General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



I

NASA TECHNICAL *EMORANDUM NASA TM-75129

EFPECTS OF Fe203 ADDITION ON THE NITRIDATION OF SILICON POWDER

Y. Hasegawa, Y. Inomata, K. Kijima, and o. Matsuyama

- 6
(MASA-TH-75129) EFFECTS OF Fe203 ADDITION N78-1119

ON THE NITRILATIGY OF SILICON POWDER

(National Aeronautics anl Srace

C ; 11D Unclas
pdministration) 16 p HC A02/MF AO1 CSCL G324 49424

Translation of "Shiricon Funmatsu no Chikka Katel ni Oyobosu
Fe203 Tenka no Eikyo," Yogyo-Kyokai~Shi, (Journal of the
Ceremic Soclety of Jepen); Vol. 85 (2), Wo. 978, 1977, pp. 83-90.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D.C. 20546 August 1977



STANDARD TITLE PAGE

1. Report No, 2, Government Accession No, 3. Reciptent's Cotalog No.

NASA TM-75120

4. Title and Subtitle

EFFECTS OF F62 3

NITRIDATION OF SILICON POWDER

5, Report Dote

O, ADDITISN ON THE fupust 1077

6. Petforming Organization Cods

7+ Authoe(s)

Y. Hasegawa, Y., Inomata, K. Kijima

0. Parlarming Qrganizotion Report Ne,

and T. Matsuyama, National Institute [10. Work Unit No.

for Research in Inorganic Materials

11, Contract or Gront No.

?. Perlorming Organization Name ond Address ) NASw-2790

Lieo Kanner Assoclates
Redwood Ciuvy, California QU063

12, Sponsoring Agency Nume and Address

13, Type of Report ond Parlod Covered

Translation

Natlonal Aercnautics and Space 14, Sponsoring Agency Code

Administration, Washington, D.C. 20546

15. Supplementary Notes

Tranglation of "Shiricon Funmatsu no Chilkka Ketel ni

Oyobosu Fep03 Tenka no Elkyo," Yopyo-Kyokai-Shi, :
of the Ceramic Society of Japan); Vol. 85 (2), No. 978, 1977, pp. 83-

900

( Journal

18. Abstract

The reaction of silicon powder and nltrogen was studied 1n
When an addition of Fe,0, was

the range of 1300-1400°C.
gaged to

more than 0.8wtf, the reaction was linear and com
, the reaction veloclty increased 5-10
times. The reactiong were medlated by the process of peel-
Ing and eracking In a thin layer of Si,N
sllicon particles or on the surface of "the Fe-81 melts. As
the addition of Fe,0, increased, the rection activation en-

samples with no Fe20

ergy for highly puge3samples decreased. Feaoi which
all

exceeded the Si3Nu
to d-~Fe.

solubility 1limlts was fi

formed on the

¥y ecenverted

17. Ky Words {Selected by Author{s))

18. Distribution Statement

Unclassified-Unlimited

19, Security Clossif, {of this report}
Unclassified

20, Security Classil, {of this poge) 21. No, of Popes 22, Prico."'

Unclassified

NASA-HQ



EFFECTS OF Fe20 ADDITION ON THE NITRIDATION OF STLICON POWDER

3
Y. Hasegawa, Y. Inomata, and K. Kijima
National Institute for Research in Inorganic Materials, Ibaraki-ken
T. Matsuyama
R and D Division of Noritake Co., Ltd. Nagoya, U5L

The reaction of silicon powder {(puriiy: 99%, average particle
size 15 um) and nitrogen (02<0.5 ppm, dew point<-60°C) was studied
in the range of 1300-1400°C. When the addition of Fe,0, to the

273
gilicon was more than 0.8 wt¥, the progress of the reaction was

linear and compared to samples with no addition the reaction veloc~

1ty inereased 5-10 timeas.

The reactions were mediated by the process of peeling and
cracking in the thin layer of SiENM formed either on the silicon
particles or on the surface of the Fe-Si melts or by the process
of dissolution eduction from the Fe~S1 sclutlion. As the addition
of Fezo3 to the silicon lncreased, the reaction activation energy
for highly pure samples decreased from about 160 kcal/mol to about
133 kecal/mol. Fe203 which exceeded the Si3Nq solubility limits
was finally converted to a~Fe. The solubility limit of Fe in
Si3Nuwas in the range of 0.24-0.49 at% at 1400°C.

1. Background

There has been much research carrled out concerning the re-
reaction of silicon powder and nitrogen. It is known that certain
impurities inside the silicon powder used for nitridation acceler-
ate the nitridation reactlon. Among these impurities, iron
compounds are very effective [1, 2]. This kind of research is
being conducted continuously, but there has been no research dis-

cussing the velocity of the reactlon [3, #].

# Numbers in the margln indicate pagination in the foreign text.

k5 ¥
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Factors other than impurities in the silicon have bheen re-~
ported as alfecting speed of nitridation, for example minute
quantlties of oxygen in the nitrogen atmosphere [%5-10]. For this
experiment we established a comparatively pure nitrogen atmosphere
(02<0.5 ppm, dew point<-60°C), and studied the effects of F9203 ad-
dition, chilefly in respect to veloecity [11-141. The results have
been integrated and reported below.

Many additlves have been reported effective in the accelera-
tion of nitridation. The reason we have chosen iron, which is
easy to combine by a silicon pulverlzation process, is that it is
the most universal of powders for industrlal use, and an oxlde, be-
cause minute amounts of powder are easy to procure as reagents.

2.  Experiments

2.1 Materials

The sllicon powder used in the experiments was 99.99% pure
and was from the Takajundo Chemical Co., Ltd. Lump sillcon was
pulverized with a stainless steel ball mill. The powder from
which impurities had been removed by acld treatment had average
particle size of about 15 um, and the chief impurity was iron.
0.007 wt% was detected by X-ray fluorescence analysls. The pow-
der was also analyzed for aluminum and calcium, but none was de-
tected. The powder was not analyzed for oxygen content. The
particle distribution was measured by the Omnicon Pattern Analysis
System of the Shimazu Manufacturing Co., Ltd. The results are
shown in table 1.

The nitrogen used for the reactions was obtained from a gun
of highly pure liquid oxygen by evaporation (02<0.5 ppm, dew
point<-60°C). The Fe203 used as additive was of special quality
with particle size below 0.5 um.



2.2 Nitridation

One gram of the silicon powder and Fezo3 was preclsion

weighed and placed In an agate mortar.
wlth 1 or 2 drops of distilled wabter and after mixing with care so

The mixfture was moistened

as not fo pulverize further, was shaped into a disc using a 15 mm

steel mold.

and the experiments carried out.

After drying a day and a night, the dise was reweighed
The packing rate of the powder

was about 60%, and the thickness of the sample was about 4 mm.

TABLE 1. SIZE DISTRIBUTION OF
SILICON POWDER USED Ik THE EX-
PERIMENTS

Number of oversite Percent
pasticle (i) particle (wtfe)
‘Total B2e8 1000
0.6 . 6734 100.0
1.0 RLF] 00,97
2.0 2948 99,68
.0 2066 98,7
40 M4 7.0
5.0 1048 H.5
0.0 L13 82.0
7.0 16 Bo.5
8.0 442 8.0
.0 54 80,3
10 284 70.6
12 192 Gt
14 "7 §3.1
10, #3 4.5
18 56 4.6
20 40 KL
a2 <1} 28,5
4 22 2.2

Diumeter of

L P, -

was recorded.
and l400°C,

After drying, the sample
was placed in an alumina
(A1203>99%) crucible and
lowered into a vertical tubular
furnace, the core of which is
an alumina tube. A thermo-
balance was applled continuous-
ly. After the atmospheric ni-
trogen had been displaced, the
temperature was raised about
150°C/h until the determined
temperature had been reached
while injecting 500 ce of ni-
trogen per minute. When the
temperature was reached, it
was maintained, and the increase
in weight and the temperature

The experimental temperatures were near 1300, 1350,
The amount of additive was chosen after consulting

Suzuki's results [2], and were by wt% of the unreacted mixture 0,

0.8, 1.6, 3.2 and 6.2.
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3. Results

3.1 Rection Veloclty

The results concerning
temperature and reaction veloc-
ity are in tables 2-1 through
2~-5 for each Fego addition.

%

|
]
?
. J o o . The items concerning the re-

oo N ;
o0f 96d " "oes 1 o3 ali_‘i"""ﬁ—ﬁm action are not from the begin-
Fig, 1. C|111:“]"'“'1 redatien hetween o and T ning because the data are from
.i’,' Lty (1_) fur the sllicon pawdee fn after the temperature ilnside
Tuble o End polnt shows the end of
thy reoction, the furnace had become regu-

lar. The reaction velocity
A (um/h) is from the increase
in welght measured by the thermobalance, which is the change in
the speed of decrease in the slze of silicon particles. This was
done as previously reported [12], but this time, dead time was not
calculated., AT/At were claculated separetely for 5% reaction
range units for the value of A. The relationship formula neces-
sary for this converslon is 12 /48

X =nﬁfl-(1—T/Rn)3}an (1)

x: silicon after reaction, the weight as opposed to the amount
initial silicon

m: number of particle layers
T: decrease in size of silicon partilcles, the thickness of
sllicon after reaction
Rn: the average size of particles n
n: the welght of parficles n
The relatlionship between x and T according to this formula are
shown in figure 1.

The value of A in table 2, i.e. the calculatlion of AT/At,
was calculated by contrasting the amount of sillicon in the sample



TABLE 2-1. CALCULATED REACTEON (sample weight-amount of F9203)
RATE, A m/h. ADDED Fea 3: 0% with the detected increase Iin

- welght. Strictly speaking,

;lcnctlnn Ratge of T 4t A
O W wd m since the reactlon system was
1350 157 10-15 0,114 6.82 o017 an open cne s there wvere identi_
140 1408 10-15 0,114 0.24 0. 475
lioa  1B-20 0,028 o1 0.8 cal reactlions with sillcon
1408 20-23 {138 (11 0.523
Moa 2630 0147 200 o.0H and the alumina crucible and
1408 39-35 0,159 650 0-029_
R - ' - between silicon and the oxygen
Tahle 2-2, Caleulated renctlon rate, A pmfh, Added
Fe,01 0.8 wigs in the silicon, the oxygen in
caction . Nangeof AT e 4 the atmosphere, and the oxygen
Lo U Gy Gk . [h 6
1300 o 10-10 0.114 2.4 0.47 in the F6203 4 93 15, 1 ]
1310 15-20 0,125 144 0,003 -
010 202 o4 Loo 0.0 wlth the result that the in
1310 25-20 0.147 1.78 0.081
o 1008 o6 vel o crease in weight did not always
1350 1354 1016 0,114 .67 0170 Aa
ot ez oim Lot oais correspond to the reaction rate.
1302 20-25 4,126 0.40 0.040
s However, as will be explalned
1303 30-35% 0.109 0.38 6418
e 140 o om ol later, the scattering was very
1263 40-45 0,187 0.4 0.310
B8 A58 ser 08 I slight and has been ignored
1363 60-53 0.230 1.02 0.225
W o dots oid o1 nom in the calculations of table 2.
1 15- 20 0.125 .97 0:328
1401 20-25 0.136 26 0,523
1401 24-30 0,147 .17 0,863 3 2 'I'he Condit ion of the
1401 40-35 0,169 0.11 1,45 -
Hol  abse 0,173 0.2 1l Silicon Nitride Formed
Mol 40-48 0.187 0.12 1,56 '
14m 4550 0207 B4 1.48
1401 BO-56 0.230 .10 2.0
S0l ss-80 0.%56 0.7 158 The mineral composition of
1401 60-05 0:287 ol7 1,69
WOl 610 0918 0.2 Lo the nitrided samples as deter-
401 % 35 .36 0
U S o R mined by the X-ray diffraction

_ method were investigated (171,
and the results arb shown in table 3., X-ray fluorescence analysis
indicated that the iron additive did not scatter outside the sys-
tem, but remained inside the nitrided sample. In samples with
more than 3.2 wt# Fe203 added, all of it remained as metallic
iron. The addition of Fego3 in large quantities caused the gener-
atlonof SiENEO. The amount of B phase material in the nitride, in
general, was greater at high temperatures.



TABLE 2-3. CALCULATED REACTICON Parts of samples with dif-
RATE. A m/h. ADDED FeEOB: 1. 6wty

nitrided at 1400°C were lightly

ferent amounts of Fepos additive

Heaction Range of 4T At ;
Imﬁwme uﬁwn Gm ) gmi pulverized in an apate mortar
Bo s 015 @R 20 0.0 and the resultant powde observed
1167 15-20 0.125 1.tn 0,069
B 22 4 L8 pai by electronle microscope. The
Hilng 2539 & 47 122 @i20
207 35 089 LAz 0% results are shown in fipure 2.
1207 35-40 0,173 1.40 0.124
37 dpds 0aeT 160 017 In all cases, minute rectangu~
1307 45-5¢ 0,207 1.9 0,106
1300 S5 0230 Aoh 0070 lar crystals were ob-n. ved.
1207 35-60 0.258 0.B8 0037
W 132 1520 0,28 a1 a9 There was no specilal relation
1305 20-25 0.138 .48 4,200
128 283 0047 oub DA between the differences in the
phl ] 2025 0. 189 on 0454 .
tes 840 0um 0.1 .40 amounts of FeaO added and the
1308 4048 0.187 0.3 0.684 3 .
1305 4sE0 0207 4G 0. configuration of the SizNu formed.
13y B3-55 0,230 0.40 0.676
1305 650D 0. 250 045 0.56%
1003 ED-65 0,287 0.68 0,513
eF 470 059 GBI Gddd ., Oheervations
1365 T0-76 4.007 0,980 0.397
1400 1398 15-29 8.125 0,20 0.028
1399 20-3% 0.138 .20 0,080 q . l Reaction VElOCity
1400 25-20 4147 0.4 0.643
1400 30-35 0. 169 0,18 0,994
HoD 35-40 D173 [iI¥]) 1.24
Hir 45 o187 608 2.8 Figure 3 1s an Arrhenius
1490 45-60 0.207 0,12 1.73
W0k ses5 o230 008 288 plot of table 2. In table 2,
o hyperbolic reactions were noted

1407 £5-70 ¢.31¢ ¢.18 1.97
oy 075 83457 0.0 387

in systems with no FeEO3 added,
but linear reactions were noted
when there were additions ex~
cept got the initial period of the reaction. This tendency can
be seen in figure 3, When different amounts of Fe Ogare compared
in figure 3, the addition of Fe203 to the silicon powder acceler—
ated nitridation, but addition of F9203 above 1.6 wt% was not al-
ways effective. Except for low temperatures, the speed of nitri-
dation accompanied the ilnerease of additive but there was a
tendency for saturation. The nitridation speed at 1400°C with an
additive of Fe 03 of more than 1.6 wt% was 5-10 times higher than

when there was no additive. This effectiveness at acceleration

WaS remarkable at low temperatures.
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URIGINAL PaGR 1
QUALITY

Tahle 3. Mincral componition caloalated from X-ray data and the amounis of
free silicon valoulated from T.G.A resulta for the nitrided samples

Fel), sdde.| Reaction Results frven X ray  diffraction “_, A vesults
- R e ——
tenipet sture T :

(Wi ) () ot +- i ghe- g SuNO “"’:.rf - e
0 1300 (B} %0 e
1350 w3 EY e
100 " L] (TR}
ow 1%u 1o.. wr ai
1380 1.9 60 3 e
1w 1.y "3 LI ] ne
e 1300 0. 24 nae
1350 2.2 .r (TR “e
1400 L] 0.8 LR 14
.00 130 1.2 10.7 LI ] e
1350 12 14 e 14
1400 (] v dete. ted . 14
LE ol 1360 1w (] detes ted LN 10
1380 11 0.6 detedted 100.0°* 0s

1400 16.7 0 detececd 1018 U]

’.:(jnmdawnmudh.ﬂ.handhylhu-.mm 1 -
** Caused by the formation of SiyN&
% 4 Fe won dete td in all samples nitrided with 3.2 and 6.2 witte Feld), addition

Jaum Mlﬁ"}ﬁ lum '_m_" i
Q",) f .\l

010 WRaui 0.1 e F)’a.gl,-.ﬁ

Fig. 1. Eleetron lmcm‘mphn of powdered sample nitrided at about 1400C. Mineralogical
data of those samples are shown in Table 3.
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Fig. 3. Arrhenius plot of caleulated reaction rate, A p'h
in Table 2 1~2-5,

Table 4. Activation energy calculated from Fig. 4.

Added Fe ) Activation energy
(wile -" X (keal/mol)
0 -
0.8 153
1.8 165
32 150
v.2 1M

"o 184" and 158™ keal/mol were npmud,_



Table 4 showz the reaction
Ty R T g P activation energy found from
Added Fe0,: 3.2 wi% figure 3. The average values
B, Sy ¥ 5 & between 1300-1400°C are re-
. e B s T ) corded in the tab'e, The val-
ues could not be recorded when

o Sl gl R < =R there was no additive, but in
13 » m 1.y ¢
oo -5 S the range where the addition of
s A () -+ Fe,0, was small, the values of /51
SRIE S N A highly pure reactions which
T - - were 156 kcal/mol [11], and
N e — . % o 158 keal/mol [12], agree very
1380 LLE ) 150 e
- BE Ak om . elcsely. As the Fe203 additive
1364 40 45 Al Bl AT
- - I o :“ increased the values tended tc
1368 LN ] 0.20 [N H Rl
e R A v~ T :_m become lower., This was obvious
1363 0 e 0.947 0.4 0.0
oo - - S - in reaction with an additive of
e - ) ) 6.2 wt%, and it 1s possible
Reactin Kange of T M A
S WS un - & - e that when the additive is large,
R X B PR Y the rate of reaction is deter-
1400 19 W 0.1% 0.8 0.758
L T X 11 006 0.9 mined by a different mechanism.
139% 38 0.18% 0.8 0.883
"o » o 0.173 .18 1.08
" 40 0187 .18 7
:::: ::: o o-:: 1o 4,2 The State of the Iron
n n. 1.24
oo {4~ A Buring Nitridation and
MO e o 018 LTe M
o 70 0. 018 .1

When Fe203 coexists with
_ a sufficient quantity of sili-
con, as in the present experiment, it 1s estimated that reactions
such as the following take place during nltridation.
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The similar reactions

Si.N,~Fe, O, and S1-8S1i_N,-Al1.0.
Table 1 8. Calculated reaction rate, A pim'h 374 e 3 A e -
Added Poy: 83w ' are also thought possible [15,
Rea:tian of T - A 16], In any case, when the re-
‘___g. om N e action system is open as in this
1300 (AL 1520 [} 1.22 LN 7]
o 0w 19 o experimert, S10 is transferred
{LH] o n 0.7 L o
B ew 0188 098 0.6 out of the reaction system dur-
mn LR L 0.1 088 o.M
2 w0es 0 06 o ing the reaction period because
1 N o "
-G~ [ <SRy~ 1t 1s volatile [15,16], and iso-
1 b i 5
::: :: :: :: ::: lated iron or silicide such as
it A S PeSi, is generated. It is be-
oy ﬁ ;:: ::: ?:: ::: lieved that when the temperature
s St iy 1s above 1208°C, the common melt-
ool i iy - 1+ T o ing point of FeS1,-Si [18], a si-
::: :: :::.: ::: ::: licon solution of iron is gener-
oty ML . ated. If the reaction proceeds
e il SR v+l v~ sufficlently, the solution limit
£ et -y o8 g of Si3Nu ir exceeded, and the
oo Y (Sl SRy iron additive, as shown in
vl S - Y . table 3, exists as metallic
::: .'11' :: ::: - iron which retains its equilib-
R S rium with S1,N, at less than

one atmosphere of nitrogen [19].

For example, in table three, for the sample which was nitrided
at 1300°C with a Fe203 additive of 3.2 wt%, a 10% residue of sili-
con was noted in the sample after nitridation. 1In spite of this,
the generation of metallic iron was noted. This can probably be
explained by lack of uniformity of reactions in the samples. As-
cording to tagle 3, when more than 3.2 wt% of F8203 (corresponding
to 0.49 at% Fe in the 813Nu when nitridation was completed) was
added, metallic iron was generated. Consequently, we can say that
in the present experiment, the solubility of iron into 513Nu at
near 1400°C was in the range of 0.24-0.49 at%. This value is

10



almost in agreement with that of another experiment [19) in which
the solubllity of iron synthesized in Si3Nu with the same starting
materials was in the range of 0.4-0.6 atf.

The amount of dlsassoclated sllicon noted by X-ray diffraction
and recorde in table 3 is, in general, smaller than that calculated
from the results from the thermobalance., This 1o possibly due to
the fupacity of 510 mentioned earller. VWhen Fe203 wae added at
6.2 wt%, there was more than 100% nitridation of the sample at
near 1400°C. This is thought to have some connection with the
fact that SiaNEO was noted in the sample,.

4.3 Structure and Shape of the Silicon Nitride Formed

The Siﬁf;‘q wenerated by nitridation of silicon in these experil-
ments was, as shown by table 3, largely w phase. As the tempera-
ture became higher and the Fe203 was increased, there was a slight
tendency for B phase to increase, but not markedly.

The relation of temperature to the amount of £ phase is pro-
bar*ly due to the fact that B phase ls rather stable at high tem-
peratures [17]. It is believed that first « phase is generated,
and this by going fthrough a process of sublimation, recrystalliza-
tlon is converted into B phase. The increase of f phase which
aceompanies an increase in'Feao3 addition 1s probably dur to the
acceleration of the recrystallization in the solutlon [13, 173.
In Figure 2 can be seen some idiomorphic clear minute crystals
thought to have been formed by crystal frowth.

4.4 Reaction Mechanilsm

It is believed that the reactlions of table 2 in whlch Fego.3
was added proceeded almogt linearly. This fact must be satisfied
by the reactlon mechanism. One corroboratlon is the process of

11



peeling and cracking of the thin layer of Si3Nu formed by the re-
action on the silicorn or on the surface of the solution contalning
iron [12]. However, in the case of Fe203 additlive, the melt par-
ticipates in the reaction; fthus the Si3N” thin layer can possibly
be attributed, for example, to the V.L.S. mechanism [4#,20], or to
the dissolution eduetilon process recorded as 8.L.S. [21, 22].

The average activation energy 130-160 kcal/mol (table 4) be-
tween 1300-1400°C is comnaratively near the diffusion barrier,
186 keal/mol [14], of nitrogen in Si3N“ synthesized under almost
the same conditlons using identical silicon powder. It was noted
that for additions of above 1.6 wt% of Fe203 (0.57 at% in silicon
as an Fe additive, 0.24 atf in completely nitride sillcon) the
amount of increasge in reaction velocity hardly changes, and the
veloelty of nitridation was five to tenfold. This fact is 1in ac-
cord with separate results [19] where the solubility limits of
iron in Si,N) near 1400°C and in silicon at 1400°C were 0.4-0.6 at3.
It also agrees clnsely with the fact that the autodiffusion rate
of hycdrogen in ﬁ13Nq railses one unit when the addition of lron 1s
above the solubility limits [14].

The significance of the above 1s that the reaction proceeds
according to the diffusion rate, The progress of the reactlon 1s
linear hecause, as mentioned before, there ls an intervention of
peelong and cracking of the Si3Nu skin formed on the silicon or
on the surface of the soluticn contalning iron or an intervention
of a dissolution eduction process. Hyperbolic reactilons were
noted in highly pure powder with no iron additive. The reason
for this is not clear, but compared with previous research [12],
particle size was coarse and it 1s possible that minute quantities
of oxygen in the atmosphere participated in the reactions.

12



peeling and cracking of the thin layer of S:l?‘l\ll4 formed by the re-
action or the silicon or on the surface of the solution containing
iron [12). however, in the case of Fe203 additive, the melt par-
ticipates in the reactionj thus the 813Nu thin layer can possibly
be attributed, for exampie, to the V.L.S. mechanism [4,20], or to
the dissolutiol. eduction process recorded as S.L.S, [21, 22].

The average activation energy 130-160 kcal/mol (table 4) be=-
tween 1300-1400°C is comnaratively near the diffusion barrier,
186 kcal/mol [14], of nitrogen in Si3Nh synthesized under almost
the same conditions using identical silicon powder. It was noted
that for additions of above 1.6 wt% of Fe203 (0.57 at¥% in silicon
as an Fe additive, 0,24 at% in completely nitride silicon) the
amount of increasge in reaction *~locity hardly changes, and the
velocity of nitridation was five to tenfold. This fact i1s in ac-
cord with separate results [19] where the solubility limits of
iron in 813Nu near 1400°C and in silicon at 1400°C were 0.4-0.6 at%.
It also agrees clnsely with the fact that the autodiffusion rate
of hydrogen in T;ENu raises one unit when the addition of iron is
above the solubility limits [14].

The significance of the above 1s that the reaction proiceeds
according to the diffusion rate. The progress of the reaction 1is
linear hecause, as mentioned before, there ls an intervention of
peelong and cracking of the Si3Nu skin formed on the silicon or
on the surface of the soluticn containing iron or an intervention
of a dissolution eduction process. Hyperbollic reactions were
noted in highly pure powder with no iron additive. The reason
for this is not clear, but compared with previous research [12],
particle size was coarse and it 1s possible that minute quantities
of oxygen in the atmosphere participated in the reactlons.



5, Summary

The effects ¢¥f the addition of Fe203 ocn the reaction of sili-~
con (purity: 99.99%, average particle size: 15 um) and nitrogen
(02<0.5 ppm, dew point<-60°C) were studied at temperatures in the
vieinity of 1300-1400°C. When there was nho Fe203 added, the re-
actions proceeded hyperbollcally, because the partlicles were coarse.
When 0.8 wt% of F9203 was added to the mixture, linear reactlons
were noted. In the range above 0.8 wt%, the reactlon veloclty was
raised filve to ten times. The Fe203 added in excess of the solu-
bllity limlts of SiBNH remained as metallic iron after nitridation. /52
The golubility limits of iron in Si3Nu are believed to be in the
range of 0.24-0.49 at¥% at near 1U00°C. A tendency was seen for
the reaction activation enerpgy to decrease as the amount of iron
additive was increased. In cases when the addition of iron was
small, the value was about 160 kecal/mol, and when the addition was
6.2 wt%, the value was 133 kcal/mol.

It is believed that the reactlons were determined by the dif-
fusion rate of rlitrogen in the SiBNH' With the addition of FeBOB’
the reactions became llnear. This was thought to be due to the
intervention of peeling and cracking of the Si3Nu skin formed on
the silicon or on the surface of the solution containing iron, or
that it 1s mediated by a dissolubtlon edunticn process.
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