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With the use of differential thermal analysis, X-ray diffrac- 
tion, and transmission electron microscopic techniques, we 
showed that y-A120s type spinel phase is solely responsible for 
the 980°C exotherm in the kaolinite-to-mullite reaction series. 
Transmission electron microscopic characterization indicated 
that the spinel formation is preceded by a phase separation in 
the amorphous dehydroxylated kaolinite matrix. Chemical 
analysis of the spinel phase by energy dispersive X-ray spec- 
troscopy revealed a nearly pure A1203 composition. 

I. Introduction 

H E  k a o l i n i t e  ( A 1 2 0 3 *  2 S i 0 2  - 2 H 2 0 ) - t o - m u l l i t e  T (3AlzO3 * 2Si02) reaction series has been the subject of various 
studies for nearly a century,' and still retains its active status as 
evidenced in most recent  publication^.^-' However, these studies 
have not resolved the questions concerning the issue of which 
phase formation is responsible for the exothermic reaction com- 
monly observed at around 980°C. 

The first step in the reaction series is the formation of an 
amorphous dehydration product identified as metakaolinitc 

Presented at the 37th Pacific Coast Regional Meeting of the American Ceramic 
Society, San Francisco, CA. October 30. 1984 (Basic Science Division, Paper 
No. 55-B-84P). Received October 27, 1986, revised copy received May 18, 1987; 
approved May 27, 1987. 

Supprrted by the Defence Advanced Research Projects Agency of the Department 
of Defence and monitored by the Air Force Office of Scientific Research under Grant 
No. AFOSR-83-0375 

'Member, the American Ceramic Society. 
*Now with Advanced Materials Division, Flow Industries, Inc., Kent, WA 98032. 
'Georgia Kaolinite (KGa-I), Georgia Kaolin Co., Elizabeth, NJ. 

(Al2O3.2SiO2) after an endothermic reaction at -550°C. In the 
next step, the formation of crystalline product(s) from this amor- 
phous intermediate phase results in a prominent exothermic reac- 
tion at =980°C. In most studies3-" dealing with this reaction 
series, the key issue has been the identification of the reaction 
product that results in this exothermic reaction. 

The reaction mechanisms proposed for the 980°C exotherm can 
be classified into two general groups. In the first group, the com- 
mon feature is the formation of a y-AlzO, type spinel phase and its 
association with the exothermic reacti~n.'-'.~.~."-'' The differ- 
ences reported are mainly concerned with the composition of the 
spinel phase and whether the mullite phase (through a parallel 
reaction) also contributes to the e ~ o t h e r n . ~ . ~ ~ . ~ ~  In contrast to these 
spinel-based models, the second group proposes the formation of 
mullite without any spinel phase.'"-" In view of the convincing 
evidence presented in recent s t u d i e ~ , ~ , ' ~ - ~ '  the validity of this sec- 
ond mechanism can now be disputed. 

With respect to the spinel-based mechanisms, however, two key 
problems still remain on the issues of (1) whether the spinel or the 
mullite phase is responsible for the exothermic reaction at 980°C 
and (2) how much silicon, if any, is present in the spinel phase. In 
this paper, we provide the answer to the first of these questions. Wc 
show that the spinel phase alone is responsible for the exothermic 
reaction. We also provide a partial solution to the second question, 
showing that this spinel contains <I0 wt% silica and is probably 
very close to being pure alumina. 

11. Experimental Procedure 

Well-crystallized kaolinite' was used in all our experiments. 
Based on chemical analysis and structural analysis by X-ray dif- 
fraction, 1.39 wt% Ti02 was identified as the main impurity." 
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Fig. 1.  A-rav diffraction ( ( A )  and (C))  and differential thermal anal\ 
((g) and @))'patterns of kaolinite after an isothermal heat treatme; at 
850°C for 1 d ((A) and (B) )  and 7 d ((C) and (0)). In the XRD patterns, 
pseudoanatase and spinel peaks are labeled as p and sp,  respectively. 

Differential thermal analysis (DTA)' studies were performed in air, 
at a heating rate of lO"C/min, up to 1250°C. In addition, iso- 
thermal heating studies were performed at various temperatures 
below the exothermic peak temperature for up to 7 days in a 
resistance-heated furnace. Phase characterization was performed 
by X-ray (CuKa j diffraction (XRD). Detailed descriptions of the 
experimental conditions related to XRD and DTA are given else- 
where. '' In situ beam-induced heating experiments in a trans- 
mission electron microscope (TEM)b and high-resolution electron 
microscopy (HREMj7 were pcrformed in order to observe the 
phase changes directly. Chemical analyses of the phases were 
performed by utilizing energy dispersive X-ray spectroscopy 
(EDS). ** Special powder samples were prepared by heat-treating 
the original kaolinite at temperatures below the 980°C exothermic 
reaction and by treating it with 10 wt% boiling NaOH solution at 
different periods of time up to 40 min. Amorphous silica-rich 
phase was dissolved during this NaOH treatment, allowing more 
accurate evaluation of the chemical composition of the spinel crys- 
tals which are not soluble under these conditions. The Cliff- 
Lorimer method" was used to obtain quantitative analysis of the 
X-ray spectra. Kaolinite was used as a standard in the deter- 
mination of kAI.S,. All data for quantitative analysis were acquired 
by tilting specimens 30" toward the detector. Data were acquired 
in a multichannel scaler set in the 10-kV range. SiK (at 1.74 kVj 
and A1K (at 1.48 kVj peaks were separated by using 250-eV energy 
windows. In all cases, powder samples for TEM characterization 

Du Pont YO0 theimal analyrei, E I. du Pont de Nemours & Co., Wilinington, DE. 
$Philips 400 EM. Philipr Electronics Inc., Mahwah, NJ. 
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were suspended on a holly carbon film attached on a 75-mesh 
Cu grid. 

111. Results and Discussion 

(1) Formation of Spinel Plrase 
XRD analysis of the DTA samples heated to or above the exo- 

thermic reaction temperature always indicated the formation of the 
spinel phase along with mullite. This concomitant existence of 
spinel with mullite led previous  investigator^^.'^"^ to the conclu- 
sion that both of these phases may be responsible for the exother- 
mic reaction. Therefore, in order to determine if the formation of 
these phases could be separated from each other, we isothermally 
heat-treated kaolinite at various temperatures lower than the exo- 
thermic peak temperature. In doing so, it was assumed that only 
one of the phases would be obtained at a given temperature and 
thus the contribution of this phase to the reaction would result in 
a decrease in the exothermic*peak intensity in a subsequent run. 

As expected, when kaolinite b a s  subjected to heat treatment at 
850"C, the spinel phase formed before mullite. Figures 1(Aj and 
(C j show the XRD patterns obtained after heat treatment for 1 and 
7 d at 850°C, respectively. After a 1-d heat treatment, only the 
formation of pseudoanatase, 2A120, 2Ti02. SiQt (labeled pj, and 
a large amount of an amorphous phase was otib&ed (Fig. l(A)). 
Our calculations indicated that the Ti02 impurity may result in the 
formation of 2.46 wt% pseudoanatase. A large amount of an amor- 
phous phase is also expected, because metakaolinite contains 
51.61 wt% SiOz and as explained below mdst of this component 
segregates as a silica-rich phase during the heat-treatment process. 
Extended (7-d) heatings at 850°C resulted in the development of 
the spinel phase without any mullite (Fig. l(C)). The DTA curves 
of these 1- and 7-d heat-treated samples are shown in Figs. 1(B) 
and ( D ) ,  respectively. A significant difference is observed between 
the two samples. While the exothermic reaction is observed in the 
DTA curve for the 1-d heat-treated sample (Fig. l(B)), it is com- 
pletely eliminated in the second DTA trace (Fig. ,I@)). In spite of 
the differences in the DTA curves, upon furthe; heating, mullite 
formation is observed to the same degree in both samples. How- 
ever, since mullite is formed through a diffusion-controlled reac- 
tion in the second case, its formation is not msily observed in the 
DTA trace (Fig. l(Dj). This behavior and the hformation obtained 
from the XRD analyses clearly lead us to conclude that the spinel 
phase alone is responsible for the exothermic reaction. 

Further evidence supporting this conclusion was obtained 
through beam-induced in situ heating experiments performed in a 
TEM. Although in the in situ experiments the exact temperature of 
the samples could not be mkasured, approximate temperature 
ranges could be determined through comparison of the micro- 
structures with those of ex situ ones. Three different characteristic 
stages were observed (Fig. 2). The bright-field (BF) image in 
Fig. 2(A) was taken after the dehydroxylation had started. The 
formation and growth of light-color patchy regions are interpreted 
to be associated with the loss of structural water. After the com- 
pletion of this dehydroxylation process, the structure was deter- 
mined to be amorphous by electron diffraction. The image in 
Fig. 2(B) was taken upon further heating, but to a temperature low 
enough so that crystallization would not occur. Careful inspec- 
tion of this figure reveals a structure similar to that obtained in 
spinodally decomposed systems. Further heating to a higher 
temperature first resulted in the growth of these phase-separated 
regions and then the formation of a crystalline phase took place. As 
revealed in the bright- and dark-field (DF) pairs Q€ Figs. 2(C) and 
( D ) ,  respectively, the size of the crystalline 
8 nm. Although we could not obtain isolatech&tron diffraction 
patterns, the analysis of the superimposed patterns indicated only 
the presence of a cubic spind type phase but not mullite. This 
observation then also supports the view that spinel and mullite 
phases do not form in parallel reactions. spinel formation takes 
place first, after a phase separation process in the metakaolinite. 

In order to unambiguously determine that the crystalline phase 
formed at the 980°C reaction belong tB a spinel phase, we at- 
tempted to grow larger spinel crystals on which electron micro- 
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Fig. 2. Morphological changes that take place in kaolinite during electron-beam-induced in situ heating experiments: ( A )  BF image 
revealing the microstructure during dehydroxylation; ( B )  microstructure of metakaolinite before the 980°C exothermic reaction; (C, D) BF 
and DF images, respectively, which reveal the spinel crystallites in an amorphous matrix. 

diffraction experiments would be performed to obtain isolated 
diffraction patterns. For this purpose, samples were externally 
heated at prolonged times (1 d) at temperatures near but below the 
exothermic reaction. As illustrated in the TEM images of Fig. 3, 
we were successful in growing the spinel grains to sizes larger 
than 100 nm. The bright-field (BF) image in Fig. 3(A)  from a cor- 
ner of a particle indicates variations in the structure resembling a 
contrast associated with a crystalline area. In fact, the correspond- 
ing dark-field (DF) image in Fig. 3(B) clearly reveals the morphol- 
ogy of the crystalline region which is surrounded by an amorphous 
phase at the edge of the particle. Microdiffraction patterns were 
received from this region by using an electron beam 40 nm (400 A) 
in diameter. The microdiffraction pattern in Fig. 3(C) corresponds 
to a ( 1  14)fcc zone axis orientation. The specimen was further tilted 
to another orientation, now near ( 122)f,, to unambiguously confirm 
thefcc structure of the spinel phase. Similar experiments were also 
performed on another spinel crystal (FeZnO,) which was used as 
a standard for comparison. 

The growth pattern of the spinel phase was evidenced from the 
high-resolution images taken at high enough magnifications to 

reveal the crystallographic planes of the spinel grains (Fig. 4). 
There are several image features worthwhile to describe here in 
studying the formation and the growth of the spinel phase at small 
scale. Firstly, in Fig. 4(A), two sets of MoirC fringes are revealed 
on the lower part of the micrograph, indicating that there are two 
thin layers of crystals situated on top of each other possibly with 
an amorphous layer in between. This indicates that spinel phase 
grows in layers within an amorphous structure. There is only one 
layer, however, near the edge of the particles as indicated by CF 
and LF (corresponding to cross fringes and lattice fringes, re- 
spectively) where the thickness of the region in the electron beam 
direcdon should be considerably small. Another important image 
feature$ the appearance of the very small regions, 1.5 to 4.0 nm 
in diameter (as indicated by black arrows), in Fig. 4(B). These 
small crystallites are forming in the amorphous matrix near the 
edge of the particles. They exhibit similar lattice spacing with the 
larger crystalktes, such as the region on the lower left of the same 
micrograph, where the phase front (indicated by fat arrows) ad- 
vances toward the small crystallites probably joining with them 
eventually and extending the spinel region all the way to the edge. 
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Fig. 3. 
patterns near (1  14)fcc and (122),c, zone axis orientations, respectively. 

Spinel phase grown at 5980°C for 1 d: ( A ,  B )  BF and DF images, respectively, revealing the morphology; (C, D )  microdiffraction 

(2) 
The observation of the spinel phase alone in an amorphous 

matrix, during in situ heating experiments, led us to design another 
experiment to answer the second question associated with the com- 
position of the spinel phase. In previous studiesl3-I6 the com- 
position of this phase was always determined through indirect 
analyses. However, direct compositional analysis is now possible 
by EDS in an analytical TEM if the spinel phase is physically 
isolated from the surrounding amorphous phase. For this purpose, 
the spinel-containing samples, which were produced by extending 
heating (7 d) at 85OoC, were treated with 10 wt% boiling NaOH. 
As a result, the bulk of the amorphous phase was leached out, 
gradually leaving the spinel crystallites intact (Fig. 5 ) .  Thesc 
figures are directly comparable with the images presented in 
Fig. 2(B). where the spinel phase was formed by beam heating. 

Composition of the Spinel Phase The original shape of the kaolinite crystals is still retained. Because 
of the leaching of the Si02-rich amorphous phase from the bulk of 
the platelets, the images exhibit a contrast resembling a porous 
structure.” Direct microanalysis was performed by EDS on the 
clusters of crystallites after different leaching times to measure the 
amount of A1 and Si from which the amounts of A1203 and SiOz 
would be calculated. Figure 6 illustrates the resutts of the analysis 
where the amount of SiOz is plotted with respect to leaching time. 
The analysis of this plot indicates that at extended leaching times 
(>25 min) the rate of leaching of SiOz approaches zero below 
10 wt% Si02.  It is important to point out that during the leach- 
ing process, the spinel crystals appeared to be unaffected vis- 
ually. Their XRD patterns were also not different compared to 
the unleached and 40-min-leached samples. This indicates that 
neither the particle size nor the composition of the spinel was 
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Fig. 4. High-resolution images of a sample heated at 5980°C for I d. Images (A )  and ( B )  were taken from regions I and 2,  respectively. 
of the crystal shown in the inset. In (A ) ,  two sets of Moir6 fringes (indicated by MFI  and M F 2 )  are shown suggesting layers of crystals. 
In regions indicated by CF (cross fringes) and LF (lattice fringes), there is only one layer. In micrograph ( B )  beyond the phase front 
(between the spinel and the amorphous matrix), there are small crystallites (patchy regions with cross fringes indicated by the black arrows 
near the edge) forming in the amorphous phase. 

Fig. 5. (A)  and ( B )  are BF images of the sample heat-treated at 850°C (1 week) and leached with NaOH to isolate the spinel phase. Images were taken 
under slightly underfocused condition to reveal small-scale crystals (dark contrast) and pores (light contrast) left after the removal of the matrix SiOz phase. 

changed through a possible reaction with the leachant. These direct 
microanalysis results clearly disprove the validity of the previ- 
ously reported AI-Si spinel models with significantly higher 
(>28 wt%) silica  content^.'^,'^ On the other hand, these leaching 
experiments do not eliminate the possibility that the spinel phase 
might actually contain < 10 wt% silica if the amount measured by 
EDS included some contribution from the surrounding (unleached) 
amorphous silica. 

It should be emphasized that as the leaching time is extended, 
the amount of Si02 left in the structure decreases, although less 
so as the leaching time i s  prolonged. The important question is 
whether this SiO, is in solution in the spinel phase or it is left 

between the spinel regions which are still intact. Assuming that 
treating with NaOH only affects the SiOz layer between the spinel 
grains but does not readily affect the layers trapped between the 
two spinel grains, we calculated the amount of silica, at a thickness 
of 0.25 nm. that may still be present between closely packed 
particles of 5 to 8 nm in size to be nearly 10 wt%. The close 
agreement between this calculated value and the amount deter- 
mined by EDS analysis then supports the view that the actual 
amount of silica could be <10 wt%. This argument is also sup- 
ported by the fact that by prolonged leaching treatment the amount 
of S O z  continuously decreases, although the rate is very small. 
In fact, as evidenced in some EDS experiments performed on 
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Fig. 6.  The amount of silica left in the spinel-containing specimen as a 
function of leaching time. The wt% silica was calculated from the amount 
of Si measured by using EDS analysis in the TEM. 

Fig* ’. 
is observed, and almost no Si is present in the structure. 

An energy dispersive X-ray spectrum received from a spinel 
formed in a sample heated in the vicinity of 980°C. Only the A1 peak 

occasional spinel particles suspended at the edge of the powders 
(similar to the ones shown in Figs. 4 and 5 ,  but now in the leached 
sample), we obtained EDS spectra which displayed only A1 peak, 
and a negligibly small Si peak (Fig. 7). 

IV. Conclusions 

The main conclusion of this work is that the 980°C exotherm in 
the kaolinite-to-mullite reaction series is caused by the formation 
of a spinel phase but not by the parallel formation of spinel and 
mullite as reported in previous s t ~ d i e s . ~ . ’ ~ . ’ ~  It is also concluded 
that this spinel contains not more than 10 wt% silica (if any). 
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