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Abstract 

Mg-Al spinel powders have been prepared by 
thermal decomposition of a mixture of: A - aluminium 
and magnesium nitrates; B - aluminium and magne
sium hydroxides; and C - aluminium hydroxide and 
magnesium oxalate. 

The initial and the final powders were both 
characterized by specific surface area measurements, 
mercury intrusion porosimetry, X-ray diffraction, and 
scanning electron microscopy. The results showed 
that the preparation process sharply influences the 
final microstructure of the spinel powders. In par
ticular while the shape and particle dimensions of 
the samples prepared by mixture of aluminium and 
magnesium nitrates are mainly influenced by crushing 
process, the preparation via mixed magnesium and 
aluminium hydroxides precipit ation permits use of 
spinel formation temperatures as low as 350°C. 
Characteristically this powder is very uniform and 
consists of small particle sizes (0 .1 micrometers). 

Key Words : Fine structure, spinel, fine ceramic 
powders , preparative methods, MgAl204, scanning 
electron microscopy. 
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Introduction 

Ceramic materials, tailored for special applica
tions have required more sophisticated material mi
crostructures. The ultimate properties of the prod
uct are influenced not only by the sintering condi
tions but also by the characteristics of the starting 
powders (Kingery, 1982; Morgan, 1984) and, in this 
respect, by the preparation process. 

The use of aqueous and non-aqueous solutions 
play a major role in the preparation of ceramic pow
ders, especially in the case of multicomponent mate
rials. Different methods of preparation have been 
described where the supersaturation is achieved ei
ther by solvent removal or by precipitation (Gardner 
et al., 1986; DeLau, 1970; Thomson, 1974; Amato, 
1976; Nagai, 1982). The formation of gels may be 
considered as an intermediate technique, where the 
solvent removal takes place after the formation of a 
colloidal suspension (Dislich, 1986; Haas, 1989; 
Mazdiyu. ,mi, 1985). Often the particles obtained after 
drying are not the final product and are subsequently 
thermally decomposed or reacted. The nature of the 
final product may be determined by either the pre
cipitation or the decomposition processes. Examples 
of ceramic powders obtained by these methods are 
many and include: 
Single oxides: 

Double oxides : 

Mixed oxides: 

Alz03, Crz03, Fez03, ThOz, 
Ti02, Zr20; 
Ba05Fe203, BaTi03, C0Fe204, 
MgAl204, MgFe204; 
Al203-Cr203 , Fe203-C0Fe204; 
etc. 

Material and Method 

Sample preparation 
Preparation techniques involving liquid phase 

steps were chosen because of their ability to produce 
multicomponent powders such as spinels. Three dif
ferent methods were tested taking into consideration 
that the reactants should have similar solubilities in 
water, should precipitate at the same rate and must 
not give rise to supersaturated solutions. 

The powders of the spinel MgAlz04 were thus 
obtained utilizing three different sets of reactants: 
A - aluminium nitrate and magnesium nitrate; 
B - aluminium nitrate and magnesium nitrate reacted 

with NH40H to give a mixture of aluminium 
hydroxide and mixed aluminium-magnesium 
hydroxide. 

C - aluminium nitrate and magnesium nitrate reacted 
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Figure 1 a, b, c. Thermogravimetric analyse s of 
samples A, B and C respectively; heating rate 4°C 
per min in flowing air. 

with oxalic acid and NH4OH to give aluminium 
hydroxide and magnesium oxalate. 
A. In the first case, 0 .5 moles of magnesium 

nitrate and 1 mole of aluminium nitrate were dis
solved in 1 litre of distilled water in such a way to 
have the molar ratio Mg:Al = 1:2 as in the corre
sponding spinel. The solution was stirred and ev apo
rated at 60°C. The precipitate was dried at 105°C, 
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Figure 2a, b, c. Diffraction patterns of samples A, B 
and C respec tively (dried and calcined). 

decomposed at 400°C for two hours, crushed, and 
then calcined at 1100 °C for three hours. Milling was 
performed for 10 minutes in an alumina ball mill with 
two alumina balls (8000 SPEX Mixer/Mill - mill in
ternal diameter 80 mm, ball diameter 10 mm, mixer / 
mill action repeated 1200 times per minute). 

B. In the second case, an aqueous solution of 
the same co mposition was dropped into an aqueous 
solution of NH4OH at pH 10 and 60°C, then filtered. 
The product obtained was dried at 105°C, crushed, 
decomposed at 400 ° C for two hours and then cal
c ined a t 1100°C for three hours. 

C. In the third case, the same aqueous solu -
tion of the nitrates was first reacted with a 1.5 M 
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Table 1: Specific surface area, particle size and porosimetry data for the three spinel powders. 

Heating Specific Surface 
Temperature BET 

Sample °C (m2/g) 

Particle Size 
SEM 

(micrometers) 

A 

B 

C 

4 

1100 

400 

1100 

600 

1100 

Two ranges 

1 

3.8 

250 

17 

205 

17.5 

1-100 

0.1 

0.1 

solution oxalic acid and then NH40H added to pH = 
9 .5. The solution was stirred at 60°C for one hour, 
then filtered. The product obtained was dried at 
105°C, decomposed for two hours at 600°C, crushed 
in the ball mill and finally calcined at 1100°C for 
three hours. 

In the three cases, precipitation temperature, 
pH, and decomposition temperature were selected to 
optimize synthesis process. In particular pH was 
selected in order to minimize the solubility of the 
precipitated compounds, while the decomposition 
temperatures were chosen on the basis of the results 
of X -Ray Diffraction ( XRD) of the three different 
products, previously heated at different temperatures. 
Sample characterization 

X-Ray Analyses: Diffraction 
obtained with a D500 Siemens 
utilizing Cu Ka at 40 kV and 30 mA. 
ning rate was 1°/min. 

patterns were 
diffractometer, 
The 2- 0 scan-

Thermogravimetric analyses (Thermogravimetry 
(TG), Differential Thermogravimetry (DTG), Differen 
tial Thermal Analysis (DTA)) : The equipment was a 
TAl Mettler thermoanalyser, heating rate at 4°C/min , 
the samples were maintained in air flow, from room 
temperature up to 1000°C. 

Specific Surface Area (BET) measurements were 
carried out with a Carlo Erba Sorptomatlc Series 
1900 using nitrogen as adsorbate gas. 

Porosimetry: Carlo Erba mercury intrusion po
rosimeter series 2000 was used assuming a contact 
angle mercury-spine! of 151.9°. 

Scanning Electron Microscopy ( SE M): The 
equipment employed was a Phillps Model 505 SEM. 
The samples were prepared for the observation by 
dispersion in iso-amyl-acetate by ultrasonic stirring 
(5 minutes). The dispersion was deposited on alumi
nium stubs and then coated with gold. The accelera
tion voltage was kept at 2 5 kV. The working dis
tance ranged between 4 and 7 mm. The microphoto
graphs were taken at three magnifications: lOOOX, 
lOOOOX and 40000X. 

Results and Discussion 

The results of the thermal analysis are shown 
in Fig. 1 a, b, and c, respectively, for dried samples 
A, B and C. It is possible to ascertain the different 
modes of decomposition, which allowed the proper 
temperature of decomposition to be chosen. 
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Porosity 
(%) 

36 

55 

46 

Porosimetry 
Pore Radius 

(micrometers) 

0 .03-3* 
6-30 

0.005-50 

0.008-50 

Particle Size 
(micrometers) 

0.2-10* 
60-300 

0.05-300 

0.05-200 

Sample A melts around 90°C and decomposes 
mainly around 180°C; the second small endothermic 
peak is due to the final decomposition of magnesium 
nitrate. 

Sample B decomposes in more steps involving 
loss of water from the mixed Mg-Al hydroxide and 
from Al hydroxide, a solid state reaction occurs 
between Mg and Al dehydration products. The de 
composition is completed just over 400°C. 

The decomposition process of sample C involves 
the loss of water from Al hydroxides and a two step 
decomposition of magnesium oxalate that ends near 
500°C. 

X-ray analyses were carried out on samples 
dried at 105°C and calcined (Fig. 2, a, b, c). The 
comparison of diffraction patterns with ASTM and 
JCPDS files demonstrates that final product is a 
spine! (MgAl204) phase regardless of material proc 
essing, while the initial materials were a mixture of 
magnesium and aluminium nitrates in the sample A; a 
mixture of gibbsite, bayerite and mixed magnesium 
hydroxide in samples B; and a mixture of magnesium 
oxalate, bayerite and gibbsite containing traces of 
ammonium nitrate in sample C. 

The dimensional distributions of pores and 
particles from porosimetry measurements are shown 
in Figures 3-5. The calculations were performed by 
the Carlo Erba software. Sample A (Fig. 3) shows a 
double distribution of pores, which indicates two 
types of porosity : the intraparticle porosity centred 
around a dimension of O .5 micrometers and the inter
particle porosity ranging between 6 and 30 micro
meters. A double particle size distribution occurs: 
one mode comprises particles with dimensions be
tween 0.2 and 10 micrometers, the other mode com
prises particles between 60 and 300 micrometers. 

In the case of sample B (Fig. 4) the pore size 
distribution appears to be markedly flattened between 
O .005 and 50 micrometers. Also the particle size dis
tribution appears to be uniform, ranging between 
0.05 and 300 micrometers with a weak prevalence of 
particles around 2-3 micrometers. 

The same characteristics are shown by sample C 
(Fig. 5) which presents a flattened pore size dis
tribution between O .008 and 50 micrometers. Particle 
size evaluated from pore distribution data ranges 
between O .05 and 200 micrometers. Specific surface 
area, pore sizes, total porosity and particle sizes are 
summarized in Table 1. 
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Figures 3, 4 and 5 . Particles (Figs. 3a, 4a, and 5a) and pore (Figs. 3b, 4b, and 5b) distribution of calcined 
samples A, B, and C respectively. 
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Figures 6 - 9. Sample A calcined and mill crushed. Figure 7. Magnified view of a particle showing sharp 
fracture edge due to comminution. Figure 8. Fracture edge and fracture line (arrow; magnified view Figure 
9) propagating inside the bulk of particles. Scale bar = 10 micrometers (Figs. 6-8); 1 micrometer (Fig. 9). 

The SEM observations point out a distinct mor
phological difference between samples A, B and C, 
not completely in accordance to the variation in the 
pore size distribution given by mercury intrusion 
measurements. The main differences between SEM 
observations and porosimetry measurements occur in 
powder A, which consists of very compact particles 
distributed over a wide size range (between 1 and 
100 micrometers). The particles are generally irregu
larly shaped and have sharp edges due to comminu -
tion (Figures 6-7). Figures 8 and 9 show fracture 
lines propagating inside the bulk, but do not reveal 
neither intraparticles pores nor any fine microstruc -
ture. The morphology of sample A may be under
stood by considering low melting points (respectively 
73 .5°C and 90°C) of Al(NO3)3 and Mg(NO3)z, so that, 
during the first decomposition step the salt mixture 
became fused. Further decomposition leads to the 
formation of a bulk sponge which is then crushed by 
milling. These observations do not agree with meas
urements of porosity, but are in agreement with the 
low value of surface area. The comparable low 
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values of surface areas of samples heated at 400°C 
and 1100°C are also in agreement with this model. 

Figure 10, from sample B, confirms the presence 
of particles with different sizes. Higher magnifica -
tions, however, show that all the particles are agglo
merates (more or less sintered, due to the calcination 
temperature) of submicron particles, whose size is 
around O .1 micrometers (Figure 11). The sintering of 
the agglomerates allows the abrupt lowering of sur
face area to be understood. The morphology of this 
powder may thus be explained by the process of de
composition of the agglomerate formed during the 
precipitation of the hydroxides. 

Sample C (Figures 12 and 13) is also made up 
of particles sized around O .1 micrometers. These 
particles underwent sintering during calcination ac
cording to the marked diminution of surface area. In 
this case, the flakes of Al(OH)3 encapsulate the 
magnesium oxalate. The particles were disaggregated 
by gases (CO and COz) that evolve strongly during 
decomposition of the oxalate. 

A comparison between particles sizes as 
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Figures 10, 11. Sample B, calcined and mill crushed; Figure 11 shows a high magnification image of an 
agglomerate shown in Figure 10 revealing its fine microstructure. 
Figures 12, 13. Sample C, calcined and mill crushed ; Figure 13 shows a high magnification image of micro 
particles which form agglomerate shown in Figure 12. 

Scale bars = 10 micrometers (Figs. 10 and 12) , and 1 micrometer (Fig. 11 and 13) 

measured via SEM and as calculated by porosimetry 
is made in Table 1. 

In summary, SEM observations show that mor
phology of sample A particles is a function only of 
the crushing parameters. Samples B and C are char 
acterized by highly agglomerated particles which, 
during calcination, lose a major part of the surface 
area and of the interparticle porosity. 

Conclusion 

X-ray diffraction analysis showed that the same 
phase MgAl2O4 was obtained with all three processes 
described above. BET and porosimetry measurements 
revealed differences in surface area, particle size 
distribution and porosity among the three products. 
SEM analysis confirmed an important difference be
tween sample A and samples B and C, but showed 
morphological aspects of sample A which do not 
agree with the presence of intraparticle porosity 

576 

given by mercury intrusion measurements. The ob
tained difference in microstructure is in agreement 
with the different precipitation processes and dif
ferent decomposition mechanism. The preparation of 
sample A involves a melting step. For this reason 
the obtained particles are characterized, according to 
SEM observations, by absence of intraparticles poros
ity and a size distribution determined by the crush
ing process. Shapes and sizes of samples B and C 
are very different. In these cases, once again, the 
SEM observation allowed us to explain the results of 
BET and porosimetry measurements, showing that 
both samples consist of clusters made of agglomerate 
particles with dimensions less than 0 .1 micrometers 
and intraparticle porosity. 

The different morphologies observed between 
sample A and sample B are important in selecting the 
preparation method in order to obtain the Mg-Al 
spinel at low temperature, and to tailor its reactivity 
in relation to its final application. 
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Discussion with Reviewers 

M. Patel: A peak around 440-460 °C is expected in 
DTA curves to show the thermal change of the hy
droxides (Serry and Naga, "Silicates industriels" LII 
(3-4) 41-46, 1987). The authors have not found such 
peak; why? In TGA, the weight losses are in these 
temperature ranges. XRD: Fig.2, is it Bayerite or 
Boehmite? 
Authors: As far as observation on thermal analysis 
results are concerned, and in particular the dif
ferences with respect to the results obtained by 
Serry and Naga, it is important to underline that 
DTA curves presented by those authors refer to sin
gle magnesium hydroxide and aluminium hydroxide 
obtained starting from ores and not from single 
solution of pure magnesium and aluminium nitrates; 
the precipitation pH was different and also the 
precipitated product was different. In particular, 
according to our precipitation procedure a mixture of 
mixed magnesium-aluminium hydroxides and aluminium 
hydroxide was obtained. 

The results of DTA can be explained with the 
decomposition mechanism of mixed hydroxides as pro
posed by Bratton (R.J .Bratton, "Ceramic Bulletin", 
Vol.48, No 8, 1969) who obtained the same DTA 
curve. The absence of the endothermic peak can be 
explained by the contemporary exothermic effect 
due to the spinel formation. 

As far as the point concerning the form in 
which aluminium hydroxide is obtained (Bayerite or 
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Boehmite) once again we have to underline that the 
crystallographic phase of aluminium hydroxide de
pends on the starting salts and precipitation para
meters. Starting from chloride solution Bratton ob
tained mainly gibbsite ( See reference of Bratton 
above). D. Beruto et al. (D. Beruto, R. Botter, G. 
Giannetti, M. Giordani, G. Gusmano, E. Proverbio, E. 
Traversa, Proc. 1st Europ. Ceram. Soc. Conf., 18-23 
June, 1989, Maastricht) obtained mixture of gibbsite 
and bayerite or boehmite by changing starting salts, 
pH and precipitation temperature. 

R. St .C. Smart: The important results in this paper 
are the differences in decomposition processes and 
resulting structure from the A, Band C preparations. 
Please comment on the advantage and disadvantage 
of the final products in ceramics technology. 
Authors: The results presented in the paper clearly 
show that morphology, geometry and reactivity of 
the intermediate and final product are deeply af
fected by the preparation method. This can strongly 
influence the final properties of the Mg-Al spinel. 
Changing the precipitation procedure it is possible to 
lower the sintering temperature and in this way to 
tailor porosity and grain size. Thus the microstruc
ture of the sinterized spinel can be designed in 
view of the final application, for example as active 
element in a humidity sensor device. 

G. Bonifazi: Results reported in the paper demon
strate the importance of the process on the morphol -
ogy of the particles, anyway it seems that all the 
sample are characterized by a high degree of agglo
meration or by nonuniform distribution of the parti
cle size. Do the authors not think that much more 
attention should be given to the drying phase? 
Authors: The process of drying usually increases the 
degree of agglomeration and cause a strong adhesion 
to take place, but it is during the precipitation proc
ess that single particles take their size and shape 
and more particles stick togheter. The process of 
drying if properly designed, can save the structure 
of the wet precipitates. 

In addition to what you suggest, the size and 
shape of particles, as well as the adhesion between 
particles (mainly in the case of preparation of co
precipitates or mixed hydroxides), can be influenced 
by other precipitation parameters such as type of 
anions, pH, temperature, aging, etc. Tests on all 
these parameters and effect of different drying tech
niques are in progress in order to optimize the mor
phology (shape and size distribution) of the particles. 

G. Bonifazi: It is well know that the results of 
particles size analysis are greatly influenced by the 
techniques employed. It is not surprising that mer 
cury intrusion porosimetry cannot give information 
on the fine microstructure of the particles due to 
high pressure collapse of the structure. On the 
other hand SEM can give this information but cannot 
give detailed and statistically reliable information on 
the size distrubution of the particles. Would you not 
think that the use of SEM image analysis could 
greatly help in obtaining complete information on the 
morphological characteristics of the powders? 
Authors: Usually the analysis of SEM images is not 
considered a satisfactory method for characterizing 
porous bodies. Surface te x ture, in fact, is not nec 
essarily linked with three dimensional distribution of 
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pores in the bulk. However, when the particle sizes 
and shapes are to be determined, BET and mercury 
intrusion methodologies are indirect techniques as 
well. 

As far as the analysis of images is concerned, 
it is necessary to develop: 

1. a dedicated software for shape and size 
distribution calculations; and 

2. a proper technique of sample preparation. 
Both these aspects are being developed in our 

department. It is expected that a more comprehen
sive characterization of powder samples will be pos
sibled. In fact, our first results show an excellent 
degree of correlation between BET and shape/size 
distribution obtained by the means of computerized 
image analysis. These results will be presented in a 
further work when completed. It should also be 
pointed out that image analysis will be a very 
valuable technique, since the equipment to perform 
BET are very expensive and the duration of each 
measurements is very long. 

In our SEM image analysis procedure, images 
coming from the SEM are digitally recorded and 
subsequently analysed. It is possible to read the 
images in DOS compatible computers, lowering the 
cost of the overall equipment. 
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