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27AI and 2~Si magic-angle spinning(MAS) nuclear magnetic resonance(NMR) and complementary 
X-ray diffraction (XRD) studies of carbothermal formation of sialons from kaolinite and halloysite 
confirm that the reaction involves the initial formation of mullite (3AI203.2SIO2) and amorphous 
silica. In the presence of carbon, Si-N bonds are formed at ~1200~ giving a continuum of 
silicon oxynitride compositions which become progressively more N-rich. These do not become 
sufficiently ordered to be detected by XRD until later in the reaction, when crystalline silicon 
oxynitride, possibly containing a little AI (O'-sialon) and x-phase sialon are formed, followed by 
lY-sialon. The O'- and x-phase sialons are transitory, but the I~'-sialon persists throughout the 
reaction. Si-O bonds survive the destruction of the mullite and persist throughout the reaction, 
especially with kaolinite starting material. The 2~Si MAS NMR results indicate that Si-C bonds are 
formed later in the reaction than previously suggested, the SiC phase behaving more like 
a secondary product than a transitory intermediate. AI-N bonds are not detectable by 27AI MAS 
N M R until very late in the reaction (after 8 h firing at 1 400 ~ and coincide with the appearance 
of the secondary product AIN. The implications for the carbothermal reaction sequence in 
kaolinite and halloysite are discussed. 

1. I n t r o d u c t i o n  
The generic term "sialon" covers a range of oxyni- 
trides of silicon and aluminium, which can have widely 
varying compositions and a number of different struc- 
tural types. Many of these compounds find applica- 
tions as high technology ceramics, for wear parts, 
cutting tools or special-purpose refractories. The [3'- 
series of sialons, which are isostructural with 13-Si3N4 
have been the most extensively exploited so far. These 
have the general formula 

Si6-=AI=O=N8-= 

where z can vary from 0 (corresponding to Si3N4) up 
to about 4.3. 

Of the number of methods available for the 
synthesis of 13'-sialon, carbothermal reduction of 
aluminosilicate minerals, accompanied by simultan- 
eous nitridation has the attraction of low raw mater- 
ials costs. Carbothermal production of sialon has been 
demonstrated from kaolinite [1], halloysite [2, 3], py- 
rophyllite [4] and montmorillonite [5]. 

Carbothermal reduction of clay minerals such as 
kaolinite involves a complex sequence of reactions, of 
which the most important steps are [3, 6]: 
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(a) Thermal breakdown of the clay into mullite and 
silica (cristobalite) at about 1300 ~ 

3AlzSi/Os(OH)4 --* 3A1203" 2SIO2 + 4SIO2 + 6H20 

mullite (1) 

(b) Conversion of the silica to silicon carbide at 
1300-1400 ~ 

4SIO2 + 12C --, 4SiC + 8CO (2) 

(c) Reaction of silicon carbide with mullite and 
nitrogen forming the highly aluminous x-phase sialon 
which further reacts to form ]Y-sialon 

3A1203"2SIO2 + SiC + N2 -* Si3AI6012N2 + CO 

mullite x-phase sialon (3) 

Si3A16OI/N2 + 3SiC + 3C + 4N2 

x-phase sialon 

2Si3A1303N5 + 6CO 

lY-sialon (4) 

The [3'-sialon is not necessarily the final sialon prod- 
uct; further reaction can result in the removal of Si and 
O, forming 15R sialon [3], one of several polytypoid 
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phases with layer structures related to A1N, of general 
f o r m u l a  S i 6 - x A l x  + y O x N y  + 8 - x .  

During the course of this reaction sequence, other 
phases may also be formed, depending on the impurity 
content of the starting materials or the processing 
conditions. Thus, the presence of iron impurities 
which facilitate SiC formation, also promotes the 
formation of Si3N4 and A1203 at the expense of sialon 
[-3]. The formation of Si3N4 can be suppressed by low 
nitrogen flow rates which help to maintain higher CO 
concentrations over the reactant bed [7]. 

Although X-ray powder diffraction continues to be 
the primary technique for investigating these reaction 
sequences, 29Si and 27A1 solid-state NMR with magic- 
angle spinning (MAS NMR) has recently proved cap- 
able of providing useful complementary information 
about related thermal reactions in clay minerals [8]. 
T h e  2 9 S i  and 27A1 NMR spectra have also been re- 
ported for a number of phases encountered in the 

T A B L E  I Previous ly  repor ted  298i and  2VA1 MAS N M R  chemical  

shifts for the var ious  phases  l ikely to be encountered  in the carbo-  
the rmal  reduct ion  of kaol ini te ,  z9si chemical  shifts quo ted  with 

respect  to TMS, ZTAI shifts referenced to AI(H20)~ +. Resonances  

listed in decreas ing order  of in tensi ty  

Phase  Chemica l  shift (p.p.m.) References 

298i 

Mul l i te  - 86 11 

Mul l i te  - 87.5, - 91 to - 94 12 

Mul l i te  - 86.8, - 90(sh), - 94.2 13 

or-SiC - 13.9 to - 14.9, 

- 20.2 to - 20.8, 
- 24.1 to - 24.9 14, 15, 16 

[3-SIC - 16.1 to - 18.5 14, 15, 16, 17 

[Y-sialon - 48 18 

[3'-sialon - 47.6 to - 48.4 23 

O ' -s ia lon  - 60.9 to - 61.5, 23 
- 48.4 to - 48.9 

A1N - 48.1, - 36 19 

po ly typo id  
A1N - 4 9 ,  - 3 0 t o  - 3 5  20 

po ly typo id  

ct-SiaN, - 4 7 t o  - 4 8 ,  - 4 8 t o  - 4 9 . 7  18, 20 

~-Si3N4 - 46.4, - 47.3, - 48.1 17 

~-Si3N 4 - 48.4 to - 49 17, 18, 20 

S i 2 N 2 0  - 63 18 

27A1 

Mul l i t e  48, - 8 12 

Mul l i t e  42.2-48.3, 56.6-66.1, 
3.5 to - 9.1 13 

x-phase  
s ia lon 66.9, 0.8 19 

13'-sialon 66, 103-109, 4 21 
]3'-sialon 69.1, 106.6-112.5, - 6 .6-10 23 

O ' -s ia lon  64.7, 2.3 23 

A1N 108.2-110, 0 - 1 3  19, 20, 22 

po ly typo id  

A1N 113 21 

A15OsN 12, 65, 114 21 

(approx.) 

reaction sequence (Table I), and a brief study has 
indicated the potential of MAS NMR in following the 
progress of sialon formation in halloysite [9], and for 
shedding light on the intermediates formed during the 
formation of ~'-sialon from organosilicon polymers 
[10]. The present paper reports a 2 9 S i  and 27A1 MAS 
NMR study of the carbothermal reaction sequence of 
kaolinite and halloysite to form sialon. 

2. Experimental procedure 
The clay starting materials were BDH (British Drug 
Houses) "light" kaolinite and New Zealand China 
Clays halloysite, w i t h  chemical compositions as 
shown in Table II. X-ray powder diffraction shows 
both clays to be reputable, well crystallized materials, 
with the additional S i O  2 c o n t e n t  of the halloysite 
present as cristobalite. 

Reaction mixtures containing 25 wt % carbon (De- 
gussa lampblack 101) were ball-milled in hexane for 
17 h using ZrO2 balls to minimize iron contamination 
as far as possible. The mixture was then extruded into 
2 mm diameter rods and fired in small alumina cru- 
cibles in a laboratory electric tube furnace at temper- 
atures ranging from 1100 to 1400 ~ for 10 min, and at 
1400~ for times ranging from 10 rain to 24 h. The 
firing atmosphere was oxygen-free nitrogen (flow rate 
150mlmin-1), further purified by passing through 
a catalytic converter. After cooling under nitrogen, 
the samples were crushed and examined by X-ray pow- 
der diffraction using a Philips PW1700 computer- 
controlled diffractometer with CoK= radiation and 
a graphite monochromator. In addition to the identi- 
fication of the phases present, semi-quantitative esti- 
mates of their relative concentrations were made from 
the peak heights of the following X-ray reflections: 
mullite (JCPDS file No. 15-776), 0.34 nm; 13'-sialon 
(25-1492), 0.666 rim; O'-sialon (33-1162), 0.444 nm; 
x-phase sialon (35-23), 0.364 nm; cristobalite 
(11-695), 0.407 rim; A1N (25-1133), 0.270 nm; [3-Si3N4 
(33-1160), 0.266 rim; SiC (29-1129), 0.155 nm. These 
reflections represent the most intense peaks in all 
phases except [Y-sialon and SiC, in which interference 
from other phases made it necessary to use a less 
intense peak, which was scaled to the major peak 
height for consistency. Small variations in the peak 
positions of JY-sialon and ~-Si3N4 were observed, the 

T A B L E  I I  Chemica l  compos i t ion  of the clays used, by X R F  

(analyst:  J. Hun t )  

E lement  Kaol in i t e  (wt %) Hal loys i te  (wt %) 

A120 3 37.8 34.41 
SiO 2 46.2 51.3 
E e 2 0  3 0.45 0.14 

T iO 2 0.03 0.09 
C a O  < 0.01 < 0.01 

M g O  0.35 < 0.04 

K 2 0  0.75 0.05 

N a 2 0  0.14 < 0.09 
P205  0.21 0.11 
L O I  13.14 13.34 

Tota l  99.08 99.58 
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former due to changes in the z-value of the sialon 
during the reaction, the latter indicating the incorp- 
oration of some A1 into the silicon nitride. For samples 
containing mullite, detailed measurements were made 
of the mullite unit cell dimensions, correcting the 
measured angular spacings by use of a silicon 
standard. 

The 27A1 MAS NMR spectra were obtained at 
11.7 T using a Bruker AMX 500 and a Varian Unity 
500 spectrometer at a frequency of 130.3 MHz. A Doty 
high-speed MAS probe was used, at spinning speeds of 
up to 12.2 kHz and a 15 ~ pulse of 1 gs with a recycle 
time of 1 s. The 298i spectra were obtained on the 
Unity 500 spectrometer at spinning speeds of about 
8 kHz, with a 90 ~ pulse and 300 s recycle time to 
accommodate the long relaxation times encountered 
in some of the sialon and carbide phases. The 27A1 
chemical shifts were measured with reference to A1C13 
in a 1 M aqueou s solution, and the 298i shifts were 
referenced to tetramethylsilane (TMS). 

3. R e s u l t s  and d iscuss ion  
3.1. X-ray diffraction of phases formed 

in sialon reaction mixtures 
The appearance and disappearance of the various 
phases in kaolinite and halloysite reacted in carbon 
with nitrogen under the present experimental condi- 
tions, based on the X-ray results, is shown semi- 
schematically in Figs 1 and 2, respectively. 

The phase formed initially in both clays is mullite 
(3A1203'2SIO2), the concentration and crystallinity of 
which increases from 1100 ~ (the lowest temperature 
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Figure l Semi-quantitative representation of the phases detected by 
XRD in kaolinite-carbon mixtures fired in nitrogen at 1400 ~ for 
various times. 
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Figure 2 Semi-quantitative representation of the phases detected by 
XRD in halloysite-carbon mixtures fired in nitrogen at 1400 ~ for 
various times. 

samples studied here), reaching its maximum at the 
final reaction temperature of 1400~ The unit cell 
parameter of this mullite varied little above 1300~ 
(the lowest temperature at which the phase was suffi- 
ciently crystalline for measurements to be made). 
From the relationship of Cameron [24], the composi- 
tions of these mullites were estimated to be 59- 
64 wt % A1203, in the range of the normal 3:2 mullite 
composition. 

No cristobalite was formed in any of the kaolinite 
samples; the cristobalite in the halloysite samples was 
present in the starting material, and was progressively 
consumed during the reaction (Fig. 2). A considerable 
amount of X-ray amorphous silica occurred in the 
early stages of the reaction, as evidenced by the pro- 
nounced curvature of the diffraction background 
which disappeared only after firing for 2 h at 1400 ~ 

The mullite progressively disappears over the first 
4 6 h of reaction at 1400~ with the concomitant 
formation of O'-sialon and x-phase sialon (Figs 1 
and 2). The O'-phase is essentially a silicon oxynitride, 
which may have a small amount of added A1. Its 
composition can be written as Si2-xAlxNz-xOl+x, 
where x can typically range from 0.04 to 0.28 [23]. 

13'-sialon first appears a little later than the 
O'-phase, but is more persistent than either of the 
transitory O'- and x-phases, becoming the major sia- 
lon phase after about 8 h firing at 1400 ~ At longer 
reaction times, it too decreases slightly in concentra- 
tion, with an increase in A1N (not an A1N polytypoid 
sialon as might have been expected) and silicon ni- 
tride, which probably contains a small amount of A1, 
on the basis of the slight shift observed in the 0.266 nm 
peak. 
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Silicon carbide could be confidently identified in 
halloysite only after 2 h reaction (Fig. 2), but in kao- 
linite there is clearer evidence of a small SiC diffrac- 
tion feature at 0.155 nm after 10 min reaction (Fig. 1). 
Although the detection of silicon carbide in kaolinite 
reacted for 10 min could not be confirmed by NMR 
(see below), the delayed appearance of SiC in hal- 
loysite is consistent with the NMR findings, and is 
contrary to previous suggestions [6,1 that [3-silicon 
carbide is one of the earliest phases to be formed. The 
amount of silicon carbide formed in kaolinite reaches 
a maximum after about 2 h reaction (Fig. 1), and 
rather later in halloysite (Fig. 2). Thereafter, the sil- 
icon carbide concentration decreases slowly with reac- 
tion time, but continues to be present in significant 
amounts over the timescale of the present experi- 
ments. The eventual fate of the additional silica in the 
halloysite is not clear from Fig. 2; it does not appear to 
contribute to silicon carbide formation, which is less 
marked in halloysite than in kaolinite, but may con- 
tribute directly to the greater amount of 13'-sialon 
formed, or be removed in the vapour phase as 
SiO.No A1N polytypoid sialon or A1203 was observed 
under the present reaction conditions. 

3.2.  N M R  s p e c t r o s c o p y  o f  t h e  r e a c t i o n  
m i x t u r e s  

3.2. 1. 27AI NMR 
Typical 2VA1 NMR spectra of halloysite samples carbo- 
thermally reacted at 1400~ for various times are 
shown in Fig. 3. 

The spectra of the kaolinite samples are essentially 
similar to those of halloysite. The samples fired at 

(a) " ~  

0.6 

(b) 

1.0 53.5  

(d) 

8.3 

1 13.3 

I I I I I I 

150 100 50 0 -50  -100  

27AI chemical  shi f t ,  (3 (p.p.m.) w.r . t .  AI (H20)~ + 

Figure 3 27AIMASNMR spectra of halloysite-carbon mixtures 
fired in nitrogen at 1400 ~ for: (a) 10 min, (b) 1 h, (c) 2 h, (d) 4 h, 
(e) 8 h, (f) 16 h. * Denotes spinning side band. 
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times up to 4 h  show both an octahedral and a 
tetrahedral feature at 0 5 p.p.m, and 56-64 p.p.m, re- 
spectively. These spectra agree broadly with a recently 
published mullite spectrum [13,1, and confirm the 
X-ray observation of mullite as the sole crystalline 
phase in these samples. The octahedral peak shows 
marked asymmetry in all these samples, probably due 
to electric field gradient (EFG) effects on the spin 5/2 
nucleus. Some asymmetry is also visible in the tet- 
rahedral peak, and appears to be due to the presence 
of another resonance at about 45 p.p.m.; this was also 
reported in the most recent mullite spectra, and at- 
tributed to A1 in sites of tetrahedral symmetry, but 
co-ordinated by only three oxygen atoms (sites desig- 
nated as AI* E13]). The presence of the two tetrahedral 
resonances is more clearly revealed by fitting Gaus- 
sian peaks to the spectra (Fig. 4). 

This procedure shows that at temperatures 
> 1300 ~ the total proportion of tetrahedral A1 re- 

mains essentially constant at about 58%; and of this, 
the proportion of trico-ordinated AI* also remains 
essentially constant at about 20-25% over this tem- 
perature range. The proportion of aluminium in 
tetrahedral environments is similar to the value for 
sintered synthetic mullite, estimated to be 52-53% 
from the published spectrum [13,1 obtained under 
identical conditions to the present work (11.7 T, spin- 
ning speed 12 kHz). 

The X-ray powder pattern of halloysite heated at 
1400 ~ for 4 h indicates the presence of x-phase sia- 
lon, mullite and lY-sialon (Fig. 1). The reported 2VA1 
NMR spectra of x-phase sialon [19] and lY-sialon 
[21, 231 both contain octahedral and tetrahedral res- 
onances of similar chemical shift to those of mullite 
(Table I), which may account for the apparent lack of 
change in the 27A1 NMR spectrum (Fig. 3d). However, 
the 4 h  spectrum contains no evidence of the 
diagnostic [3'-sialon peak at 103 p.p.m. [21, 23]; the 
reason for this is not clear, but is possible that the 
resonance in [3'-sialon in its early stages of formation 

( 
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27AI chemical shift, (3 (p.p.m.) w.r.t. AI(H20)~ + 

Figure 4 Peak fitting of a typical 27A1 MAS NMR spectrum (hal- 
loysite-carbon in nitrogen, 4 h at 1400 ~ (a) Observed spectrum, 
(b) spectrum synthesized from indicated peaks. 



could be broadened beyond detection due to distor- 
tion in the A1 sites bonded to nitrogen. 

Heating at 1400 ~ for 8 h causes a dramatic change 
in the 27A1 spectrum (Fig. 3e), with the appearance of 
a major new peak at 113 p.p.m., which is particularly 
strong in the kaolinite sample. Since peaks in this 
region are due to A1 bonded to N, this is consistent 
with the appearance of significant concentrations of 
A1N in these samples. The presence of [3'-sialon is 
indicated in both the kaolinite and halloysite samples 
by resonances at 64 and 4-8 p.p.m., in good agree- 
ment with published peak positions of 66 and 4 p.p.m. 
[18, 23]; the other lY-sialon peak at 103-109 p.p.m. 
could be masked by the broadness of the 113 p.p.m. 
peak of A1N. These spectra are broadly similar to 
those reported by Neal et al. [9]. 

After heating for 16 h, the intensities of the lY-sialon 
peaks at 64 and 4 p.p.m, are reduced almost to extinc- (d) 
tion in halloysite, but are still strongly present in 
kaolinite. The A1N resonance at 113 p.p.m, is strength- t__a._ 
ened in halloysite, in agreement with the X-ray trace of 
this sample. These results suggest that the intensity of 
the [Y-sialon spectrum is much less than that of A1N, 
or, alternatively, there is considerably less lY-sialon in 
these samples than indicated by the X-ray data. An- 
other important result is the apparent insensitivity of 
MAS NMR to the precursor sialon phases O'- and 
X-phase; these phases have A1 resonances at about 48 
and 62 p.p.m., coinciding with the two tetrahedral 
mullite resonances. The eTA1 NMR spectra of samples 
reacted for 2-4 h containing all three phases are essen- 
tially similar to less-reacted samples containing only 
mullite, even with respect to the relative proportions 
of the resonances at about 45 and 60 p.p.m. This lack 
of change in the AI spectra until the appearance at 
a late stage of A1N-type structures was attributed by 
Neal et  al. [9-] to a lack of participation by A1 in the 
structure of the [3'-sialon initially formed. Such an 
Al-free ~'-sialon seems unlikely in view of the X-ray 
results for this phase as initially formed, which indi- 
cate z-values of approximately 1.8. An alternative, but (b) 
related, explanation is that the A1 content of the [3'- 
sialon is initially associated with the oxygen structure, a N~t~L 
with well characterized A1-N bonds being formed " ~  "] 
only later in the reaction. 

In summary, the usefulness of the 27A1 MAS NMR 
spectra in exploring the carbothermal reaction se- 
quence is limited by their inability to distinguish be- 
tween the various sialons and their precursor mullite 
phase, which all have resonances in the same general 
regions. Tile problem is compounded by the appear- 
ance of the diagnostic A1-N resonance relatively late ~ ' 1 O0 50 
in the reaction. 
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Figure 5 29Si MAS NMR spectra of kaolini te-carbon mixtures 
fired in nitrogen at 1400 ~ for: (a) 10 min, (b) 1 h, (c) 2 h, (d) 4 h, 
(e) 8 h, (f) 12-16 h, (g) 24 h. * Denotes spinning side band. 
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3.2,2. 29Si NMR 
Typical 29Si NMR spectra of kaolinite and halloysite 
heated with carbon in nitrogen at 1400 ~ for varying 
times are shown in Figs 5 and 6, respectively. 

The spectra of samples heated for up to I h contain 
two principal broad features; the resonance a t - 1 0 8  
to -113 p.p.m, results from the silica which occurs as 
a by-product of mullite formation, and also from the 

Figure 6 298i MAS N M R  spectra of ha l loys i te -carbon mixtures 
fired in ni t rogen at 1400 ~ for: (a) 10 rain, (b) 1 h, (c) 2 h, (d) 4 h, 
(e) 8 h, (f) 16 h. 

cristobalite in the halloysite, which makes this chem- 
ical shift slightly more negative (Figs 5a and 6a). The 
29Si peak at about - 8 9  p.p.m, is the principal mullite 
resonance [13]. The secondary mullite resonances at 
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- 9 0  and -94.2p.p.m. probably occur under the 
broad, unresolved mullite envelope. The peak at about 
- 18 p.p.m, which is seen in kaolinite after 1 h firing 

(Fig. 5b) is diagnostic of SiC [14-17]; this peak ap- 
pears in the halloysite samples only after firing for 2 h 
(Fig. 6c). 

There is evidence of a very broad shoulder extend- 
ing from about - 60 to - 80 p.p.m. (Fig 5a, b and 6c) 
which may arise from a continuum of silicon oxy- 
nitride species tending towards the more oxygen-rich 
compositions. After 2 h heating, this oxynitride reson- 
ance at - 67.4 p.p.m, is more apparent, particularly in 
the kaolinite sample (Fig. 5c), and the mullite and 
silica resonances have been replaced by a very broad 
feature centred at - 9 0  to - 9 3  p.p.m. (Figs 5c and 
6c), similar to a resonance sometimes observed in 
sialon precursors obtained by heating organometallic 
derivatives (M. R. Mucalo pers. comm.), and probably 
arising from an ill-defined mixture of largely silicon- 
oxygen compounds including elements of mullite 
structure, which is still strongly in evidence in the 
XRD traces of both kaolinite and halloysite. A similar 
z9si resonance was also found, together with a strong 
SiC resonance in the spectrum of the X-ray amorph- 
ous felt-like material deposited during sialon forma- 
tion in the cool parts of the tube at the gas exit end; the 
A1 in this material was almost exclusively tetrahedral 
(8 = 53.5 p.p.m.). It is worth noting that the 29Si NMR 
mullite resonance at -94.2 p.p.m, has been tenta- 
tively assigned to Si atoms in an environment in- 
fluenced by the presence of trico-ordinated A1-O in 
distorted tetrahedral sites [13]; the development of 
this peak may, therefore, reflect the dominance of this 
type of A1/Si ordering as sialon formation proceeds. 

The resonance which develops at -49p.p .m.  
(Figs 5d and 6d) is common both to sialons and sil- 
icon nitride, but probably arises in these samples from 
the x-phase sialon which is seen by XRD to be at its 
maximum concentration (Fig. 2). After 4 h heating, 
SiC is strongly visible in both kaolinite and halloysite, 
in the broad resonance at - 18 p.p.m. The other res- 
onance at about - 4 8  p.p.m, indicates a mixture of 
sialons (predominantly 13'), while the persistence of 
more highly oxygenated phases is indicated by the 
broader peaks at about - 9 0  to -104  p.p.m. These 
oxygenated species are present in kaolinite even after 
24 h heating, but have disappeared from halloysite 
after 16 h heating (Fig. 6f). 

In both kaolinite and halloysite heated for 16 h, 
a major phase visible in the NMR spectrum is 
[3'-sialon, the resonance of which coincides with that of 
Si3N4 also known by XRD to be present in these 
samples. NMR indicates the presence of greater 
amounts of SiC and oxygenated Si species in kaolinite 
than in halloysite, suggesting that even after 24 h heat- 
ing, the reaction in kaolinite has produced different 
products, possibly resulting from a different reaction 
path. 

In summary, the z9Si MAS NMR spectra com- 
plement the XRD view of the reaction sequence by 
providing the following additional information: 

1. In the early stages of the reaction, the environ- 
ment of the mullite silicon changes, adopting a range 
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of local geometries which may, however, become in- 
creasingly dominated by the presence of oxygen va- 
cancies. 

2. At the same time, a range of silicon oxynitride 
compositions is formed, predominantly oxygen-rich, 
but possibly also containing small amounts of A1. 

3. Long after the disappearance of mullite from the 
XRD record, traces of oxygenated silicon species are 
still detectable by NMR. 

29Si MAS NMR does not provide information 
about the following aspects of the reaction, which are 
best elucidated by XRD: 

1. The final products ([Y-siMon and 13-silicon ni- 
tride) cannot be differentiated in these samples by 
NMR. 

2. XRD appears to be more sensitive to the early 
presence of SiC, especially in kaolinite. 

3.3. The pre-sialon reactions 
As a part of this study of the structural factors in- 
fluencing the formation of sialons at higher temper- 
atures, the phases formed in the clays both in the 
presence and absence of carbon were investigated at 
temperatures between 1100-1400 ~ In this temper- 
ature range, the principal phase is mullite, with 
amorphous silica also distinguishable as a hump in the 
XRD trace. Below 1300~ the mullite is not suffi- 
ciently crystalline to make unit cell measurements, but 
above 1300~ the cell parameter is consistent with 
mullite containing about 60 tool % A1203, i.e. 3 : 2 mul- 
lite. The 27A1 NMR spectra are consistent with mullite 
(Fig. 4), and, as previously described, can be fitted by 
two tetrahedral peaks (regular 4-co,ordinated A1 and 
AI*) and one octahedral peak. Fig. 7 shows the rela- 
tive occupancy of  these three sites as a function of 
temperature for halloysite, calculated from the relative 
intensities of the fitted peaks. 

Fig. 7 shows that the presence of carbon has 
little effect on the formation of the Al* sites (8 =43-  
47 p.p.m.), nor on the octahedral A1 sites (8 = -  
0.2-7.6 p.p.m.), which decrease in population as the 
AI* sites develop. In the presence of carbon, the "nor- 
mal" 4-co-ordinated A1 site population (8 =60-  
65 p.p.m.) remains unchanged; whereas in the absence 
of carbon, the population of these sites decreases in 
tandem with that of the octahedral sites (Fig. 7). Thus, 
the principal effect of carbon on the aluminium com- 
ponent is to promote the formation of a mullite with 
relatively more 4-co-ordinated A1 and relatively less of 
the typical mullite-like AI*. The effect of this on sub- 
sequent sialon-forming reactions is unclear, since the 
proportions of both tetrahedral species remain ap- 
proximately constant during sialon formation at 
1400~ 

The 29Si NMR spectra of all the lower-temperature 
samples show the typical mullite and silica resonances. 
By fitting peaks to these spectra, the partitioning of Si 
between these phases can be calculated from the rela- 
tive peak intensities. This indicates an increase in 
mullite at the expense of the silica with increasing 
temperature (Fig. 8). 
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without carbon, fired in nitrogen at various temperatures, deduced 
from peak-fitted ZTA1 MAS NMR spectra. 
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Figure 8 Relative Si content of various phases formed from hal- 
loysite (a) with and (b) without carbon, fired in nitrogen at various 
temperatures, deduced from peak-fitted zgsi MAS NMR spectra. 

Fig. 8 shows that the number of mullite-type silicon 
resonances formed with increasing temperature is es- 
sentially unaffected by the presence of carbon, but the 
loss of the SiOz resonances is significantly more 
marked in the presence of carbon. The balance of the 
Si in these samples occurs in a broad band centred at 
about -67 to -73 p.p.m., assigned provisionally to 
a continuum of silicon oxynitride species having 
a range of nitrogen contents. The presence of carbon 
apparently facilitates the formation of the necessary 
Si-N bonds at relatively low temperatures; a similar 
feature begins to appear in the carbon-free samples 
only at 1400 ~ (Fig. 8b). Thus, the initial stages of 
sialon formation involve disruption of the silicon 
structure rather than the aluminium, with the forma- 
tion of Si-N bonds which were hitherto unsuspected 
because they are not associated with crystalline 
phases. The formation of Si-C bonds, which has until 
now been postulated as occurring at an early stage in 
the reaction sequence, is detected by 29Si NMR in 
these samples at a later stage, becoming visible in 
kaolinite and halloysite only after reaction at 1400 ~ 
for 1 h and 2 h respectively (although X-ray diffraction 
suggests the presence of a small amount of SiC in 
kaolinite after 10 rain reaction). 

3.4. Implications for the reaction sequence  
Both the NMR and complementary XRD results sug- 
gest, under the present reaction conditions, a more 
complex sequence of reaction intermediates and prod- 
ucts than those previously suggested (Equations 1-4). 
The principal stages in the reaction (which can vary in 
sequence with the mineralogy of the reactant) can be 
approximately represented as follows: 

1. Formation of mullite and amorphous silica: 

3 A l z S i z O s ( O H ) 4  --* 3A1203 '2S IO2  + 4SIO2 + 6HzO 

mullite (5) 

2. Formation of silicon oxynitrides progressively 
richer in nitrogen, under the reducing influence of the 
carbon: 

2SIO2 + 3C + N2 ~ Si2N20* (6) 

3. Formation of x-phase sialon and 13'-sialon from 
mullite: 

2(3A1203" 2SIO2) + 12C + N2 

mullite 

-~ Si3A160~zN5 + 6A1N + SiO2 + 12C 

x-phase sialon (7) 

Si3A16Oa2N2 + 3Nz + 9C 

x-phase sialon 

Si3A1303N5 + 2A1N + 9CO 

13'-sialon (8) 

4. Formation of SiC: 

SiO2 + 3C ~ SiC + 2CO (9) 

* This phase may contain some aluminium (e.g. O'-sialon), suggesting that its origin is not solely amorphous silica as implied here. 
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5. Formation of Si3N4: 

3SiOz + 6C + 2Nz ~ Si3N~ + 6CO (10) 

Under the present reaction conditions, the differ- 
ences in the apparent sequence of these reactions in 
kaolinite and halloysite may arise from variations in 
the reactions, e.g. the earlier appearance of SiC and 
SiaN 4 in the kaolinite samples may result from the 
formation of these phases in kaolinite directly from 
SiO2 (Equations 9 and 10), rather than from x-phase 
sialon, as might occur in halloysite: 

2Si3A16012 + 7Nz + 27C --, Si3N 4 + 3SiC 

+ 12A1N + 24CO (11) 

The chief mineralogical difference between the present 
halloysite and kaolinite is the additional silica (cris- 
tobalite) in the former, which could react according to 
Equations 8 and 9. Cristobalite disappears after 4 h 
firing, by which time substantial SiC is detectable in 
the halloysite samples by NMR and XRD. By con- 
trast, in kaolinite, which does not contain the addi- 
tional silica, substantial SiC formation is detected by 
NMR after only 1 h, and even earlier by XRD. If the 
reasons for the differences between the kaolinite and 
halloysite are related to the additional silica, they are 
not clear from the present results. 

4. Conclusions 
Generally, the solid-state MAS NMR and X-ray dif- 
fraction data agree on the course of the reaction 
sequence involved in the carbothermal synthesis of 
sialons from kaolinite and halloysite. The two tech- 
niques provide complementary information; unlike 
XRD, 27A1 MAS NMR is not particularly helpful in 
distinguishing between the various sialon phases, 
because these have similar resonances which also 
coincide with the two tetrahedral resonances of the 
preceding mullite phase. A similar drawback is found 
with z9si MAS NMR, which cannot differentiate be- 
tween lY-sialon and [3-silicon nitride (both of which 
occur in the product assemblage, according to XRD). 

However, MAS NMR provides information about 
aspects of the reaction which are not apparent from 
XRD, namely: 

1. In the very early stages of the reaction (mullite 
formation) below 1300 ~ the presence of carbon in 
the reaction mixture leads to the formation of a lower 
concentration of trico-ordinated AI* sites associated 
withoxygen defects. 

2. In the presence of carbon, the first Si-N bonds 
are formed at very low temperatures (1200 ~ these 
are initially associated with a range of non-crystalline 
oxynitride compositions which progressively become 
more nitrogen-rich. In the absence of carbon, the 
appearance of these phases is delayed until 1400 ~ 

3. Si-O bonds persist in the reaction mixtures long 
after the disappearance ofmullite, especially with kao- 
linite starting material. The chemical shift of these 
Si-O units suggests a configuration similar t o  Q 3  

(tetrahedral silicate units with three bridging oxygens 
shared between two tetrahedra), with which A1 may 
also be associated. 

4. Si-C bonds appear later in the reaction sequence 
than would be expected from previous work (Equa- 
tion 2). This is especially clear for halloysite, but even 
in kaolinite, in which a trace of SiC can be distin- 
guished by XRD after 10 min reaction, the diagnostic 
29Si spectrum of SiC appears only after heating for 
1 h. Under the present reaction conditions, SiC ap- 
pears to behave more as a secondary product than 
a short-lived transitory intermediate. 

5. The A1-N bonds are the last to form, appearing 
under the present conditions only after 8 h firing at 
1400 ~ long after the detection of sialon phases by 
XRD. The absence of the diagnostic 27A1 resonance of 
lY-sialon suggests that at shorter reaction times, the 
A1-N portion of the lY-sialon is not established even 
though XRD indicated that the phase is present. At 
longer reaction times, the A1-N resonance of [Y-sialon 
may be masked by the broader and more intense A1N 
resonance. 
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