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The effect of nitrogen pressure on the final stage of nitridation of silicon
powder compacts at temperatures above the melting point of silicon was studied.
On the basis of the time course of the process established, as well as on that of
the dependence of the kinetic constant on nitrogen pressure, and of the phase
composition of the products, it is suggested that under the given conditions the
natrogen pressure affects in particular the rate of formation of 3-SisNy and that
above the melting point of silicon the formation of (3-SizN4 is controlled by the
process on the reaction boundary.

INTRODUCTION

Silicon nitride-based ceramics, prepared by reaction sintering of silicon powder
compacts in nitrogen atmosphere, exhibits a comparatively high mechanical strength,
which, in contrast to that of oxidic ceramics, is stable up to about 1400 °C. It shows
an outstanding resistance to abrupt changes of temperature, to. oxidation and
corrosion by melts of most non-ferrous metals. These properties make silicon nitride
a promising engineering matcrial for machine components exposed to dynamic
stressing at high temperatures.

The necessary reliability of such components requires. among others also mainte-
nance of reproducible material properties. In this connection, a detailed knowledge
of the reaction sintering process is of priinary significance. The mechanism and the
kinetics involved in the formation of both silicon nitride modifications in this process
are affected by a number of variables and for this reason the concepts of the process
have till recently been quite incomplete and contradictory. Only the results of some
more recent experimental studies [1], [2], [3] allowed to formulate a more satisfactory
description of the system of mechanisms involved in the nitridation of silicon [4],
[5], [11].

On the basis of these studies it may be assumed that the following three main
mechanisms probably take place in the nitridation of technical-grade purity silicon
containing admixtures of iron and oxygen:

1. The mechanism of transport in gaseous phase involving the formation of gaseous
SiO which, with participation of the liquid phase arising in the presence of iron and
other impurities, reacts further with nitrogen producing «-Si;N4 whiskers (the so-called
V-L-S mechanism) [2] [6].

2. The mechanism of surface nucleation and growth during which a compact
layer of «-Si3N4 gradually grows over the silicon surface [1]. This mechanism plays
a primary part only when the conditions for mechanism 1. cease to exist. Nitridation
of high-purity silicon therefore starts with this second mechanism.

3. The mechanism involving transport via a compact Si;Ny layer, yielding prima-
rily B-SisN4. Below the melting point of silicon (1410°C) the process ‘is probably
controlled by diffusion of silicon to the surface of the SizNy4 layer [3] and therefore
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‘proceeds very slowly. According to some authors [7] the presence of iron has an
accelerating effect. The nitradtion is considerably promoted above the melting
point of silicon, which indicates to a change in the rate-controlling step.

Of considerable significance in the establishment of mechanisms of heterogeneous
reactions between solids and gases is the study of the relationship between the
kinetics and the partial pressure of the reacting gaseous component. This relationship
is usually pronounced in cases when a boundary process is the rate-controlling one
(sorption, chemical reaction). Very few such measurements have so far been carried
out in the study of nitridation of silicon.

Atkinson [1] found that the rate of nitridation of pure silicon in the initial stage
of the growth of nuclei is a linear function of nitrogen pressure which implies that
physical adsorption of nitrogen is the rate-controlling step under these conditions.
Also in the initial stages of nitridation of technical-grade silicon the nitridation rate
can be influenced within certain limits by nitrogen pressure, which is made use of in
practice for slowing down the exothermic reaction in this stage [8]. Guzman [9] has
desoribed acceleration of the reaction sintering of silicon nitride by raising the nitrogen
pressure up to 1 MPa.

Preliminary experiments by the present author [4] indicated that in the progressed
stage of silicon nitridation at temperatures below its melting point the effect of
nitrogen pressure on the nitridation rate and on the ratio of «/f3-SisNy in the product
was within the range of 0.1 to 5 MPa indistinct, whereas above the melting point an
increase in nitrogen pressure was responsible for accelerating the reaction and for
increasing the proportion of B-SisN4. No difference between the behaviour of pure
and technical-grade silicon has been established in this case.

On the basis of these results a more detailed investigation of the kinetics of the
final stage of nitridation of silicon at temperatures above its melting point and of the
relationship between the kinetic constant and nitrogen pressure was undertaken
with the aim of verifying the existing conceptions of the mechanism involved under
these conditions, in particular with respect to the nature of the rate-controlling
step.

EXPERIMENTAL
The method

The technical-grade silicon employed in the experiments was treated by dry
grinding to a specific surface of 1.15 X 103 m2/kg (measured by nitrogen adsorption)
which corresponds to a mean particle size of about 2 um In the ground state the
silicon contained about 3.59, impurities (Table I).

Under a pressure of 105 MPa the powder was pressed into pellets weighing
about 1g, which had an apparent density of 1.50X103 kg/m3. The pellets were

Tadle I - Chemical composition of powdered silicon

Si0, 96.49 %, MnO 0.020 9%,
Fey03 1.06 CaO 0.081
ALO; 1.68 MgO 0.020
TiO, 0.380 Na,@® traces
CuO 0.008 K;0 0.010
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brought into the final reaction stage by preliminary nitridation at 1300 °C under
atmospheric pressure in nitrogen which contained 59, by vol. H,, 6 ppm O,
100 ppm H;0 and at a linear rate of gas flow of about 1.5 cm/min through the
furnace. The furnace was of all-metal design provided with molybdenum heating
elements. The nitridation was carried out up to a mean weight gain @o = 34.4 %,
which corresponds to transformation degree ap = 0.517.

The final nitridation was carried out in an autoclave using induction heating.
The pre-nitrided pellets were nitrided at 1440 °C in a static atmosphere of nitrogen .
of 99.999 9 N, purity under a pressure of 0.1 to 2.1 MPa for periods of 10 to 90

Table 11
The effect of nitrogen pressure on the kinetics of nitridation of technical-grade silicon at 1440 °C

Pres- | mime 1
sure v o [ %] x & (1—&)3—1 3R log 3R} k
[MPa] | [min] '
0.1 10 38.2 0.575 0.120 —0.0417 | 3.80x10-3| —2.4202
20 41.4 0.619 0.211 —0.0760
30 = — —
40 46.9 0.705 0.390 —0.1520
60 — — = —
90 57.3 0.862 0.715 —0.3420
0.2 10 39.5 0.595 0.163 —0.0574 | 5.58x10-3| —2.2534
20 — - — —
30 48.1 0.724 0.430 —0.1706
40 15.2 0.771 0.526 —0.2202
60 56.5 0.850 0.669 —0.3222
90 61.4 0.924 0.842 —0.4596
0.4 10 41.5 0.624 0.221 —0.0799 | 17.83x10-3 | —2.1062
20 "47.2 0.710 0.400 —0.1567
30 51.7 0.778 0.540 —0.2280
40 55.6 0.837 0.663 —0.3040
60 61.0 0.918 0.831 —0.4473
90 3.7 0.959 0.915 —0.5610
0.6 10 S— - = — 9.31x10-3 | —2.0310
20 49.2 0.740 0.461 —0.1862
30 — _ - -
40 58.5 0.881 0.753 —-0.3724
60 62.9 0.946 0.888 —0.5187
90 64.8 0.975 0.948 —0.6270
1.1 10 45.3 0.682 0.342 —0.1300 | 12.6x10-* | —1.8996
20 53.0 0.798 0.581 —0.2520
30 58.7 0.884 0.795 —0.3780
40 62.0 0.933 0.862 —0.4832
60 64.2 0.956 0.930 —0.5880
90 64.9 0.978 0.955 —0.6450
2.1 10 47.6 0.716 0.413 —0.1620 | 14.4x10-* | —1.8408
20 55.6 0.837 0.662 —0.3025
30 60.1 0.916 0.826 0.4425
40 63.5 0.956 0.909 —0.5500
60 64.9 0.977 0.951 —0.6305
90 — — _ -
Initial
state 34.4 0.517 0.0 0.0
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minutes. In each experiment 8 pellets were nitrided in a graphite crucible the inside
of which was coated with boron nitride.

The total weight gain of the individual pellets was determined and in selected
cases the morphology was examined on polished sections and the a- and (-Si3N4
contents were determined semiquantitatively by X-ray diffraction [4].

The total weight gain ¢ established was expressed for the individual pellets as
the normalized conversion degree £ which specifies the conversion with respect to
the prenitrided state as the initial one and which is defined by the formula (1)

g=-2 %0 (1)
Pth — Po
where ¢, is the theoretical weight gain corresponding to total conversion of silicon
to silicon nitride (66.46 %,).

The time dependence of & measured at 1440 °C and under various nitrogen pres-
sures was evaluated according to equations for reaction on spherical reaction
boundaries on the assumption that the process is rate-controlled by

a) transport through a layer of products (parabolic kinetics)

b) a process on the reaction boundary (linear kinetics).

In the first case one may assume the vahdlty of the Carter’s equa.tlon while for
the latter case, equation [4] has been derived in the form

(1 —z)1/3 — 1 = 3R2kt @)

which is similar to the Jander’s equation; k is a rate constant and I, is a constant
characterizing the particle size.
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Fig. 1. The presentatzon of the: experimental data from Table 11 conistricted by means of the Ietnetic
equation (2).:
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From the slope of isobars satisfying the respective kinetic equation, the dependence
of the rate constant % on nitrogen pressure can be evaluated even in the case when
the rate constant itself cannot be calculated because the multiplying constant Ry is
unknown. In the case of equation (2) the slopes have the value 3R3k and therefrom

*

3R%k = ap¥, (8)%
or in a logarithmic form
log 3R%k = nlog py, -+ log a (4)

where 7 is a eonstant characterizing the dependence of the rate constant on nitrogen
pressure and can be evaluated graphically. ¢

The results

The experimental data are summarized in Table II listing the mean weight gains
obtained in the invidual experiments, and the corresponding & values. For the
individual # also the corresponding values of the left-hand side of equation (2)
(which fits best to the experimental data) are given in Table II, as well as the values
of slopes of the individual isobars and of their logarithms.
~ The experimental data from Table II are plotted in the diagram in Fig. 1. Fig. 2
shows the dependence of the rate constant on nitrogen pressure according to equation
(4). Fig. 3 shows the content of «- and -SizN, vs. nitrogen pressure during nitrida-
tion. Fig. 4 a—f are micrographs of polished sections illustrating the effect of
nitrogen pressure on the course of nitridation.
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Iig. 2. Linear kinetic constant vs. nitrogen pressure.

CONCLUSION

Investigation of the time course of the final stage of silicon nitridation above its
melting point and of the relationship between this process and the nitrogen pressure
has allowed the following conclusions to be made:
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1. The kinetics of the process is approximately linear.

2. Within the range being studied, the rate constant is a function of the square
root of nitrogen partial pressure.

3. The content of B-Si3N, being formed increases with increasing nitrogen pressure,
while the content of «-SizN4 remains constant.

These findings indicate above all that the effect of nitrogen pressure under these
conditions is restricted to the dominating mechanism of (3-Si;N4 formation and that
the mechanism of «-Si;N4 formation is therefore different (Fig. 3).

The linear kinetics of nitridation above the melting point of silicon indicates that
under these conditions the nitridation is controlled by the process on the reaction
boundary. The layer of reaction products coating the reacting silicon grains in the
final stage of nitridation (Fig. 4) therefore does not act as a diffusion barrier under
these conditions.

The deviation of the linear course, apparent as a slow-down of the process at its
end (Fig. 1) is caused by the presence of coarse silicon grains.

Since, according to Sieverts [10], the solubility of biatomic gases in molten metals
is direotly proportional to p'/2, the established direct proportionality of the kinetio
constant to the square root of the nitrogen partial pressure allows to assume that
under the given conditions the reaction is controlled by ‘dissolution of nitrogen in
liquid silicon, which is accompanied by dissociation of the molecular nitrogen. The
decreasing dependence of the process rate on nitrogen pressure, observed in the
region above 1 MPa, probably indicates that the chemical reaction takes over the
control of the process.
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Fig. 3. The effect of nitrogen pressure on the phase composition of SizNs.
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VLIV TLAKU DUSIKU NA NITRIDACI KREMIKU
Boris Kurtev

Vyzkumny ustev elektrotechnické keramiky, Hradec Kralové

Préce se zabyvd studiem vlivu tlaku dusiku na zdvéreéné stadium nitridace vyliska z prasko-
vého kfemiku technické Cistoty pii teplotdch nad bodem téani kiemiku.

Vylisky, prednitridované pii 1300 °C na stupen piemény 0,5, byly nitridovany p¥i 1440 °C
v rozmezi tlaka 0,1 az 2,1 MPa po dobu 10 az 90 min. Analyza fdzového slozeni, mikroskopické
vysetieni a vyhodnoceni pririistki hmotnosti podle parabolickych a linearnich kinetickych rovnic
pro kulovou symetrii reakéniho rozhrani vedlo ke zjidténim:

1. Kinetika nitridace je za téchto podminek linedrni.

2. Rychlostni konstanta je ve sledovaném rozmezi funkei druhé odmocniny parcidlniho tlaku
dusiku.

3. Srostoucim tlakemse zvy3uje podil vznikajiciho £-Si;Ny, zatimco obsah «-SizNg zastavé staly.

Z toho vyplyva, ze vliv tlaku dusiku je za t&chto podminek omezen jen na dominujici mecha-
nismus vzniku «-Si3N4 a ze mechanismus vzniku «-Si;N, je odlidny (obr. 3). Linedrni kinetika
nitridace nad bodem téani kiemiku (obr. 1) naznacuje, ze Fidici tlohu mé za téchto podminek
proces na reakénim rozhrani.

Jelikoz podle Sievertse [10] je rozpustnost dvouatomovych plynu v roztavenych kovech
piimo umérné p'/2, 1ze ze zjidténé piimé timérnosti kinetické konstanty a p%‘;’f (obr. 2) usoudit,
ze Fidicim ddjem reakce je za t&chto podminek rozpoudténi dusiku v kapalném kifemiku, spojené
8 disociaci. Snizeni zévislosti rychlosti d&je na tlaku dusiku, které lze pozorovat v oblasti nad
1 MP’a, pravdépodobné znamens, Ze Fidici tllohu zalind prebirat chemické reakce.

Obr. 1. Vyjadieni experimentilnich dat z tabulky 11 pomoct kinetické rovnice (2).
Obr. 2. Zavislost linedrni kinetické konstanty ne tlakw dusiku.
Obr. 3. Viw tlakw dusiku na fazové slofent SisNy.
Obr. 4. Viiv tlakw dustku ne nitrideci kfemikw pi% 1440 °C'. Le§téné ndbrusy, 250 X .
. &) atmosféricky tlak, 10 min., b) atmosféricky tlak, 60 min.,c) 0,6 M Pa, 10 min, d) 0,6 MPa,
60 min, e) 2,1 MPa, 10 min, f) 2,1 M Pa, GO min.

BIMANNE JADJIEHWMA HA ASOTH3AIIMIO KPEMHH I
Lopuc HypTtes
Haywio-uccacdosamenveruti wienuumym saexmpomexnunecroli kepasmuru, I'padey K panose

ABTOpDOM NPOBOJAMTCA HCCJCHOBAHNE BIMAHNA JW@BICHHH a30Ta Ha 3aKIIOIHTCILHYIO
CTaJI0 A30THPOBAHMS IIPECC3ATOTOBOK 13 HOPOINIKOOOPA3HOI'0 KPEMHIS TCXHIYUECKOM “iCc-
TOTHI HIPH TEMIEPATYPAX BLIIIC TCMICPATY DL IJIABJICHISL KPCMHILSI.

Hpece3aroToBK, a30THPOBAHHLIE NpeiBapuTedbHO upi remiepatype 1300 °C jo crerenu
npespantenns 0,5, azorupoBaii npu 1440 °C B npenenax pasnennit 0,1—2,1 MIia Bo Bpemst
10—90 munyr. Ha ocHoBaHlm aHaymza (a30BOro cOCTaBa, MMKPOCKOMDMUYCCKOILO MCCIIe/o-
BAHIIL JI OLICHKH INPHPOCTA BECA COMWIACHO NapadoideckuM I JIHHEelHBIM KIHeTHUCCKUM
VPaRUCHHAM JUISl MIAPOBOH CHMMETPHH PEAKIIOHHOI'O pasjlesia YCTAHOBMIIN:

I. WiHeTHKa a30THPOBAHMA ABJISICTCS MPI TAKHX YCJIOBHSIX JIMHCIHHOK.

2. HOHCTaHTa ¢KOPOCTH B HCCIEJYCMOM JUIAMA30HE SBJIACTCA (PYHKIEH BTOPOI'O KOPHHA
HAPHBAILHOTO J(@BJICHIS A30TA.
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3. C pacTyupiM jiaBieneM 1nosniaceTes jodist obpaaylomerocsi f—SisN4, B TO BpeMs kax
KoJnuecTBO a— SisN4 ocTaeres wocTOsHHLIM. F3 9TOr0 cile/lyeT, YTo BInMsIINe JIaBICHIS a30Ta
DI TAKKHX YCJIOBUAX KacacTesi TOJLIKO npeobiajialomero Mexannama obpasonaums ff—SisNy
1 yTo MexaHuaMm o0pasoBamns «—SisNg sBIsIeTCH pasHLIM (piie. 3).

JhuHelinas KnueTnKa a3oTHPOBAHMS BLITIC TEMIICPATY PBI IMABJICHH I KpeMmus (prc. 1) oxa-
3LIBACT, YTO BEAYIIYIO POJIL 1P} TAKHX YCIOBKAX JI'PACT IIPOLECC HA PCAKIIIOHHOM pasjielic.

Taxr wax coryacno Cuseptey |10] pacTBOpHMOCTE jIBY NATOMHILIX 'a30B B PACIIIABICIIHBIX
MCTaJIIaX 1IPSIMO TPOIOPIUIONAJbHA pl/2 MOMHO Ha OCHOBANIE YCTAHOBJICHHOI 1IPONOpIULO-
HAJLHOCTH KHHCTIYCCKOI KOHCTAHTLI If pyz (pHc. 2) BBIBOJUNTI, UTO YIIPABIISIONTHM IIPOICCCOM
PCARILII TP TAKIIK YCIOBHSAX SIBJSICTCS PACTBOPCHIC A30Ta B MKIIKOM KPCMHIL, CBSI3aI{HOC
¢ puecomainieii. JIomkenne 3aBuciMOCTH CKOPOCTH HPOIECea OT JAaBJCHIIS (30Ta, KOTOPOC
MO;KHO -3aMeTith B obOmacty Buinte 3 M1la, co Beeli npaBjieno;[00HOCTLIO 3HAUNT, UTO YIIpaB-
JISTIOMIASE POJTL TIPOIECCOM HAYNHACT JICPEXOMNTH K XHMIUCCKOIT peariym.

Puc. 1. Bupancenue arcnepusermanvivx dannnz uz mabauyn I npu nosowgu kunemunecro2o
ypasiernus (2).

Puc. 2. 3acucusocmy awnelinot xunemuneckoli roncmaimnt om 0deicHuI a3oma.
Puc. 3. Bavanue dacaenis asoma na fazoeniii cocmae SizNa.
Puc. 4. Bavanue daeaenus azoma na azomupocanie rpesrus npu 1440 °C. IToaupocainive

arauaugin, yeeauvenue ¢ 250 pas; a) amsocgicproe dacaerue, 10 s, b) amsiocdieprioe
dasaenue, 60 s, ¢) 0,6 MITa, 10 sun., d) 0,6 Ma, 60 s, e) 2,1 MIa, 10 v,
/) 2,1 MIla, 60 sun.
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"ig. 4. The effect of nitrogen pressure on nitridation of silicon at 1440 °C. Polished sections, 260 X ;
) atmospheric pressure, 10 min., by atmospheric pressure, 60 min., c) 0.6 MPa, 10 min., d) 0.6 MPa,
60 min., e) 2.1 MPa, 10 min., f) 2.1 MPa, 60 min.





