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Abstract

Reaction mixtures of halloysite clay and fine carbon for carbothermal reduction and nitridation (CRN) syntResisda@f were ground in
a planetary ball mill under flowing nitrogen for varying periods before being converted to sialon by heating in nitrogen at 1200-A#80
4 h grinding the XRD reflections of the halloysite were destroyed and some of the octahedrally-coordinated Al was converted to four- and
five-fold coordination?’Al and 2°Si MAS NMR gave no evidence of the formation of-A\ or Si-N bonds upon grinding. Upon subsequent
heating in nitrogen, the ground samples show significant differences from the unground control, the intermediate compound mullite being
replaced by3-sialon ¢ ~ 2) a temperature at least 100 lower, but the formation of corundum+{Al ,03) also occurs at a lower temperature
and is more persistent than in the unground control. MAS NMR spectroscopy shows that the products from the ground mixtures contain
relatively less A-O—N units and that the formation of SiC (a transient reaction intermediate) is also facilitated by grinding. The optimum
grinding time for this system was found to be 12 h.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction by adjusting the composition of the reaction mixture with
additional alumina or silica. Carbothermal synthesis of
B-Sialon is a silicon aluminium oxynitride compound B-sialon ¢=3) from kaolinite clay can be represented by
isostructural withB-silicon nitride. This structure is sta- the overall equation:
ble over a range of compositions which can be written as
Sig_.Al.O.Ng_. for values ofz from 0 (representing pure  3Al2Si05(OH)s + 15C + 5Ny
Si3N4) tq abou_t 4.3B—Sialon has e.ngineering properties and — 2SigAl303N5 + 6Hp0 1 +15CO71 ... 1)
applications similar to those @-Si3Ng4, but has the advan-
tage that it can be tailored to particular applications by ma- |n common with the production of all high-performance
nipulation of its aluminium content. advanced ceramic materials, the synthesis of the sialons is
One of the most versatile of the synthesis methods for energy-intensive and methods for lowering the processing
B'Sialon is the carbothermal reduction and nitridation (CRN) temperature have been sought_ One possib|e method is
of a clay mineral such as kaolinite or halloysite which mechanochemical processing (high-energy grinding) of the
the clay is mixed with finely powdered carbon and heated reactants. A previous stuéijhas shown that a number of
at >1400C in flowing purified nitrogen. TheB-sialon  sjalon compounds including-sialon can be prepared from
prOdUCQd thus from kaolinite has an eXpe(iedilue of 3, appropriate mixtures of the Component Compound§|\{$i
but compounds with othervalues can readily be obtained  sjo,, AIN, Al,03) at temperatures at least 200 lower if
the mixtures are mechanochemically activated before being
* Corresponding author. Fax: +64 4463 5237. heated in nitrogen. Since the temperatures involved are high
E-mail address: kenneth.mackenzie@vuw.ac.nz (K.J.D. MacKenzie).  (>1600°C) and the products contain a mixture of different
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sialon types, this is not a particularly favourable route for  27aA|: Spectrometer frequency 130.224 MHz using asl
sialon synthesis, even when facilitated by mechanochemical (r/10) pulse for solution with a 1 s delay, spectra referenced
activation. to Al(H20)6>*.

The aim of the present study was to determine whether 295j: Spectrometer frequency 99.926 MHz using ps6é

mechanochemical activation of precursor mixtures for car- (7/10) pulse with a 100 s delay, spectra referenced to tetram-
bothermal sialon synthesis can lower the temperature of ethylsilane (TMS).

this more favourable synthesis route. Since mechanochemi-
cal processing is known to facilitate the formation of mul- Carbothermal conversion of the milled precursorsto sialon
lite from mixtures containing kaolinite by the formation was carried out by heating small aliquots in alumina boats in
of new SiO-AI bonds3 and since mullite formation is  an electric tube furnace in an atmosphere of flowing oxygen-
an initial stage in the carbothermal reaction sequérnite, free nitrogen (100 ml mint) The carbothermal reaction tem-
was anticipated that the combination of mechanochemi- peratures varied from 1200 to 1400 and the firing cycle
cal activation with CRN may have a beneficial effect. To included an 8-h heat-up period followed by a4 h holding time
avoid possible complications arising from atmospheric ox- at the nominated temperature. After carbothermal reaction,
idation of particle surfaces freshly exposed by grinding, the samples were again examined by X-ray powder diffrac-
the mechanochemical activation was carried out under ation and?’Al and2°Si MAS NMR.
continuously replenished atmosphere of purified nitrogen.
Since prolonged grinding destroys the long-range order of
crystalline materials, the effect of the grinding was mon- 3. Results and discussion
itored by solid state MAS NMR, a technique which does
not depend on atomic periodicityA combination of MAS 3.1. Effect of grinding on carbothermal sialon
NMR and X-ray diffraction was used to determine the precursors
progress and extent of the subsequent CRN reactions carried
out by heating at various temperatures in flowing nitrogen  The X-ray powder diffraction patterns of the sample be-
gas. fore and after grinding are shown Kig. 1L The unground
mixture contains the characteristic reflections of halloysite
(JCPDS no. 9-453) together with the crystalline Si@pu-
rities quartz (JCPDS no. 33-1161) and cristobalite (JCPDS
no. 11-695). Mechanochemical processing for 4 h removes
2. Experimental the halloysite reflections and significantly lowers the inten-
sity of the quartz and cristobalite peaks. The latter is com-
The starting materials were New Zealand halloysite (NZ pletely removed by grinding for 12 h, but the intensity of the
China Clays Untrafine grade) and fine carbon powder (De- major quartz reflection remains largely unchanged by further
gussa lampblack 101). Halloysite is a 1:1 layer lattice alu- grinding, even up to 48 h (not shownkig. 1). On this basis,
minosilicate of similar constitution to kaolinite but with  grinding times >12 h appear to have little further effect on the
tubular rather than platy morphology. A batch contain- crystallinity of the precursor.
ing 25wt.% carbon was thoroughly mixed by ball milling The?’Aland?°Si MAS NMR spectra of the unground and
for 24h in isopropanol and the solvent removed by ro- ground precursors are shownfig. 2 The?’Al spectrum of
tary evaporator before drying at 100 overnight. Indi- the unground starting mixturéig. 2A) shows the expected
vidual 2-g charges of this powder were milled for vary- single octahedral Al resonance of halloysite at 3ppm. On
ing periods (2—-48h) in a planetary ball mill fitted with a grinding, this octahedral peak progressively broadens and
10cm diameter zirconia pot and 3 mm diameter zirconia becomes more negative-4 ppm after grinding for 12 h).
balls. The weight ratio of sample:balls was 1:50 and the Grinding also brings about the formation of a new tetrahe-
milling speed was 400rpm. The mill was adapted to al- dral resonance at 54 ppm and a resonance at 27 ppm, vari-
low the ingress and outlet of a flowing atmosphere of pu- ously ascribe#ito Al(V)—O or severely distorted Al(I\JO.
rified nitrogen (100 mImint) throughout the course of the  The appearance of lower Al coordination numbers as a result
milling to prevent oxidation of the freshly exposed particle of grinding is a typical feature of hydrated Al compourfds.
surfaces and to remove any products of early carbothermalMore prolonged grinding broadens these resonances, espe-
reaction. cially that at 27 ppm, which becomes progressively less well
After milling, the mixtures were examined by X-ray pow- resolved as a resulE{g. 2D). The spectra show no evidence
der diffraction (Philips PW 1700 computer-controlled go- of the formation of AN bonds during grinding; these would
niometer with graphite monochromator and Ca kKadia- give rise to a resonance at about 112 ppNeither is there
tion). 2’Al and 2°Si MAS NMR spectra were also acquired any evidence in th&’Al spectra of the formation of various
at 11.7 T using a Varian Unity 500 spectrometer and a 5mm Al—O—N units, which appear at about 70-105 ppm.
Doty MAS probe spun at 10-12 kHz under the following The 2°Si MAS NMR spectrum of the unground mixture
conditions: (Fig. 2E) shows the typically sharp resonance-&2 ppm
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20 (Co Kay) Fig. 3shows a schematic diagram of the crystalline phases
identified by powder XRD in the unground and ground pre-
Fig. 1. XRD patterns of the carbothermal reaction starting mixture, un- cursors after heating in nitrogen at various temperatures. In
ground and ground for periods as marked. _Key: h halloysite (JCPDS no. the unground precursors, the silica polymorphs persist to
9-453), g: quartz (JCPDS no. 33-1161), c: cristobalite (JCPDS no. 11-695). high temperatures (>130¢ for cristobalite and >120@
for quartz). Mullite (JCPDS no. 15-776), the normal thermal
decomposition product of halloysite, is formed <12@0and
persists to >1300C, at which temperature it is gradually re-
associated with the Qunits of the halloysite, together with a placed by a small amount @fsialon (JCPDS no. 48-1616).
small sharp peak at107 ppm arising from the crystalline  21R sialon (JCPDS no. 42-0162), a polytypoid structurally
quartz and cristobalite impurities which cannot be distin- related to AIN, appears at 140Q.
guished in this SpeCtrUm. Grinding results in a Significant Grinding for 4 h does not Change the formation sequence
broadening of the Si spectra, which are displaced to more of these phases, but produces changes in their temperature
negative values and resemble the spectra of glasses even afange; cristobalite and quartz have disappeared from the
ter 4 h treatmentRig. 2F). The?°Si NMR spectra provide no  XRD trace by 1200C and corundum appears below 13aD
evidence of the formation of SN bonds (expected at about  (Fig. 3). However, grinding for 12 h significantly lowers the
—48ppm)? Si-O-N bonds (expected at about62 ppm§ temperature interval over which mullite is present, confining
or Si-C bonds (expected at about to —22 ppm)> Thus, it to around 1200C, above which it is replaced tsialon
the combined XRD and NMR evidence shows that the ground andu-Al,03 (corundum, JCPDS no. 10-17Fji¢. 3). A sim-
sialon precursors have become typically non-crystalline, with jjar result is found for the precursor ground for 24 h. Ehe
changes in the Al and Si atomic environments similar to yalues of the3-sialon formed in all these samples, estimated
those experienced by a halloysite clay ground in air in from the XRD lattice spacing, is about 2, lower than the theo-
the absence of carbon. In particular, there is no evidenceretical value deduced from the Al content of the starting clay
of the formation of new compounds at this stage of the mineral. The additional Al is the source of the corundum in
processing. the XRD pattern. Grinding for 48 h results in the formation

3.2. Effect of heating these carbothermal precursors
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Fig. 3. Schematic representation of the crystalline phases formed from the ground and unground CRN precursors after firing for 4 h in flowing pgeified nit
as a function of the firing temperature.

below 1300°C of a small amount op-sialon with an even  Thus, the NMR evidence is that all the necessary changes
lower Al content {~ 1). in the Al environment, particularly the replacement of-Ql

Fig. 4 shows a selection /Al MAS NMR spectra of units with AI-N are occurring at least 10C lower in the
unground and 12-h ground samples heateddraf\various sample ground for 12h. Whereas the samples ground for
temperatures. On heating to 12D, the unground precur- 24 h show very similaf’Al MAS NMR spectra after heat-
sor shows the typical spectrum of mulliteig. 4B), with ing, those ground for 4h show evidence that the thermal
an octahedral resonance at 0 ppm showing evidence of elecformation of AIN is less advanced. These results suggest
tric field gradient (EFG) interactions showing up as a tail that grinding has a beneficial effect on the formation of
to higher fields. The characteristic square-topped tetrahedralAl-N bonds; however, it also facilitates the formation of
resonance at 43-57 ppm arises from the overlap of peakscorundum.
from the regular tetrahedral sites and sites associated with  Fig. 5shows the correspondirf§Si MAS NMR spectra
tricluster defects in mullité. The development of a shoul-  of the unground and 12-h ground samples heated iatMar-
der at 13-14 ppm provides evidence of corundum formation, ious temperatures. Heating the unground mixture at 2200
which becomes more pronounced in the sample heated aiFig. 5B) results in the appearance of a broad resonance at
1300°C (Fig. 4C). Firing to 1400C produces a marked —90ppm arising from the framework AD—Si resonance
change in the unground spectruffid. 4D), with the ap- of mullite’ and the intensification of the SiGesonance at
pearance of an intense-AN resonance at 113 ppm and an —109 ppm, reflecting the separation of silica associated with
increase in the intensity of the corundum peak at 14 ppm. the thermal decomposition of halloysite. Both these reso-
A broad feature at about 69 ppm may be associated with nances are still present after heating to 130(QFig. 5C),
the presence of a variety of AD-N units? principally but the mullite peak has become dominant. Three small new
AlO3N. peaks also appear at this temperature; one;48tppm sig-

A similar development is seen in the 120D spectrum nals the formation of SiN bonds, while another broad fea-
of the sample ground for 12 lrig. 4F), with mullite being ture at about-70 ppm arises from the presence of a range
formed in good amount; however, by 1300 (Fig. 4G) this of Si-O—N units® The small peak at-18 ppm indicates the
has beenreplaced by anintense corundum peak at 14 ppm anfbrmation of a small amount of SiC, an intermediate in the
evidence of A-N formation (113 ppm). Firing at 140 re- CRN process in halloysite which is generally not detected by
sults in a slight decrease of the corundum resonance and &RD.* Heating to 1400C (Fig. 5D) produces a broad spec-
marked increase in the intensity of the AIN pe&kg 4H). tral feature extending from the position of uncombined silica
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Fig. 4. Representative 11.2TAl MAS NMR spectra of the CRN precursors fired for 4 h in flowing purified nitrogen. (A-D) Unground, (A) unheated, (B)
1200°C, (C) 1300°C and (D) 1400C. (E-H) ground 12 h. (E) Unheated, (F) 12@) (G) 1300°C and (H) 1400C. Asterisks denote spinning side bands.

at —115 ppm to about-60 ppm, with inflexions at the po-  ences from this behaviour only with respect to the temper-
sitions of AHO-Si groups 90 ppm) and StO—-N groups ature of first appearance of-$ bonds (1300C) and in
(—62 to —75ppm). These features are typical of HiSi a greater intensity of the SiC peak appearing at 11800
spectrum of X-sialof and of the AIN polytypoid sialons  The?°Si NMR spectra of heated precursors ground for 24 h
(unpublished results). The formation of-8l bonds such as  are identical to those ground for 12 Rig. 5), but grind-
occur in SN4 andp-sialon is evidenced by the sharp peak ing for 48 h appears to have arrested the reaction processes,
at—48 ppm. with the Si-N resonance appearing only at 14@) at which
Heating the precursor ground for 12 h at 12@0ndicates temperature ample SiC is also still evident. Thus, grind-
that the reaction sequence is already more advanced than irng for 12—-24 h has the beneficial effect of facilitating the
the unground control, tH&Si NMR spectrumFig. 5F) show- formation of both the intermediate SiC phase and the nec-
ing good development of the mullite resonance-80 ppm essary SiN bonds. However, the formation of the range
and a reduction in the intensity of the uncombined 5i0O of Si—-O—N units typical of sialons other thag-sialon is
peak (108 ppm) and the peak due to the presence of SiC also facilitated by the grinding, probably reflecting an in-
(—20 ppm). A small feature at48 ppm in this spectrum pro-  creased reactivity of the mullite for the 38i, formed at

vides an initial indication of the formation of -SN bonds. an earlier stage than in the unground precursors. This 21R
Both the Si-N and Si-C peaks increase significantly in in-  polytypoid sialon is apparently rather stable, and, being Al-
tensity on heating at 130@ (Fig. 5G), with the concomi- rich, it may represent a decomposition producedialon

tant development of the broad peak characteristic of polyty- rather than an intermediate which can be converte@-to
poid sialon extending from about110 to—60 ppm. Heat- sialon by more prolonged grinding or thermal reaction. Over-
ing to 1400°C largely removes the SiC peak, but the spec- grinding may also present a problem by producing an ap-
trum (Fig. 5H) is otherwise unchanged. The spectra of the parently less-reactive form of SiC which persists to higher
heated precursor ground for 4h (not shown) show differ- temperatures.
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Fig. 5. Representative 11.2PSi MAS NMR spectra of the CRN precursors fired for 4 h in flowing purified nitrogen. (A-D) Unground, (A) unheated, (B)
1200°C, (C) 1300°C and (D) 1400C. (E-H) ground 12 h. (E) Unheated, (F) 120 (G) 1300°C and (H) 1400C.

4. Conclusions >1300°C. The sialon productg¢sialon and a small amount
of 21R AIN polytypoid sialon) are formed between 1300 and

Mixtures of the clay mineral halloysite with fine carbon 1400°C. The?’Al and2°Si MAS NMR spectra of the heated
powder were ground under flowing nitrogen in a planetary samples confirm that the formation of-AMl, AI-O—N, Si-N
ball mill for varying periods of time. Grinding for 4h de- and SiO—N units associated with sialons appear only at
stroys the XRD reflections of the halloysite, but the X-ray the higher temperatures, and that the intermediate phase SiC
reflections of the Si@impurity minerals persist for longer  (undetected by XRD) persists in high concentration even at
grinding times (>24 h in the case of quartz). The results indi- 1400°C.
cate that grinding for 12 h satisfactorily enhances the desired By contrast, the thermal reactions of the samples ground
sialon formation on subsequent heating under nitrogen. for >4 h are comparatively more advanced at lower temper-

2TAl MAS NMR shows that even after 4h grinding, a atures; mullite appears as a short-lived transient phase at
proportion of the octahedrally coordinated Al of the original 1200°C, the crystalline silica impurities have disappeared
clay mineral is converted to four and five-coordination, but by 1200°C andp-sialon appears <130, but corundum is
there is no evidence that AN bonds are formed by grind-  more persistent, forming at 130Q and being still present in
ing. The corresponding®Si MAS NMR spectra show that  good amount at 1400C. Thez-value of theB-sialon formed
grinding results in the formation of a broad range of tetrahe- in all these samples is about 2, reflecting the separation of
drally coordinated SiO units, but there is no evidence of the some of the Al of the starting clay into corundum and 21R
formation of Si-N bonds. AIN polytypoid sialon.

When these CRN precursors are heated at 12001200 These conclusions are confirmed by tHal and 2°Si
for 4 hinflowing purified nitrogen to converttheminto sialon, MAS NMR spectra, which additionally indicate that grind-
marked differences are found between the crystalline prod-ing produces a product containing relatively less-@+N
ucts from the ground and unground mixtures. The unground units than that from the unground precursor, and that the
mixture forms mullite as an intermediate phase, which, to- formation of SiC (an intermediate phase) is facilitated by
gether with the quartz and cristobalite impurities, persists to grinding.
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Thus, mechanochemical activation of CRN precursors for 3. Temuujin, J., MacKenzie, K. J. D., Schioker, M., Schneider, H.,

12 hlowers the temperature of subseqygesialon formation
by at least 100C, but also brings about the separation of

corundum and does not suppress the formation of the 21R,

AIN polytypoid sialon at higher temperatures.
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