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'l'he effect oj nitrogen presmre. on the final stage o/ nit·riclation oj silicon 
vo-wder comvacts at temperatures above the melting 7Joint oj silicon was studied. 
On the basis oj the ti-me course oj the 7Jrocess establishecl, as well as on that o/ 
the clevendence oj the kinetic constant on nitrogen presmre, and oj the phase 
·convposition oj the products, i·t is suggested that under the given conditions ·the
nitrogen pressure affects in particular the rate oj jormation oj �-Si3N4 and that
above the melting voint oj silicon the jormation oj �-Si3N4 is controlled by the
process on the 1·eaction 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 show s
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 rnaterial for machine components exposed to dynamic 
stressing at high temperatnres. 

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 primary significance. The mec\rn,nism and the 
kinetics involved in the formation of both silicon nitride modifications in this process 
are affected by a number of variables a1,1d for this reason the concepts of the process 
have till reccntly been quite incomplete and contradictory. Only the results of some 
more recent experimental studies [l], [2], [3] allowed to formulate a more satisfactory 
description of the system of mechanis1ns involved in the nitridation of silicon [4], 
[5], [11]. 

On the basis of these studies it may be assurned that the following three main 
mechanisms probably take place in the nitridation of technical-grade purity silicon
containing adn::iixtures of iroťl. 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 az:id 
other impurities, reacts further with nitrogen producing C(-ShN4 ,vhiskers (the so-called 
V-L-S mechanism) [2] [6].

2. The mechanism of surface nucleation and growth during · which a c0mpact
layer of C(-ShN4 gradually grows over the silicon surface [l]. This mechanism plays 
a primary part"only when the cohditions 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 ShN4 layer, yielding prima�
rily �-ShN4 • Below the melting point of silicon (1410·°C) the process ,is. probably
controlled by diffusion of silicon to the surface of the SbN4 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 hetetogeneous
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 proce&� is the rate-controlling one
(sorption, chemical reaction). Very few such measurements have so far been carried
out in the study of nitťidation of silicon.

Atkinson [l] 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 macl,e 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 a:/�-SiJN4 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 foť accele'rating the reaction and for
increasing the proportion of �-SbN4• 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.

EXPERIMENT AL 

T h e  method  

The teclmical-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 I-Lm In the ground state the 
silicon contained about 3.5 % impurities (Tahle I). 
. Under a pressure of 105 MPa the powder was pressed into pellets weighing 

about 1 g, which had an apparent density of 1.50 X 103 kg/m3
. The pellets were 

322 

Si02 

Fe2O3 
Ah03 
Ti02 
CuO 

Tadle I - Chemical composition of powdered silicon 

96.49% 
1.06 
1.68 
0.380 
0.008 

MnO 
CaO 
MgO 
Na20 
K2O 

0.020 % 
0.081 
0.020 
traces 
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 5 % by vol. H2 , 6 ppm 02 , 

100 ppm H2O 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 <po = 34.4 % , 
which corresponds to transformation degree x0 = 0.517. 

The final nitridation was carried out in an autoclave using induction heating. 
The pre-nitrided pellets were nitrided at 1440 °Cin a static atmosphere of nitrogen . 
of 99.999 % N2 purity under a pressure of 0.1 to 2.1 MPa for periods of 10 to 90 

Ta.ble II 
The effect of nitrogen pressure on the kinetics of nítrídatíon of technical-grade sllicon at 1440 °C 

Pres- Time 

Isure [min] <p [%] X 

[MPa] 

0.1 10 a8:2 0.575 
20 41.4 0.619 
30 - -

40 46.9 0.705 
60 - -

90 57.3 0.862 

0.2 10 39.5 0.595 
20 - -

30 · •• 48.1 0.724 
40 15.2 0.771 
60 56.5 0.850 
90 61.4 0.924 

0.4 10 4;1.5 0.624 
20 • 47;2 0.710 
30 51.7 0.778 
40 55.6 0.837 
60 61.0 0.918 
90 63.7 0.959 

0.6 10 
: - -

20 49.2 0.740 
; 30 - -

; 

40 58.5 0.881 
60 62.9 0.946 

' 90 64.8 0.975 

1.1 10 45.3 0.682 
20 53.0 0.798 
30 58.7 0.884 
40 62.0 0.933 
60 64.2 0.956 
90 64.9 0.978 

2.1 10 47.6 0.716 
20 55.6 0.837 
30 60.1 0.916 
40 63.5 0.956 
60 64.9 0.977 
90 - -

Initial 
state .. 34.4 0.517 
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1. 
x (1- �c)3-l 

0.120 -0.0417
0.211 -0.0760 
- -

0.390 -0.1520 
- -

0.715 -0.3420 

0.163 -0.0574
- -

0.430 -0.1706 
0.526 -0.2202 
0.669 -0.3222 
0.842 -0.4596 

0.221 -0.0799 
0.400 -0.1567 
0.540 -0.2280 
0.663 -0.3040 
0.831 -0.4473
0.915 -0.5610 
- -

0.461 -0.1862
- -

0.753 -0.3724 
0.888 -0.5187 
0.948 -0.6270 

0.342 -0.1300 
0.581 -0.2520 
0.795 -0.3780 
0.862 -0.4832
0.930 -0.5880
0.955 -0.6450

0.413 -0.1620 
0.662 -0.3025 
0.826 -0.4425 
0.909 -0.5500 
0.951 -0.6305 
- -

o.o o.o

3R2k 
. o 

3.80 X 10-3 

5.58 X 10-3 

7.83 X lQ-3 

9.31 X 10-3 

12.6 X 10-3 

14.4 X lQ-J 

log 3R� k 

-2.4202

-2.2534

-2.1062

-2.0310

-1.8996

-1.8408
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minutes. In each experiment 8 pellets were nitrided in a graphite cruoible the inside 
of which was coated with boron nitride. 

The total weight gain of the individtial pellets was determined and in selected 
ca.ses the morphology was examinecl on polishecl .sections ancl the ex- and �-ShN4 

contents were cletermined semiquantitatively by; X-ray diffraction [4]. 
The total weight gain cp established was expiessed for the individua! pellets as 

the normalized conversion degree x which specifies the oonversioD. with respect to 
the prenitrided state as the initial one and which is defined by the formula (1) 

x = cp - <po 
ípth - <po (1) 

where <,Oth is the theoretical weight gain corresponding to total conversion of silicon 
to silicon nitride (66.46 %). . : . 

The time dependenc� of x 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 l:iy 

a) transport through a layer of products (par�bol'ic kineticsy
b) a process on the reaction boundary (linear kineticS).
In the first case one may assume the validity of the Carter's eq:uation, while for 

the latter case, equation [4] has been derived in the f�rm ' • 

(2) 

which is similar to the Jander's equation; k is a rate constant and R0 is a constant 
characterizing the particlé size. 

o 

.... -o, 1 

"'-.. 
I)( -0,2 I 

� 

-0,3 

-0,4

-0,5

-0,6 

.10, 20 30 40 60 I [min] 

h , 2 (,1 - ,U -' - 1 = 3 R0 kl 

1440 °C 

• I 

90 

MPa, 
0,1, 

0,2 

0,4 

0,6 
1, 1 

Fig. 1. The presentation o/ the; expe1°i"mental data frdm '.f,abie' II co,istriicted by 'means oj tl/,e lcinetic 
' equation (2).: 
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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 �-SbN4 being formed increases with increasing nitrogen pressure,

while the content of o:-ShN4 remains constant. 
These findings indicate above all that the effect of nitrogen pressure under these 

conditions is restricted to the dominating mechanism of �-SbN4 formation and· that 
the mechanism of a-SbN4 formation is therefore different (Fig. 3). 

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

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 metala 
is direotly proportional to p1l2, 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 accompaniecl 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 o/ Si3N4. 
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VLIV TLAKU DUSÍKU NA NITRIDACI KŘEMÍKU 
Boris Kurtev 

Výzkumný ústav elektrotechnické keramiky, Hradec Králové 

Práce se zabývá studiem vlivu tlaku dusíku na závěrečné stadium nitridace výlisků z práško­
vého kfomíku technické čistoty pl'i teplotách nad bodem tání křemíku. _ 

Výlisky, přednitridované pi'i 1300 °C na stupeřl přeměny 0,5, byly nitridovány při 1440 °C

v rozmezí tlaků 0,1 až 2,1 MPa po dobu 10 až 90 min. Analýza fázového složení, mikroskopické 
vyšetření a vyhodnocení pÍ'Íl'Ústků hmotnosti podle parabolických a lineárních kinetíckých rovnic 
pro kulovou symetrii reakčního rozhraní vedlo ke zjištěním: 

1. Kinetika nitridiice je za těchto podmínek lineární. _ _ 
2. Rychlostní konstanta je ve sledovaném rozmezí funkcí druhé odmocniny parciálního tlaku

dusíku. 
3. S rostoucím tlakem se zvyšuje podíl vznikajícího f3-Si3N4, zatímco obsahoc:-Si3N4 zústává stálý.
Z toho vyplývá, že vliv tlaku dusíku je za těchto podmínek omezen jen na dominující mecha•

nismus vzniku oc:-Si3N4 a že mechanismus vzniku oc:-Si3N4 je odlišný (obr. 3). Lineární kinetika 
nitridace nad bodem tání" kfomíku (obr.- 1) naznačuje, že řídicí úlohu má za "těchto podmínek 
proces na reakčním rozhraní. 

Jelikož podle Sievertse [10] je rozpustnost dvouatomových plynů v roztavených kovech 
přímp úiněrná _p1l2, lze ze zjištěné přímé úměrnosti kinetické konstanty a P°M; (obr. 2) usoudit, 
že Hdicím dějem reakce je za těchto podmínek rozpouštění dusíku v kapalném křemíku, spojené 
s disociací. Snížení závislosti rychlosti děje na tlaku dusíku, které lze pozorovat v oblasti nad 
I l\!Pa,, pravděpodobně znamená, že Nelicí úlohu začíná přebfrat chemická reakce. 

Obr. 1. Vyjádření experi-mentálních dat z tabulky II pomocí kinetické rovnice (2). 
Obr. 2. Závislost lineární kinetické konstanty na tlakit dusíku. 
Obr. 3. Vliv tlaku dusílcu na, fázové složení Si3N4• 

Obr. 4. Vliv tlaku dusíku na nitridaci křemílcu pfi 1440 °G. Leštěné nábntsy, 250 X • 
. a) atmosférický tlak, 10 min., b) atmosférický tlak, 60 min., c) 0,6 MPa, 10 min, d) 0,6 MPa, 

60min, e) 2,1 MPa, IO min,/) 2,l'MPa, 60min.

B JI 11 H IHIE �AD JIE Hl1 H H A A 3 O T 11 3 A� 11 IO HP E M H l1 IT 
Bopm: HypTeB 

H ay•11t?-ucc✓ieaoerwi,eJ1,bC1.uií uncmwnym a,iei.mpomex1-iwieCJ;oii ,;epa1,m,;u, I' paaeif Jťpa/1,0BC 
ABTOJ)OM npOll0/.(11TCl1 11CCJ10).(0Dalí11e BJlJ1fl!IIUI /.(UBJieHHH a30Ta Ha 3UIUIIO'lllTCJlbIIYIO 

CTíl).\1110 U30Tl1J)OB[IHl1H npecc3al'OTOBOH 113 nopournoo6pa3HOl'O l(peMHHH T0XHH'ICCIWH 'HIC-
TOTbl npH 'f0MnepaTypax llLIIJle T0MnepaTypu JlJIUBJiemrn KpeMHIH!. 

n pecc3arOTOBKH, a30THJ)ODHHHLJe npCHBHJJHT0JlbHO npH Te�mepaType 1300 °C /.(O CTCfl0Hl1 
rrpenpar1.1emrn 0,5, a30THponamr np11 t440 °C B rrpeAeJrnx /�anneHHH O, 1-2, 1 MTia no npe�rn 
'l 0--90 MHH)'T. Ha OCHOBUHl1H a1rnm13a cpa30BOrO COCTUBa, M1mpoc1,orrwiecKOro 11CCJ10AO­
Billllrn J-1 ouemrn npupocTa Beca COl"JiaCHO napa60JIH'l0C!HIM H JllfH0ÍIHl,IM HJ-IHeTnqecHl1M 
ypaBH0lll1flM AJifl ruaponoi'1 CHMM0TJ)HH peam1110HHOl'O pa3J(0IIU ycTaHOBl1Jlll: 

'l. J-ÍIIH0THI{U" a3on1p0Bamrn flDJlfl0TCl1 rrp11 TalUIX yc,IOBHflX mrneihIOií:. 
2. HoHCTaHTa CHOJJOCTlf D HCCJleJ.(yeMOM AHUITa30He flDJ1HCTCl1 cpy1m[l11eií DTOporo IWJ)HH

na jll.llHlJ!bHOro l([IBJiellHl1 [130Ta. 
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3. C pacTyU.\HM ):\aBJJ0HllCM UOllJ,lllifl0TCH l(OJlH 06paaymn1erncn fi-Si,N., B TO BpCMH Hill(
KOJUl'JCCTBO cx-SbN. OCTH0TCH JTOCTOHHHT,!M. ]!13 ,noro CJICAyeT, 'ITO BJH!Hll110 )J.aDJieHIIH a:JoTa 
UJ)H Tairnx ycJIOBHHX HacaOTCll TOJIJ,T(O npeo6Jia)J.a!Oll(0ťO M0XflHH3Ma o6pa:rnnaUHH fi-.Si,N 4 
H 'ITO MexaHJ13M o6pa30BHHl1H cc-Si,N. HD.1IH0TCH pa3HJ,IM (p11c. 3). 

JI HHCňnan IOHl0Tlma a30Tl!J)OD11Hl1H 81,IIDC TeMnepaTypLI IJ.Jl11DJICHHH HJ)CMillllJ (p11r.. 'I) rrm,a-
3LIBaeT, 1l'f0 BeAymym POJIL 11p1-1 TalnIX ycJJOBllllX 11rpac-r rrpo[lecc Ha peaIO.(IIOHHOM pa3H0.'IC. 

TaH mm COl'JI11CHO CnnerJTr.y ["10] paCTBOpHMOCTL nnyxaTOMHhIX ra30B B pacnJJaBJICUIIb!X 
M0T11JIJJax npHMO rrporropr(IIOJJaJlbHa p 1i2, MOiHHO Ha OCHODamrn ycTaHOBJJeIIIIOH npo11opru10-
HaJJ1,HOCTl1 1rn1-1e-r1P1cc1wii HOHCTaHT1,r II pM; (p11c. 2) BLIBO/WTh, •1Tq ynpanJIHIOll{lHI npo11cecoM 
peaHltHH np11·TaJ(J,l)I( ycJJOBHHX HB.IIH0TCH pacTnopen11e aaoTa D )J(ll/�TWM 1,peMHHl-r, CBH3ill-lHOC 
C AHCC0[\1111[\rrei:i. nomrnwHne 3UBllťHMOC'fH CHOJ)OCTI-1 Il))Ol_\CCCa OT /WBJl0HHH ,.l30Ta, IWTOJ}OC 
MOmHQ·3áM0THTh B 06Jiaen1 BLJIJJ0 1. Mna, co ncefr 11paB).\0H0}.(06HOCTl,IO 3Ha1mT, 'lTO y11pan­
JIHIO!l\illl pOJJh npo1�eccOM HaYI-IHHCT nepexo)�BTb I, XHMll 1JCC:HOň pcam�HII. 

Puc. 1. Bbipn�1cenue ,ih:cnep1i .. M.ewna.11,b11.b1x aa1-11-1.ux ll3 ma6M1.4u I I np11. 11.o,1wu1u 1.w1.em1t1teci.n::o 
ypa.aHenu.<i (2). 

Puc. 2. 3ae1.1CU.,\!OCll/.l, .fUlllCiínoii. l,l/.J-te/11.U11eC/i.O/J. /.:OHcma.,imbi 0/11. aa.e.11,en1ui aao11w. 
Puc. 3. ll.11,1.111,nu.e aae11e1ú1.q. ·aaom.a 11a g]aao6bll/. cocm.ae Si,N •. 
Pne.- 4. B.riwmue 8naJ1.en1u1, a.aoma 1-1,a áaomupoea,-we 1.:pe,11.nun npu 1440 °C. llo.rwpoacui11ue 

anw.1wg]u, yae.q,U<1e1-1-ue a 250 paa; a) a.111..11ocg]epHoe aa.a.rienue, 10 .1u111 .. , b) a.111.11.ocfpep1-1oe 
aaa.ienu,e, 6.0 .111.11.n., c) 0,6 J\1Ila., 10 .111,un., d) 0,6 J\1ffa, 60 .mu{., e) 2,1 M lla., 10 .11,1111., 
I) 2,1 M II a, 60 .111.11.n. 
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