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Production of Si;N, by carbothermal reduction
and nitridation of sepiolite
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A study was undertaken to determine the optimum parameters for production of SizN,
powders by carbothermal reduction and nitridation (CTRN) of Turkish sepiolite. Test
samples were prepared by mixing 99% purity —325 mesh carbon black and —100 mesh
leached brown sepiolite with C/SiO, molar ratios of 1.5; 3; 4; 5, and 7.5. Prepared samples
were subjected to the CTRN process at temperatures of 1200, 1300, 1400 and 1450 °C for 2,
4,8, and 16 h. The CTRN process was conducted in an atmosphere controlled tube furnace
in a nitrogen flow of 4.5 cm3/min. All products were examined by XRD and SEM-EDX to
determine the transformation, morphology and chemical composition. The results showed
that the best SisN, transformation occurred at 1400 °C for 16 h with C/SiO, molar ratio of 4.
© 1999 Kluwer Academic Publishers

1. Introduction carried out on the brown sepiolite having the highest
Silicon nitride (SiN4) is one of the most impor- grade [14, 15, 16, 17].

tant technical ceramics owing to its high temperature

strength, toughness, wear resistance and thermal sta-

bility due to the low coefficient of thermal expansion. 2. Experimental

Because of these properties silicon nitride is a mos2.1. Material

promising material, especially for high temperature en-The brown sepiolite, used throughout the investigation
gineering applications [1-3]. A variety of methods andas a source of silica, was obtained from theKt&ciri
techniques have been employed by various investigaarea of Turkey, which is west of Ankara. As-received
tors to produce silicon nitride powders from raw mate-samples of brown sepiolite were analysed by XRD,
rials as silicon source [4-8] (Table 1). The well-known which indicated that the samples contain 90% sepiolite
techniques are direct reaction between silicon (Si) anénd 10% dolomite [16]. Then itwas enriched by treating
nitrogen (N), and carbothermal reduction of silica in HCl solution (0.1 M HCI) for removal of dolomite.
(Si0,) with a source of carbon and at the same time, ni-During leaching, control of acid concentration (thus
tridation of it with nitrogen gas [9—-11]. Sepiolite, which pH) is very important and should be maintained at
is a hydrous magnesium silicate with the ideal strucpH < 4. Otherwise, fibrous structure is harmed. Chem-
tural formula MgSi; 2039 (OH)4 (OH,)4 8H,0 for the  ical composition of as-received and leached brown se-
half-unit cell, was used as the source of silica for ni-piolite are given in Table II.

tridation [12, 13]. Sepiolite occurs as sedimentary-type XRD, DTA and SEM-EDX analyses were performed
depositions in the form of pure sepolite or associatedn the enriched brown sepiolite to investigate the effects
with clays or other minerals (especially dolomite). It of the enrichment process on chemical composition and
has an orthorhombic crystal structure and occurs as fifibrous morphology of the sepiolite. XRD analysis in-
brous forma-sepiolite and compact forr-sepiolite.  dicated that the peaks attributed to dolomite on the
Sepiolite has an outer surface area<®00 nt/g and  XRD pattern of the as-received sample had disappeared
an internal surface area attributed to channels and mand it gave only the peaks of sepiolite (Fig. 1). DTA-
cropores of<400 nt/g. Therefore, to some extent it TG curves showed two endothermic peaks at 10C.1
has a large specific surface area of 550-78@nmAc-  and 333.1°C which are related to the release of sur-
cording to chemical composition and color, three-typedace water and the zeolitic water, respectively, and
of sepiolite are distinguished in the Turkish deposits,an exothermic peak at 8016 corresponding to the
designated as white, beige and brown. The tests wenghase transformation which occurred in the structure of
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TABLE | Various processes for synthesis of silicon nitride [8]

Process General reaction
Nitridation of metallic silicon powder 3Sk2N; 1200_—15>OOCCSi3N4
Carbo-thermal reduction of SiOn nitrogen atmosphere 3Si-6 C+ 2Ny 120&—1100\@ SizNg + 6 CO
Combustion synthesis 38i2N, 7%msi3N4

. . 1100-1350°C ..
Vapor-phase reaction 3SiICH4NH3 ™ — “SigNg +12 HCI
Imide decomposition SiGH+ 6 NHz C25%°C Sji(NH), + 4 NH4Cl

3 Si(NH) 222 SigNs + 2 NH3
. . CO; Laser ..

Laser synthesis 3SiHs + 4 NH3 = SigN4 + 12 H»
Plasma synthesis 3 SigHa + 4 NHz 225N, + 12 Ha

Plasm

3 SiCl+ 4 NHz —2"SjisN, + 12 HC

TABLE Il Chemical analysis of as-received brown sepiolite and TABLE |Il Specifications of carbon black
leached brown sepiolite (wt %)

Reflection 325 Mesh-

As-received Leached (%, with sieve Moisture Density Sulfur
toluen) oversize (%) (%) (a/) (%)

SO, 50.05 55.90
Al,O3 1.17 1.19 Min. 80 Min. — Min. — Min. 320 Min. —
CaO 6.00 1.73 Max. — Max. 0.1 Max. 2.5 Max. 380 Max. 1
MgO 25.5 24.00
Fe0s3 0.49 0.66
L';é g:éﬁ g:gi (Fig. 3). Carbon black with 99% purity was used as
K,0 017 0.39 the source of carbon, and its specifications are given in
Lol 16.86 15.52 Table III.

2.2. Effect of heating on the behavior
sepiolite (Fig. 2). SEM micrography showed that the fi- of sepiolite
brous morphology of as-received brown sepiolite wasSamples of the leached brown sepiolite were heated for
not significantly affected by the enrichment process2 hours in afurnace opento atmosphere attemperatures
although the sepiolite became partly agglomerateaf 200, 370, 800, 850C in relation to the temperatures

s
2.00K =
S
1.00 |— s =
g s
| |

2.50 10.00 20.00 30.00 40.00 50.00 60.00 70.00

Figure 1 XRD pattern of leached brown sepiolite, (S); sepiolite.
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Figure 2 DTA-TG curves of leached brown sepiolite.

ides of AbO3, CaO, Fe0Os, TiO,, NaO and KO in

the sepiolite-structure formed liquid phase due to eu-
tectic reactions at 1200C, and the fibrous morphol-
ogy of sepiolite agglomerated as thicker fibers (Fig. 7).
At 1400°C, cristobalite, tridymite and enstatite phases
were maintained with some increase in peak intensities
corresponding to more crystallization. A SEM micro-
graph of the product heated at 1400 showed the
formations of uniform grains (Fig. 8).

2.3. Carbo-thermal reduction and
nitridation (CTRN) of sepiolite
Sepiolite was thoroughly mixed with carbon black in

of endothermic and exothermic peaks on the DTA-TGC/SIO; molar ratios of 1.5, 3, 4, 5, and 7.5. Mixing was
curves, and 1200, 1300, 1400, and 1480being the performed in a mill with alumina balls for 5 hours.
temperatures chosen for the CTRN process. The prod=our gram samples of the mixtures were placed in
ucts were analysed by XRD and SEM-EDX to deter-graphite boats having dimensions 20 mn85 mm x

mine the structural transformations taking place during*> mm. Then the boats were placed in an atmosphere-
the heating. controlled tube furnace (Fig. 9) heated to test tempera-

ture in nitrogen (N) flow of 4.5 cn¥/minute, and main-
tained for predetermined times. Under the identical test
2.2.1. XRD and SEM-EDX analysis conditions, the CTRN process for 5 mixtures in vari-
XRD and SEM analysis of the products heated up td®Us C/SiQ molar ratios was performed at 1200, 1300,
800°C showed no formation of phases other than thosé400, and 1450C for 2, 4, 8, and 16 hours.
belonging to sepiolite, although the peak intensities
of sepiolite was slightly decreased in relation to the
temperature increase. The products maintained the f2.3.7. XRD and SEM-EDX analysis
brous morphology of sepiolite. At 80, peaks of se- All products obtained at different temperatures and
piolite totally disappeared while the peaks of enstatitetimes by the CTRN process were analyzed using a
(MgSiOzs) appeared (Fig. 4). The product still main- Rigaku-Geigerflex type XRD instrument. SEM-EDX
tained the structure of sepiolite (Fig. 5). At 1200  analysis was also conducted on the products. From the
the intensity of enstatite peaks increased relative to th&XRD results it was seen that carbothermal reduction
peak intensities at 80T, and the peaks of cristobalite and nitridation did not take place at 120D. XRD and
(Si0y) and tridymite (SiQ) were detected (Fig. 6). Ox- SEM-EDX analysis results were similar to those for

Figure 3 SEM micrograph of leached brown sepiolite.
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Figure 4 XRD pattern of sepiolite heatedrf@ h at 800°C, (E); enstatite.
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Figure 5 SEM micrograph of sepiolite heatedrf h at 800°C.

the fired sepiolite at the same temperature (Fig. 10). At
1300°C, some differences were noticed on the XRD
patterns suggesting some reactions taking place. XRD
patterns for the products of mixtures with C/gi@tios

of 1.5, 3, 4, and 5 showed the peaks of enstatite at
d=4.037; 3.7, fosterite ad =2.99; 1.96 and SN, at
d=3.29; 2.9; 1.49.

Analysis results fp2 h and 4 h treatments showed
partial transformation to giN4, although most of the
product was enstatite or fosterite (Fig. 11). Partial
transformation to $N4 possibly resulted from reduc-
tion and nitridation of cristobalite and tridymite at
1300°C. SEM-EDX analysis showed that the chemical
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Figure 6 XRD pattern of sepiolite heatedrf@ h at1200°C, (E); enstatite, (T); tridimide, (C); cristobalite.
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Figure 11 SEM micrograph of CTRN product for C/SiQatio of 3 at
1300°C.

appeared together with the peaks previously seen. All
these results indicated that reduction and nitridation re-
actions were not completed at 1300 for even 16 h
treatment times.

At 1400°C, for samples of molar ratio 1.5, enstatite
and fosterite peaks were decreased but still existed even
for 8 h and 16 h treatments, which showed that car-
bon content was not enough for complete transforma-
tion. For higher molar ratios, XRD peaks were only
related to SN, for all treatment durations, but peak
intensities continuously increased as treatment time in-
creased towards 16 hours. SEM and XRD results for
molar ratio of 4 and treatment timé ®» h are shown in
Fig. 12a and b. Hexagonals8l, fibers have 0.5-gm
width and 10-3Q:m length. 16 h treatment morphol-
ogy and related XRD peaks are given in Fig. 13aand b
for the same molar ratio. As seen from the micrograph,
globular agglomerates are composed of short hexagonal
SisN4 particles. Thex/g ratio was about 20/80 for the
2 h treatment, but this ratio further decreased to 10/90
for the 16 h treatment. For all CTRN treatment dura-
Figure 9 Carbo-thermal reduction and nitridation set-ups= titrogen tions there were wool-like structure formations around
Cyh'_it“defvd2= presst“’e;%u'a@f fOtametteg’ 4; F’f'aS“C hoz' 5:9“":' the corners of the boat. This was analysed as pure

I nd conn r,5 alumina rurna ube, urnace, mple . . .
an(tas(,a 9=§nti-?;dci’ation ubloc{?(, 19:?1?ano§1eter, 1ac;ediss§3at%n SISN“ and the Iength O.f fl.bers were more than. few mil-
bottle. limeters. At 1450°C, similar results were obtained for
all molar ratios and treatment times but the XRD peaks
were weaker. This is explained by the presence of liquid
phase which will decrease reactions due to reduction in
surface area.

3. Discussion

3.1. Temperature

The products of CTRN process at 12@showed the
same XRD peaks as the ones of fired pure sepiolite
at 1200°C which means that no reaction of Sitok
place. It is common believe that SiOvill not be re-
duced at this temperature [10, 18]. Firsg% peaks
were recorded in CTRN processing at 1300 These
peaks were partly belonging to oxy-nitride peaks. Tem-
perature is still not sufficient for complete reduction
composition of sepiolite was essentially maintained.of SiO, [10, 18, 19] so partial reduction and nitrida-
For samples with a C/Signolar ratio of 7.5, especially tion took place. Transformation products are S}ON
at 8 h and 16 h, the products had almost no enstatitand MgSiN which is the sign of partial reduction of
and fosterite, and for the first time, peaks of SKDN MgO as well.

d =3.39 and MgSiN, d =2.79 existed together with Major reduction of SiQ@ and MgO took place at
peaks of SiN4. Also, peaks of SN, d=1.75and 2.27 1400°C. Reduced silicon was nitrided by reacting with

Figure 10 SEM micrograph of carbo-thermal reduction and nitridation
product for C/SiQ molar ratio of 3 at 1200C.
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Figure 12 Fibrous SiN4 of CTRN process with C/Si@molar ratio of 4 at 1400C for 2 h. (a) SEM micrograph, (b) XRD patterg)( 8-SizNg,
(a); @-SizgNg.

nitrogen gas, but magnesium evaporated and then capoats and furnace walls. These fibers are analysed as
ried outside the furnace by the control gas. The transa-SisN4 and explained by the following reaction:
formation products showed very strongi$i peaks

for all CTRN process times. Increasing CTRN temper- Si G, 13001400 C; co

ature to 1450C did not produced any further increase Qa9+ Ce " Si0e+(COlg

in reduction and nitridation. This is explained by partial

melting of sepiolite at this temperature. Thus micro- 3SiQg) + 3 CQg) + 2Ny
porous structure harmed and surface area dramatically 1300-1400°C
reduced with the presence of liquid phase which will —> a-SigNy) + 3 COyg)

decrease the transport of reaction gases. 1856 ac-

cepted as critical temperature inthe literature for CTRN  For |onger CTRN durations these cotton-like

process [10]. At this temperature SiC may form insteacproducts disappeared. It is believed thatSisN,

of SizNg. transformed into more stablg-SisN4 and then the
major transformation took place in the boat direct to
B-SisNy4 by the following reaction:

3.2. Duration !
The strongest 9N, peaks are seen withto 16 h CTRN 3Si+2 Nzlﬂcﬂ-Si3N4

processing, but at 140@ major SgN4 formation took

place fa 2 h processing. In processing for this duration, In the literature [19, 20, 21], higher temperatures but
a cotton-like product was observed around the graphitshorter durations are proposed for CTRN processing.
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Times upto 20 hours have been reported, but 6 to 8 hourshould not be used since they resulBirsisN4 which
are recommended. In this work, due to micro-porousds not easily sintered.

structure of the sepiolite, major s8l, formation took
place at 1400C for 2 h treatment. Further durations 3 3 C/Si0, molar ratio

of 4 at 1400°C for 16 h. (a) General appearance of the transformation

(b)

Figure 13 SEM micrograph of CTRN products for C/Si@nolar ratio

A C/SiO, molar ratio of 1.5 is not sufficient for re-
duction of sepiolite at all temperatures. All carbon had
been consumed even for a C/Sifolar ratio of 3. For

a molar ratio of 4, some carbon remained as unreacted
at temperatures lower than 140Q or times shorter
than 8 hours. The literature recommends a molar ratio
of 4 to 6 [10, 18, 19, 22] which is in good agreement
with the present work. If there is extra carbon at the
end of CTRN processing, the remaining carbon is
burnt by treating the product in a furnace open to air at
650-850C.

3.4. Products

The XRD pattern of the sample in which maximum
transformation was observed showed that all peaks
were related toB-SisN4. Under normal conditions,
a-SizN4 was produced by the CTRN process, but lig-
uid phases of oxides such as® TiO,, F&0s3, and
CaO contained in the sepiolite occurred due to eutectic
reaction, leading to the formation @fSizN4 instead

of «-SizNy4 [9, 22]. The intensity of peaks @f-SizN4

on the XRD pattern of 2 h-processed product grad-
ually decreased with the increase in duration; these
peaks completely disappeared for the 16 h-processed
product. As a result, formation ¢-SizsN4 instead of
a-SizN4 was controlled by oxides in sepiolite and by
the duration. SEM studies indicated that the powder
sample contained particles of two different morpholo-
gies. Approximately 15% of the powder sample had
fibrous structure of 0.5-gm in diameter and 10-30

products. (b) High magnification micrograph showing globular transfor- 4M in length, and the remainder consisted of hexago-

mation.
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Figure 14 XRD pattern of CTRN product for C/SiOmolar ratio of 4 at 1400C for 16 h, 8); B-SizNa4, («); ¢-SizNas.
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4. Conclusion 8. B. W. JONG,G. J. SLAVENSandD. E. TRAUNT,J. Mater.
1. SkN4 could be synthesized by the CTRN process  Sci 27(1992) 6086. ) _
from sepiolite. C/Si@ molar ratio of 4, temperature of % S: A: SIDDIQI, 1. HIGGINS andA. HENDRY, "Non-oxide

. technical and Engineering Ceramic&dited by Hampshire, Lon-
1400°C and duration b2 h are recommended. don and New York, 1986) pp. 119-1331.

2. Impurity oxides like kO, TiO,, F&Oz and CaO  10.s. c. ZHANG andw. R. CANNON, J. Amer. Ceram. S067
promote formation of8-SizN, instead of the preferred (1984) 691.
Ol-Si3N4. Further Cleaning of Sepiolite before CTRN is 11. D. L. SEGAL,J. Brit. Ceram. Soc. Tran85(1986) 184.
necessary for removing these oxides 12. T. KIYOHIRO andR. OTSUKA, Thermochimica Actal47
' . (1989) 127.

3 Inthe CTRN process, carbon reduqesﬁ@ure 13.K. INUKAI, S. TOMURA, R. MIYAWAKI, K.
silicon. Then the pure silicon reacts with, kb form SHIMOSAKA, T. IRKEECand N. FUJII, Proceedings
SisNg4, reacts with MgO and gets the oxygen from it,  of the International Geological Congress, Nagoya, Japan (1992)
and produces Si9back. These reactions continue in 115121 , SOk and .

; ; ; ; 14. H. ARIK,S. KADIR,A. KUGUK ands. SARITAS, Proceed-
(S:?r?cl:r; lt'lr?etll teaI!TI1 Nelgac‘iulrse riid\l/'lecredhﬁohput:]ee mj?en;s;ur:é_ ings of the 7th National Clay Symposium, Aqkaret_,_ Turkey (1995).

: p i y high, p ON€i5 s. SARITAS, I. KAYABALI, M. GUNDUZ and B.
sium evaporates and is transported away by the furnace erpoan, Proceedings of the 4th Int. Engineering Contf., Cairo,
gases. The magnesium may be condensed outside the Egypt, (1995) pp. 151-161.
furnace and thus bOth3$||4 and pure magnesium may 16. H. ARIK, S. KADIR andS. SARITAS, Tr. Journal of

be produced simultaneously from sepiolite Engineering and Environmental S@0 (1996) 233. .
’ 17. Y. SARIKAYA,N. BICER,C. BICER,H. CEYLAN andl.

BOZDOGAN, Proceedings of the 3rd National Clay Symposium,
Ankara, Turkey (1987).
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