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ABSTRACT
To find out the optimum heating prefile for Lhe mitridation of compacts of graded silicon grains (max. 53
#m), 1wo balches with 1the addilion of MgO and Mz(NOy;-6H.0 to silicon particles were isoslatically
Pressed into compacts. They were nitrided under some different nitriding schedules.
The preperties such as bulk densilies, mucrostrostures and Formed phases were measured and ohserved,
The following results were obtained:
1} About 10% unreacled silicon remained in specimen which was niuided al 1, 350°C for 240hs.

2) One of the step-heaiing processes, 1, 150°C-1,390°C [or 65hrs and then 1,390°C for 50hrs, was ibe
most effcelive in the nitridation. The nrtridation was mot greatly inereaged with (he holding time ai
low temperature, but wilh that at high temperature.

3) High pressurs (10. 5kgf/cm?) of nitrogen at 1,390°C acecleraled the a—f transformation of silicon
nitride.

4) Magnesium niliate was superior Lo magnesium oxide in the role of nitriding aid and the Tormation of
unifoerm miciostructyres.
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Fig. 2 Nitriding schedules of gap-graded silicon com-
pacts, (A"} (B”) and(CH
(nitriding gas: 95%N3%Hs, 10ppm water

vapour, {lowing rate: 20 ml/min.)
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Table 1 Quanliative Analysis of Phases in Sificon WNitride Specimens, treated under Lhe WNitriding Profiles

of Fig. 2, by X-ray Diflraction.

(%)
1,350°C
Specimen | Phase a b c d ¢ T g
300 | 60h | 90n 120 h‘ 180 h ‘ 240 h

550|540 530 503 as1| 303|779 711 | 283 | 699 | 641 | 330 | 404
B | 270 209|328 | 364 430 504 86| 92| 583 137 247 | 614 | 504
B Si 1179 160 | 141 | 133 119 | 103 | 135 ] 197 134 | 164 | 11.2| 55| 02
B o0a 181 1e1 138 105 078 906 773 o049 510 260 054 068

e | 591] 3587 570] s62| s08| 435 793 } 775 | 316 | 786 | 614 ] 571 | 524

A | 300|308 332|340 1393 467 134 170 | 63.0 | 122 | 216 203 | 473

f 1

C Si | 108] 105] 98| 98| 99| 98| 73] 55| s4| 72] 70| 26| 03

aib | 196 191 172 165 120 093 592 456 0.0 554 194 142 L01

A214 A 1F (1984)

{35)



kb g g 1A

el PEFESh wke $fo) Bk B0l HiA A
W gk, F Hmy Ei 1”’& z‘ii’i o
o] MR SEhEETES el s T BALE 3
A = = ﬂ] ALY Ap(E) B ”"{t#m Rl
A Hez = E O

W ALEE A2 2dan & Table ! el
(m)~ (g9 InElden wE JAAF REES EHR
o o/ H 5 Fig. 4] vFERAGEh C’]% Fe 1150°C

ol A B L @ (2) e
F gl dek slE Ad 350°C 7= AR
A () 8o LINPCAR FEAL (%] Bk
97 BFD oltth o/f ol SIGAE ©Fe] ¥
Aoz dold a—filifd mEiite] FiRgvelt
vf, o] A2 54 ] EIfl B HIRFEAT R e
ek Faoglvh, #mak MgO = EhEEM
5i0: 8t =5 EHTY »1\ﬂ Tow IEshe] vh-& JEREIRE
+* 3}’:‘7‘2— melt & wh=m Aoz Adde B (e
1,200°C ie AL mEse] BT 36
0TS e uE SRR
fiEraked o
el A BEE A
2 A,
it R

rLr

By -‘EL]

D

¥e,

a]
4]

~dr,

_‘Lﬂ%
I b’l’ c] =
s Aol B BT E
121 ()} @eA% T -
LR Lo el od SRR (0= ok
Flge] Bt A2 deg 2o Eeh = A Bls
1150°C ol 4] 50°C & = 1204 fiEFakd s 1,350
oC g} 1,390°C ol A% oF 20BRIA HES Aoe B3

(5]

o
2 oAE
FE ﬁ

2
4

Fe(©% B (BF TR 1,390°C % 105 kefjem?
GFRE A 35 1 A2 Me(NOgs6Hy0
< N A O RS ARES EF M
)9 e, folpel ael BE AeE welA
iR 9 fTE A Sgert e e Qo
eg el
22t MO & BRINE AA (B)e] el
ol A SRS o #iEse ® ol a/f il
o e 499 e o ek,
15F S ol ehe] ERITETEE

1,350°C o A fmEaZIE

4’; = Fig. 5] Ve deh Me(NCy)s 6H;0

CEOjEE e REEREER (30~240 ) o) A
MgO e wT RS Eake] JEe) #H= Ba
aﬁ{[;?é(:lwis = zefne] FLETERA A 2] =27
kghef, o] e H R T 53.15% = v A A

mal NE =Y

ol 2] gk TR

o_r 50% o]wheld] MWEnE 90.3%
FLe] TEEE, MO d] HEY, R

Si{ %}

Urneacied

1
s m
/Jf
/~ #/
<
248 1aho

18 &

8 Biwga- el sergte 20
Ct Mgzl o4 G-odded scrple |

L]

10 i
8 o0
30 a0 b} ‘20 W 140 210 0
Mdncing Time(brs’
Fig. 3 Content of vnreacted silicon and @/ ratio

as a function of nitriding time at 1350°C,
© il - asded sampa (B)

ADjHgINDy )}, 6H,0 - tded samplel C

20 10
18
~ 16 7] 2
LT
/
g2 5
ERD) S g
o[ i !'/ E
a /. 4
45 / /;}‘I =
o
£ 4 i Vi 2 =
Z 4 /) Y ] l? &3
4 g / | a =
V. L ‘ ] = 0
a 5} 4 d @ ‘ q

Mitnding  orafle (based on Fig 22

Figz.4 Variation of unreacled silicon centent and a/3
ratio in silicon niiride sampls

8 ———

- e e
P " E
Zoha = //”
c
5
x] /
.. bk .
=2 1
o <
i <
] &0 W10 150 1 M0 W)
Mindng  tme { hes )

Tig. 5 Variation of weight gain in nitrided body with
nitriding tme.

ok L A S fael meftsh
ol S Aoz A
29, 49T A5 P 651 7 4

Fig. 6 & 1,350°C ol A] 2 pfgh]2

vl 0

B 9:1 o 2ol ahe
Ele = rﬂm of Wid ez Fig7 & Jilﬂé?)lllr‘:&.ﬁﬁﬂ‘?ﬁﬂ =
6 ECEE R



DAL E] BT EfbEeE) 29 R

§
~ ZED 4 —~ 27 1
% D)_—’:f:—f;b = 5
— TR 2
Basg ﬁf/—fj—/ " a o oz
- - % < % ro
§ P 3 j
iz ) H
9 : L : I B A
& % . ! |
L 23 5
o 0 et 24 f
& B
v [
e o 23
=]
[ax ] = ™ - * + - - E‘L
3 60 98 420 150 180 10 A6 = |
3 22 9
“ I i |
Nitriding  ume [ hrs )
il b c d e f [
Fig. 6 Variation of bulk =p. gr. of nitrided body Mitniding  provile (based en Fig 2 )
a5 a function of niriding time.
Fig, 7 Variation of bulk sp. gt of nitridad body with
Q& B AR 2ol P 64 /‘il.i" kel L resooclive nitridirg profiis,

M (Fig. 5) = ¥j<at
fdlell w2 #insld =

e s e g gke] HEEE
el

e EEED WA AF 2 ne] 2O Feldde g

B{13580°C, 90his) Z(1330°C, 240hrs)

Fiz. 8 Photographs ol specimens {2), rided ¢ / ,» Wlus and  24%5nrs,

&Y (&) e

Fig. 9 Photoygraphs of specimens (A), (B) and (23, nilrided oo the heating profile of Fig.

28 (b)),

A compact which consisted of 50% of 53— A0pm 52, 20% of 10-30um 50 and 30% of
<10 81 and pressed isostatically ac the pressure of 4

B; compact of 929 component (A) plus §9% iz, made wila 1he some coplied
pressure as compact (A

C; compact of 929% comporent (&) plus Mz (N0 6HL0 eqaivalenl to &y MgD,
mads with the same applicd pressure as conoa (A) after decompasition of the

mixtuie al 300°C

A2 = 1E (1684 (37)



o W

4 fa

{B) (6]

Fig. 10 Photographs of specimem (A), (B) and (C), nitrided con the heating profile of

(A)
Fig, 2B’ (c).
(C)ﬂr A% & FSHES A, —ﬁ% g ok

o] & (2351 (f)71" waloh, B (O7F B8 ek
wE ‘—T"ET-‘J = Ae e Sl = EHE lIKa?ﬁS T
ukEle EgiEe] 9% 3 Aoz 2tdn 1350°C
oA #EEEEA7 G RAEEelA 30 ll'"‘l’ﬂ 90 mFIH,

240 1 T BT (Byel Cla Mgk € Fig 8
of Wb gleh, BAL = EERTY EELE HE
FES Qo Ene ZhEEfeE 5w gdss &
4 ol=v #EE R sdfdSE EHRETH 2%
2 Fobdx glr}, Fig 2B/ (h) 9] sftngifo =
E R®E (A, (82 (O o F kg Fis 9
of *tehgie). &g BEERE s RA (A)sE MeO
B gy wE gL CREEY ERETI 22
Ao s A gIle vola glvh o FIL4 Moulson
o] Alqkit FABHRLYEAE RESS oFHIR
Z s 2 oleR i3 & Mg TS LA
o] A7) {EH melt A} FEH e Az Aes FaEr
e} Mg(NOz) - 6H:0 £ fﬂnﬂﬂi g

J}L ﬂ-IO

-Jr

ﬁ}'l (c) ﬂ/ﬁ% ﬂf;{%}n a5 ;:ﬂ_‘__] 5_7'!7". Z]—-]U: Eﬂ
T i 2ol Qe Fig- 2B’ (b)8] Jriko® ik
FIEAZ A, ) 2 OF 4 1,390°C 3

10.5 kgffem? 8] ZEZEHEE T A 35%{]‘3'] FRYES: Fig. 2B
(©4 hEel diE EpEA 1“lg 10¢] hehy

9=}, Fig. 94 Fig. 10 4] 5 ﬁﬁi&&]. AR BUEE
i A& wsEh Fig 109 ERNT EES ML
o] A dAelel, = REES R o Ha
HEE w{EEES A48 B s g ol A
AER FE Mp(NOw. 6H0 & el ZE{LRIED

ﬁiﬂﬁt——r E f@c%‘ﬂ- e oy =%

F= o i Az FIp(B)E Fig 207(D st
(g) 8 e e = ﬂFf BLAEel g FHdRA
A Fig 118 126 veRilgel, Eifle]a EmE
T (el AE e EEFE T oFa mola §

(38)

Fig. 11 Photograph of specimen (B2, pitrided on
the heating profile of Fig.2C" (£},

Fig. 12 Photograph of specimen (B}, nitrided on
the heating profile of Fig, 2C*{g).

o) FEEalA] R R (el REESIE
R T-AE AL RelA phed eld
o HEFARERS] fEfRe] RLEFES
e

dcnsiﬁmion AF e g FikeR MR
& sle] EEE(4.224 keflem?®) £
;.1 compact & mHEe1Al SEH{b

isnstatic BZ'JT‘&'_

ECEEE



Efte A=A sk, zevh i@ compact 2]
BILRKEE Pl sedisl wrdirlherl 2 2 oy
ol EERE] 5ea5=1A7) ol e, whebd BT
SLIGRIE coating 37 (LR EMAE S Mgiste e
A EENES miEthaA se, delxl @i o
, REEERET, BERESe R M £
ji compact 2] S{ERIES 1,350°C o] A BT (240
Rl fESSielele g2k 929 o)1 dri o
=

2R L 150°C) o) A ElEfE el = Zte o=
T nEE 4 EIac

3.0 B A= a—fHY Ak,
Hie) Eske,

4. 1,390°C ol 4]
{bEge] = 2
RS F9

5. g {kks]
LIN°C 2 15 BfEme = HEEs

5T (1,390 °C) 6 A SO IR
(Fig. 2C' {g)).

6. Mg{MNOg)-6H0 = MgO A1} 22{kE80] &gk
d] ol #hiigste] TEERRE MY—3 S MgO

¥ M SIOFEHY] forsterite AEgEPo]

A}, oL HWEI BiNEE
el e

22 kiR
wrii ol A2 f-4E4] 4

IR (10.5 keffoni?) 9} BEIEE &5
EgE F4 Fhert amf it T

LM g2
EFA A (65 e
fesste Zold )

471 4%

fiiin & o] &=,
s 2
u] == ]
of Piel =mE P4 T Leeds ) gt
Dr. A. J. Moulson 5] Dr. I. R. G.Evans #f} 7

& g mA

H

References

1) A. X, Moulsen, Reaclion-bonded silicon nitride, its
formation and properties™, J. Mater. Sci., 14 1017-
1051 (1979),

2y L F. Collins, R, W, Gerby, “New refraclory uses
for silicon nitride reported™, ). Meials, May, 612
615 (1955).

3) R. D, Pehlke, J. F. Eliiott,
thermedynamics of the silicon, nitrogen, silicon
nitride system™, Trans. Mct. Soc. , AIME 215, Oct.,
T81-785 (1959).

4) FhETE HEIRE “E=LEIER $EHE 2 2 com-

A, 2003 211~

“High-temperature

pacts &) characterizalion”, &9 %3

Aaid Al 1E (1980

5

6

i

g

9)

13)

il

i2)

13)

14

15)

16)

17)

(39)

B AR Eibnsidel S P

216 (1983).

Idem, “BE339] &5 (hAIHES] 9o Rifholon A &9
AL, ibid., 20 (4) 305-314 (1983).

A, Atkinsen, A. Y. Moulson, “Some important
variables affecting the course of the reaction bet-
ween silicon powder and nitrogen™, Science of
Ceramics Vol. 8 edited by Gerald H. Stewart, p.
117-121, Brit. Ceram. Soc., Acad. Press, Stoke-on-
Trent, (1976).

8. M. Boyer, D. Sang, A. J. Moulson, “The cffects
of iron on the nitridation of silicon™, Nitrogen
Ceramics, edited by F. L. Riley, p.297-312,
Noordhoff, Leyder, (1977).

8. M. Boyer, A. I. Moulson,™ A mechanism for the
nitridalion of Fe-contaminated silicon™, J. Mater.
Sci., 13 (8) 1637-1646 (1978).

P. Amundale, A. J. Moulson, *Microstructural
changes during the argon-sintering of silicon
powder”, J, Mater, Sci., 12 (10} 2138-2140 (1977).
W. Kaiset. C, D. Thurmond, “Nitrogen in silicon™,
I App. Phys., 30 (3) 427431 (1959).

M. Mitomo, “Effect of Fe and Al additions on
nitridation of silicon”, J. Mater. Sci., 12 273276
(1977,

B. F. Jones, M. W. Lindley, *The influence of
hydrogen on the nitriding gas on the strength of
reaction-sintered sificon nilride™, J. Mater. Sci.,
11 (10) 1969-1971 {1976).

H. Dervisbegovic, F. L. Riley, “The influence of
iron and hydrogen in the nitridation of silicon™,
J. Marter. Sci., 14 (5) 1265-1268 (1579}

D. Campos-Loriz, 5. P. Howlett, F. L. Riley, F.
Yusaf, *Fluoride accelerated nitridation of sificen™,
J. Mater. Sei. , 14, 2325-2334 (1979).

P. Popper, S. N. Ruddlesden, “Preparatian, pro-
pertics and swructure of silicom nitride”, 7ians,
Birit. Ceram. Soc., 60, 603-626 (1961).
Daniel B. Leiser,Q. I, Whittmore, Jt.,
behavior of ceramic parlicles™, Am. Ceran Soc.
Bull., 49 (8) 714-717 (1970).

T. P. Herbell, T, K. Glasgow, N. T, Shaw. “Re-
action-bonded silicon mitridz prepared from wet
attritton milled silicon”, WASA TM-81428, Lewis
Research Center, Cleveland, Ohio, {1550).

Compaction



18)

1%

n

23)

28)

29)

30

e E-E MR

T. P. Herbell, T. K. Glasgow, “Bend strengths
of reaction-honded silicon nitride prepared from
dry atirition milled silicon powder”, NASA TM-
79239, Lewis Research Center, (1979).

™. L. Parr, E. K. W. May, “The lechnology and
engineering application of reaction Londed Sighy™,
Proc. Brit. Cerom. Soc., 1 (7) 81-93 (1967),
Nacry J. Shaw, “Nitridation of silicon”, NASA
TH-_82722, Lewis Research Center, Ohio (1981).
John A. Mangels, “Efftects of Hy-No nitriding
atmospheres on the properties of reaction-sintered

SiaN,7, . Am. Ceram. Soc., 58 (7-8) 354-355

(1975).
™. J. Shaw, “The combined effects of Fe and Ha
on the mitridation of silicon™, J. Afater, Sci., 1,

337340 (1982).

D. P. Elias, B. F. Jenss, M. W. Lindley, “The
formation of the -, S—phase in reaction simizred
silicon nitride and their influence on strength”,
Powder Metall, Int. 8, {4) 162-163 (1976).

W, M. Dawsoan,
effect of Fo and T, on the kingtics of silicon nitrida-
F. Adater. Sei, 13 (10) 2289-2290 {1978).

M. N. Bghaman, A, J, Moulion, “The removal

A. J. Mounlson, “The combined

iion",

of surlace silica and 15 efecr upon ailicon nitrida-

tion kinelics™, ¢bid., 16, 2319-2321 (1981).

WEAH, LB SMNDRISED 150
Y, O amics Japer, 18 (1) 10-15 {1983}

M. Milomo,
nitrrdation of silicon™, J. Anr, Cerat Soc., (11-12}
527 {1973).

“Effect of oxyzen paitial nressure on

gz, i, AT ladle
WY Eoge] £ AT, agusl, 12 @0

39 {1975}
M. W. Lindley, D. P. Elias, B. . Jones, K. <.
Fitman, “The mfnence of hydragen in the nitriding
gas on the strength, structurs and composition of
reaction-sintered silicon nitride™, J. Maser. Sci.,
14 (1} 70-85 {1979,

H. Desvishegovic, F. L. Rilky,

gen 10 the nitridation of silicon powder compacts™,

*The role of hiydro-

an

32)

kX))

195)

36)

Lad
D
—

40) <.

42

(£0)

ihid., 16, 1945-1955 {1981

A. Atkinson, A. I. Moulson, E. W. Roberts, “INi-
tridation of high-purity silicon™, J. Adarer. Sei
10, 1242-1243 (1975).

B. F. W. Lindley, “Reaction sintered
silicon miride™, ibid., 11, 12838-1295 (1975,

Y. ™. Jenning,

Jopas, M.

“Review on reactions between
ibid., 18, 931967 {(983).
John A. Mangels, “Effect of rate controlled nitrid-

stlicon and nitrogen™,

ing and nitriding afmospheres on the formation
of resction bonded SisM™, Am. Cer. Soe. Suil,
60 (63613017 (1981).

o o], “REAGEER ks dplkd YA = il
TEIEY 9@, [Caik iEe4aT 8H, (1983)
G. R. Teiwiliigar, “Properties of sintered Sighy”,
57 {13 48-30 (1974).

Wong, Donald R. Mcssier,

J. Am. Cerain. Soc.,
Philip ¥

fabricarion of

“Procedure for
SisMy by rate—gonirolled reaclion
sintering”’, Ann
(1973}

T. P. Herbell, T. . Yeh,
of aitrition milling on the rezactionsintering of
TIABA TM-75%05 GOE/NADAS

Ceram. Soc. Buil., 37 (5)325-320

K. Glasgow, H. “Efect

sliicon nitride”,
1040-73,2 {1578).
J. B, {5 Evans,

sowdar beds in the nitridazion

“On the

and subssquent

A . bdoulson, use of

densification of BBSPM", J. Mater. Sed

236-3235 (1983},

Lert., 2,

' =

7. Garzara, . R. DMessier, “Guanlitauve
detsrminmion of phase conteni of siheon mutride
AMMRC TR-T5-4
Army Maiorials and Mechanics Rescarch Center,
{1973).

A. Atlkirsan, P T. Lest, A, J. Moulson, E. %/,
Roberis, “A mechanism for

by M-ray diffraccion aralysis™,

Waieriown, Messachuseiis, Teo.
the aitridation of
sihcon powder compacts™, J Fdater, Soi, 9 981-
984 {1974).

H. M.

formation

Jenmngs, M. H. Eichman, “Etructure,
mechaniEsm and kinelics ol reaction-

bonded silicon miride’, /ed, 31 2087-2028 (1976).




