
V. DISCUSSION a—Al,O5 with spinel in materials containing 50 mol%
The dried MgO-50 mol% AlO; powders contain Al,O, implies that there were regions of nonstoichiom-
spinel along with periclase and corundum after heat treatetry in the dried powders. This is a clear indication of
segregation during processing in powders with average
composition 50 mol% AlO,.

200,400, From Table Il it may be noted that the composition of
220,/440, spinel ?n dried 50 mol% AIO; po_w_ders he_at treated at
311, 973 K is 34% ALO;. Therefore, it is surmised that Al-

1173K rich MgAIl,O, crystallizes at a higher temperature than

Intensity

MMW 973K

- MgO-rich MgAl,O, because there does not appear to be
g 073K any contribution of the alumina-rich phases in the lattice
= \“‘A‘—'}\\“—-——J\-\a__.—s.'\
= 973K
—
111,/311
873K e 200 /400, 220P/440
773K
P It ol '} /Hk J | 173K
10 15 20 25 30 35 40 \ B ———
(@) 0 \. \
- ~/
= A /\ ,f
: ) B 7
311, 200,/400, 220,440, : ’ 17073K
- AN snnn1173K 5 /4‘
St 7
= 7
£ 7
WMA\MWJ\MW = 4
1073K 8 /
)
=
72}
=
L
~pd
=
P

WW“673K i '
as Y] 2 &
w sprayed z 30 35 ©

T T T T

10 15 20 25 30 35 40 0
(o) 9 FIG. 7. Composite diffraction pattern that depicts the effect of heat
FIG. 6. Effect of heat treatment on MgO—-20 mol%,@}, prepared by  treatment on spray pyrolyzed MgO-Mg#l,; these show the phases
spraying nitrate precursors at (a) 473 K and (b) 573 K. present as a function of composition and temperature of heat treatment.
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parameter. The occurrence of MgO andAl,O; con- In contrast to powders prepared by drying, the pow-
firms that the dried powders with average composition ofders prepared by spraying at 673 K do not show the
50 mol ALO; which originally crystallizes as spinel at presence of periclase o~Al,O; (Fig. 7, Table Il, and

973 K, was compositionally inhomogeneous with actualRef. 4). The powders in the as-sprayed condition show a
compositions greater and less than 50 mol%y| noncrystalline XRD pattern. When these powders are

TABLE Il. Comparison between phases detected on heat treating dried powders and sprayed powders in MgO-59@qgolRlheAhumbers in
the parentheses denote the composition of the phase {&, Abntent) deduced from its lattice parameter.

Lattice parameter in Grain size in
Lattice parameter in sprayed sample Grain size in dried sprayed sample
Heat dried sample (nm) (nm)* sample (nm) (nm)*
treatment Spinel Periclase Spinel Periclase Spinel Periclase Spinel Periclase
973K/1H 0.814 (34%) Not detected 0.8092 (48%) Not detected 8 Not detected 19 Not detected
1173K/1H 0.8089 (48%) Not detected 0.8083 (50%) Not detected 34 -2 23 Not detected
1273K/1H 0.8089 (48%) Not detected Not detected >300 .o
1373K/1H 0.8088 (49%) 0.4224 0.04224 >300 Rh Not detected
1373K/6H 0.8084 (50) 0.4225 0.4225 >300 -8

X RD peak too weak for accurate determination of peak width.

TABLE Ill. Comparison between phases detected on heat treating dried powders and sprayed powders in MgO-2Q@olPhé\humbers
in the parentheses denote the composition of the phase {@, Abntent) deduced from its lattice parameter.

Lattice parameter in Grain size in
Lattice parameter in sprayed sample Grain size in dried sprayed sample
Heat dried sample (nm) (nm)* sample (nm) (nm)*
treatment Spinel Periclase Spinel Periclase Spinel Periclase Spinel Periclase
973K/1H ... 0.4214 (0.7%) Not detected 0.418 (8.7%) Not detected >300 Not detected 55
1073K/1H 0.8147 (33%) 0.4210 (0) 0.8132 (37%) 0.4203 (3%) 18 >300 7.5 10
1173K/1H 0.8118 (40%) 0.4213 (0.4%) 0.8089 (48%) 0.4209 (1%) 42 >300 20 14.5

@ RD peak too weak for accurate determination of lattice parameter.

TABLE IV. Comparison between phases detected on heat treating dried powders and sprayed powders in MgO-3Q@golPhedhumbers
in the parentheses denote the composition of the phase {@, Abntent) deduced from its lattice parameter.

Lattice parameter in Grain size in
Lattice parameter in sprayed sample Grain size in dried sprayed sample
Heat dried sample (nm) (nmy* sample (nm) (nmy*
treatment Spinel Periclase Spinel Periclase Spinel Periclase Spinel Periclase
973K/1H 0.8158 (30) 0.4215 (0%) Not detected 0.4141 (26%) 9 30 Not detected 35
1073K/1H 0.8125 (39%) 0.42140 (0%) 0.8122 (39%) 0.41840 (10%) 11 >300 8 5.5
1173K/1H 0.8104 (44%) 0.4214 (0%) 0.8091 (48%) 0.4192 (7%) 25 >300 195 12

TABLE V. Comparison between phases detected on heat treating dried powders and sprayed powders in MgO—-490gol%eAhumbers in
the parenthesis denote the composition of the phase (@ Alontent) deduced from its lattice parameter.

Lattice parameter in Grain size in
Lattice parameter in sprayed sample Grain size in dried sprayed sample
Heat dried sample (nm) (nm)* sample (nm) (nm)*
treatment Spinel Periclase Spinel Periclase Spinel Periclase Spinel Periclase
973K/1H 0.8131 (37%) 0.417 (15%) Not detected 0.4108 (38%) 8 5 Not detected 4
1073K/1H 0.8108 (33%) 0.4£715%) 0.8129 (37%) Not detected 8.5 14 9 Not detected
1173K/1H 0.8095 (47%) 0.4217 (2%) 0.8092 (48%) 04(19%6) 35.5 10 205 20

?Peaks were too weak to obtain a reasonable fit for lattice parameter calculations.
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heated to higher temperatures, they yield single-phasgingle phase with 40% AD; composition, periclase at
spinel with no traces of periclase at any of the tempera973 K and spinel at 1073 K (Table V). Equilibrium par-
tures. This suggests that segregation does not occur in thigoning to yield periclase and 50-50 spinel as predicted
powders spray pyrolyzed at 673 K. by the phase diagram began at 1173 K. In the case of
Having established that segregation does occur whepowders prepared by drying, the predominant phase is
nitrate solutions are dried at 473 K, it is interesting topericlase with very small amounts of spinel at 973 K
compare phase evolution sequences in the segregat@eig. 3). The phase identification as periclase and spinel
and nonsegregated powders in the composition ranga the dried powders heat treated at 973 K has been made
20-40 mol% A}Os. A noncrystalline diffraction pattern on the basis of asymmetry of the 208nd 220 peaks.
is observed in the 20 mol% AD,; powders dried at The lattice parameter of the phases (listed in Table V) has
473 K after heat treatment at 623 Krf h (Fig. 5). On  been calculated by fitting the peaks to two Lorentzians as
further heat treatment, the x-ray diffractograms of thesexplained in section IIB. After heat treatment at 1073 K,
powders developed sharp peaks of periclase with broathe predominant phase is spinel with very small amounts
peaks of spinel appearing above 973 K. Comparison obf periclase. This is evidenced by the reversal in inten-
the breadth of the periclase peaks in the heat-treatesities of the spinel and periclase peaks and the appear-
samples after drying at 473 K and spraying at 673 K carance of a strong 31lpeak at 1073 K (Fig. 3). The
be easily made by inspecting the peaks in Figs. 5 and fresence of two phases in the 1073 K heat-treated
The figures clearly show that the periclase peaks in theamples is clear in the splitting of the 22040, doublet.
dried samples are much sharper than those in sprayekhe following phase evolution sequence has been sur-
samples, implying that the periclase in the dried powdersnised on the basis of the sequence already known for
is coarse grained. The grain sizes observed have be@onsegregated powdet©n the basis of thermodynamic
presented in Tables IlI-V. Evidence that segregation irand kinetic arguments and experimental data, it has been
the 20 mol% powders resulted in pure magnesia after thdemonstrated (in powders prepared by spraying on to a
973 K heat treatment is seen from the lattice parameter afubstrate at 673 K) that in a competition between spinel
the periclase that has been listed in Table 8,{o = and periclase, crystallization of periclase is preferred in
0.4212 nm). The magnesia peaks become stronger wittbompositions up to 40 mol% AD. Therefore it is con-
increasing heat treatment temperature and the correfuded that in the 40 mol% dried powders heat treated at
sponding lattice parameter does not change. On the ba€i§3 K, regions with composition close to 50 mol%
of the lattice parameter data, the spinel composition i#Al,O;—nucleated spinel and other regions nucleated peri-
found to be 33% AJO; at 1073 K, and it moves to 40% clase. This implies that the amount of spinel would be
Al O3 at 1173 K. Thus it is concluded that nonstoichio- much less than periclase and explains the absence of the
metric spinel forms in the AD5-rich regions in the dried 311 and asymmetry of the 2Q0n the x-ray diffracto-
samples (average composition: 20 mol%,®@4) at grams (Fig. 3). On heat treatment to 1073 K, the com-
1073 K and the phase composition shifts toward that opositions close to 40 mol% transformed to spinel
stoichiometric MgALO, with heat treatment. massively, while the periclase solid solutions with com-
The trends seen in the dried 30 mol%,8L powders positions close to about 30 mol% A); precipitated
are the same as in the 20 mol% 8L powders. In  out spinel.
contrast to the powders prepared by spraying at 673 K The basic difference between the x-ray diffractograms
(Fig. 7), dried powders heat treated at 973 K display aeen in the segregation-free powders and in the segre-
sharp spike corresponding to pure magnesia, which ingated powders lies in the sharp peaks of pure magnesia
tensifies on heating. The compositions deduced from theeen in the segregated powders (Figs. 4 and 5). The for-
lattice parameters and grain sizes of the phases after difration of a solid solution of periclase [(Al, Mg) O] ap-
ferent heat treatments are listed in Table IV. pears to render it resistant to coarsening as is reflected in
The phase evolution in dried powders with composi-the grain sizes of periclase in the spray-pyrolyzed and
tion of 40 mol% ALO; is more complicated than the 20 dried powders (Tables Ill and V). Because of the dis-
and 30 mol% AJO; compositions. The distinct sharp tinctness of the sharp periclase peaks, segregation can be
periclase peaks are not seen in this case. In nonsegrerost unmistakably established in the 20—30 mol%OAl
gated (and spray pyrolyzed) powders of 40 mol%@y, = compositions unlike in the 40 mol% AD;, where the
heat treatment at 973 K resulted in periclase, whictphase evolution sequence is more complicated and the
transformed to spinel at 1073 K (Fig. 7). It has been50 mol% ALO,; compositions where the periclase and
established on the basis of x-ray lattice parameter data—Al,O; peaks are very weak.
that the transformation occurs in a partitionless mafiner. Spray pyrolysis experiments were carried out for the
The diffraction maxima at each temperature, in conjunc20 mol% ALQO; solutions by maintaining the substrate at
tion with the criteria used in phase identification de-473 and 573 K. Results obtained are shown in Figs. 6(a)
scribed earlier, were consistent with the presence o&nd 6(b). On the basis of the sharp periclase peaks pres-
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ent [Fig. 6(a)], itis evident that spraying on a substrate ategregation-free. Because the powders sprayed at 573
473 K could not prevent the occurrence of segregationand 673 K are free from segregation, it is concluded that
The powders synthesized by spraying at 573 K appear tthe early stages of decomposition should take place fast
be free from segregation. This is concluded from theenough to prevent the segregation of cations in the final
formation of fine-grained (Al, Mg) O solid solutions which product. It is also concluded that the later stages of de-
is evidenced in the broad diffraction peaks [Fig. 6(b)].  composition do not affect segregation.

The process of precursor pyrolysis could be divided It is interesting to note that in the entire range of com-
into two main events, namely, drying and decompositionpositions, the spinel peaks in both dried and sprayed
Consequently, there are two ways in which segregatiosamples treated up to 1073 K are broad and independent
could occur: (i) the precipitation of salts in the solventof segregation in the system. The width of the periclase
(water) before complete drying and (ii) the precipitationpeaks appears to depend on its composition. It is seen
of nitrates (and therefore oxides) during decompositiorthat pure magnesia is not fine grained and coarsens rap-
of the salt. idly, whereas spinel and alumina-rich solid solutions of

During the drying experiments, the solutions aremagnesia appear to resist coarsening. Because fine spinel
heated slowly. It is believed that segregation occurs durprecipitates are common to both the segregated and non-
ing the dehydration step because of the difference isegregated powders, it is clear that pinning of grain
the solubility of Al-nitrate (6.37 g/ml) and Mg-nitrate boundaries by fine second-phase particles is not the
(1.25 g/ml) in water. As the water evaporates, thecause for the difference in coarsening behavior of the
solutions get concentrated and Mg-rich nitrates precipirock salt phase (MgO).
tate, leaving Al-rich salts in the solution. The Mg-rich  One explanation for the difference in coarsening be-
and Al-rich regions subsequently decompose to result ifnavior of nonstoichiometric periclase is the occurrence of
a final inhomogeneous oxide mixture. compositional inhomogeneity in the supersaturated peri-

Drying the solutions allows ample time for the salts toclase across grain boundaries. The occurrence of such
precipitate. However, segregation occurs even whegrain boundary segregation effects is likely to reduce the
powders are prepared by spraying the solution on a sutgrain boundary mobility if the solute concentration dif-
strate at 473 K [Fig. 6 (a)] during which the heating rateference between the grain interior and the boundary is
experienced by droplets is at least two orders of magnimaintained during migration. However, we are unable to
tude higher than during drying. Also, segregation ismake a definite conclusion in this regard on the basis of
avoided by spraying on a hot substrate maintained ahe experimental results.

573 K [Fig. 6 (b)]. The heating rates experienced by the The contrasting coarsening behavior in segregated and
droplets at 473 and 573 K are likely to be of the samesegregation-free powders could also be ascribed to the
order of magnitude. Because precipitation of precursoformation of (Mg, Al) O solutions with different defect
salts is unlikely in the spraying experiments because ofoncentrations. The concentration of constitutional va-
the high heating rates, it is surmised that the decompaceancies in periclase varies from 0% at pure MgO to 25%
sition step is also important in deciding the occurrence ofn case of solid solutions containing 50 mol%,8%. The
segregation. Thermogravimetric studies on the powderdifference between pure MgO and Al-rich MgO could be
synthesized by drying (Fig. 1) show that out of a totalattributed to the development of short-range order
weight loss of 60% above 473 K, the powders lost only(brought about by a high concentration of vacancies) in
35% of their weight between 473 and 573 K (the remain-the AlLL,Oz—rich MgO solid solution found in segregation-
ing 25% was lost up to approximately 680 K). This im- free powders. This implies that alumina-rich periclase
plies that the powders sprayed at 573 K are nosolid solutions are not completely random. The prospect
completely decomposed. The observation of segregatioof finding such nonrandom solid solutions is not entirely
by spraying at 473 K and not at 573 K leads to the con-unexpected and can be related to the similarities in the
clusion that the rate at which precursors are heated fronwo end structures of the pseudobinary MgO—Mg2,).
473-573 K plays an important role in deciding the final Both periclase (MgO) and spinel (Mg4D,) have a face-
homogeneity of the powders. Although spraying atcentered-cubic packing of oxygen ions and differ in the
573 K results in a modest increase in the heating rate upay the cations are arranged. In MgO, all the octahedral
to 473 K, the reduction in the time spent beyond 473 Kinterstices are occupied by cations, and aliovalent addi-
is more important in determining the occurrence oftions of AP* ions bring about vacancies in the cation
segregation. This is because the decomposition that osites. In MgALO, one eighth of the tetrahedral interstices
curs between 473-573 K takes place more slowly duringnd half the octahedral interstices are occupied by cat-
holding at 473 K (on the substrate at 473 K) than wherions. Nonstoichiometry in the MgO-rich solid solutions
the substrate is at 573 K. In the powders synthesized bgf MgAl,,O, is accommodated by the presence of4Vlg
spraying at 673 K, the heating above 473K is fastefions in the vacant octahedral sitgs® It has been pos-
(than when the substrate is at 573 K) and the product itulated that a defect spinel (formed under rapid solidifi-
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cation conditions) could transform to the equilibrium bly due to the formation of a large concentration of point

phases by going through structures intermediate betweatefects that could show a tendency to order. Spinel is fine

spinel and periclas€. Suggestions of such intermediate grained (<50 nm) and shows broad diffraction peaks up

metastable structures have also been made on the basistofl173 K irrespective of its composition.

experiments on the amorphization ojrzg?al by heavy ion

bombarbment at cryogenic temperatures?’In this study,
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