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ABSITRACT

The process of formalion, some thermachemical properiics and the behaviour
ol the 7- and f-forms of silican nitride in oxidizing and inert atmosphere were studied
vung TO-DTG-DTA wohniques in the range 2521600 °C, X-ray Jiffractometry and
1R speciropholamelry.

INTRODUCTION

The silicon nitride phases have been cslablishied* ™ fo cxist in lwo diffcrent
forms designated a8 2- and fisilicon nitride. Both these forms are hexagonal®.
Subsequent struciure dererminations” indicie that only the f-form is a troe silicon
nitride having the formula Si,N,. The =firm has been shown 1o be an oxynitride
with unil ccll contents 51, xN, 00 ; having a range of homozcncity (1.95-2.85
wlo OF. The thermodynamic messurements in the sysiem 5i-N-O at low oxyscn
pariial pressures (Po. = D77 atm) as well as direct chemical analysis scem 1o
confitm Lhis concluston®.

In prepanng these phases slicon or silicon-wron allovs are usnolly treated at
tcmperalures above ca. 1200°C or 600 °C, respectively, with MLrogen 2as Or AMmMOoni.
Smce oxygen s present Ireguently in the pitriding atmazpheres used the mixtere< of
z- and fforms are osually oblamed as primary prodects. The z-form may be
converied 1o f on prolonged heating in nitrozen at icmperatures above ca_ 14307°C -3,
No fi ~ x conversion has been ebserved. The x: f ralie in the nittide phases formed is
indicated to be a funclion not only of the thermodynamic paramciers bul, to a hizh
dezree, of the kinetic [actors also, such as inter alia the presence of cxecss silicon !, the
oxyeen supply or the appaarance of SiQ{z1%- % The influence of the state of 3 very
purc Si (I or 5) and of the atmosphere in the nitridation kinclics is demonstrated™.

The silicon nitfide phases arc very useful as meltipurpose refractores. Also,
they frequently appear as the socend phase conslituents in the iron matnx improving
the mechanical propertics of stcels.

The present work has been undertaken in order 1o study the process of formation
of silicen nitride phases from the commercal 5i powder and N; (py. = 1 atm) at
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23-1600°C. Another aim i5 (o cxamine some thermochemical propertics of the phases
formed and ther behaviour in oxidizing and incrl atmosphere. Thermal analysis
techniques (TG-DTG-DTA)Y zre cmployed. The ullimate aim i3 19 use the resolis |
obtainad in studymnz. wath the aid ol the same techniques. the second phases of the
silicon mitride< in steels.

EXFERNIENIAL

The tiwrmochemical mcasurcmen(s were made wsinz a micre-thermobalance
(Mctiler) cquipped with DTG and DTA. units. The main features of the cxperiments
were a5 alnady described*®- £,

The characterislic parameters of the runs were as follows: silicon powder
(purity: 97.3'%, main impunty conslituents: Fe, Co, Wi. Cu, grin size: 3-30 u): the
gascs psed: NL(SR). ArSR). air, 0., Ar =~ O, (po. = 0.20 2tm): 2as low: ca. 6-10 |
h™*,

The aclivily of oxygen in the N, and Ar mis used was tested at the gas lows
2iven above fron powdér was heated at constant temperalunes between S00=1200°C.
A conslant weight gain per unit lime was obtained which corrasponded to 7-10 ppm
oxyecn in thise 2ases. The speaimens were cxamined using X-ray diffraclometsy and
IR specirometry.

{"
T 5 P

Fix- 1. Thomoegram obained in mirading the 55 powdcr in Mafe) in the range 25-1600°C ax 10
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RFSULTS AN DEISCUESSION

Preporation anvd properiics of the sificon nitride phases

A thermozram oblained on rreating the 5i powder (ca. 300 mg; alumina
crucible) in Ny gas belneen 235 aad 1600°C ar 10 min~ " is shown in Fia 1. The
deparinre of the TG-curve indiciting the initiaton of nitride formation may be
vbhserved al ca. 963 °C. AC1220-123°C the weight derivalive (DTG) slarts Lo incrcase
more ditinetly and the DTA cunxc displays an cxothcrmal departure. This shows
that the reaction belween the silicon rsed and Ni{g) siaris Lo occur rapidly at this
point. Al 1330°C an endaothcrmal DTA peak appears which is dae 1o the melling of
the 5i specimen. When making a run wilk. the same sample amoont in purc Ar{e) the
DTA endothermal deflection is obscrved 2: 1310°C, This indicates that a mell phase
appcars alrecady far below the melling peint of pure Si (1410-1430 'C)'*- ', The
solubility of the appearine metal impornitics (k2. 2.3 wio) in 31 is found to be negli-
gible'*. A consideration of the phase drgrams Si-Me (Me = Fe, Co, Wi, Cu)"* thus
suggests that the impune 5i used exists i the lwo-phaste negion of Si{s) and a meltphase
within a large temperature interval below the melting point of purc 5i- O approaching
this melling point Lhe relative amount of mcll increases giving risc to the carly endo-
thermal DTA hne deflectuion. In Na{z) Lhis deflection appears at a hicher temperature
{1330°C) since il is superimposed on the exeothermal DTA peak dus o nitride

formation.
ALy \

— L

Fomg (g

Frg- 1 TG-DTG enrves oblamed ip pitriding the 55 powder at 1300 and 1450°C.



158

Dunnz the mcHing process the raaction ric (DTG) is sten 10 be inorcasced
significantly. The rate starts moreasing at ca. 1380°C. AL 1530°C a further jncrease
in the reaction rate is noled but the maximal rate is not altained yntil ca. 3 min after
reaching the constant temperatere {(1600°C). The DTA cxothermal maximem js
shified considerably from that of DTG. The reason is probably (he high thermal
resistivity of the specimen and the walls of the AlO; crueible 21 Lhis lemperatpre.

The DTG curnve is subsiantially siabihzed afier ca. 45 wmin al 1680°C. The
mtrogen uptike then amounts w 3927 of that expexied for the formation of f-5i,N,.
The reactiion raig is then very slow corrcspending {o ca. 1%, conversion pe<r hoer. The
impunity mxaals present de nol form nitrides at gy, = | um. They may cnrich
themselves in the 5i mell phase, thus deeregsing the e of silicon nitride formayon.

The mtridinz proces may be interrupied after the comphketion of meiting as
indicated by the endothermal peak. After coohing. the specimen appears as a homo-
sencons mixlure of the gmins ol 51 phase and nitride phase. This shows thal, on
medting, silicon does not form g continuous melf phase bet appears rather as droplets
homogeneoushy distributed within the nitride phasc.

Fizure 2 shows the TG-DTG cunves ablained on nilnding the 5i powder
{ca. 230 mg) al constant femperatures of 1300 and 1430 °C, the healing rate being 10
min™ % At 1300°C (33 min: ca. 107, of the 1otal weight gain) the weight derivanive
{DTG) appears to fall off hincarky.

On increasing Lhe temperature to 1430 °C the melling point of S {IH10-1430°C)
Is passed. The reaction e 5 shown w increase rapsdly above ca. 1380°C where the
amoont of melt phase presumably beconwes significont. Afier <. 20 mun at the
constant temperature the N, uptake is seen 10 be “wil-acoclerated™ and a local DTG
maximum appears. The heat produced by the nitride Formeation is canrisd away very
slugeishiy al these high temperatures. of. the PTA-DTG curves in Fig | The
icmpcralure within the smple may thus be msad far above 1450 °C and the reaction
ratc is then increased.

The cnthalpy (AH,) of nitride formation from the DTA peaak arca (Fig. 1) has
been estimated considering only The reaclion

35IGE + B £ 2 Nalg) — -5,

The X-ray apalysis has shown the §-form 1o predaminate 3t 1600 °C. The cnthalpies
and free enthalpics of the z- and f-forms, morcover, appear 1o b very simikar®- 14- 1%,
No sizmificamt crror is thus introdoced as compared 1 that involved in the DTA
deteymination.

As indicalad in Fig. 1 the base lines for the DTA responses arc approsinated
by the dotied hincs. The DTA basc finc coprcsponding o the responsc lor the nitnide
formation is displaced by approximalely 5 pV (4) on reaching the constant lempera-
turc. This shifi occurs as a result of mlamopling the lincar heating rate a1 1600°C.

The reporicd molar enthalpics of melting for Si (FH_(5i) = 111 koal' = '*
and 120 keal’®) have been used as the calibration values. The mcan valuc is taken
since neithey of them srems 10 be preferable to the other one The cxperimentsl
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cnthalpy of nitnde formation at 1220-1600°C {the ranae of the exothermal DTA
response) is found 1o be — 183 - 15 keal mo! ™" SiyN,.

For the reaction between 5i{s) and M.(g) soveral standard enthalpics are
reporicd ranging from — 163 to ~ 1793 keal mol ™! "%~ 2% The 4 £/, value calculated
at }2794°C for the range 30-1400"C from the more recent data®- 14 s —173.3 keal
mol™ . The enthalpy docs nol scem to vary much with temperatunc**- 7 and may
thus be used dincetly in calkculating the ¢xpocicd valye for this reaction.

Using the thermogmam in Fig. | il is found that only a negligible amount of
Sif=) (~ L.3%) mayv react with MN.(g} np 1o 1310°C {the lemperature of the DTA
endothermal deflection in Ar(2)). 1L is assumed that. during the meliing and later,
nitride i formed between Si(l) and N.(g). The roiction in the (cmperature ange of
the exothermal DTA response may thos be considered 1o occor essentially accordine
fo

IS + 2 N;(gl - F—Si;N;(‘)

g el li-lﬁ

Fig. 3. IR specira of 1he mixtures of the a- and S-forms of silicon nitride (2§ ratio incorcascs from
A 19 C) amd of the mislures A(A) and CIC) pantially oxidiecd (o 5i0; (tridymite).
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The caleylated Al valpe is then —207 3 3 kealb mole™ " Si, N, using again 1he mean
of the AF {51 values and the above enthalpy of — 1733 kaal. The experimental and
the calkulated enthalpy valucs azree ressonably well opecially considering the
cxpecticd crror m the basc hoc approsimation and the abscnce of the comection for
the peak ara varation with icmperaturg.

In the roens made at 1300-1430°C and 1600°C {hcat rale 10" min~'; maximum
limc at constant iemperature: © h) the mixtures of x- and f-forms have invanably
boen obtained. The TG-dala is not gecuratc cnouch for calculation of the - # ratios,
because af The stoichiometric similarly of Lhese forms. Instead. the intensitics of the
close X-ray reflexions (101} for 2 and {110) for fii are psed o characierize ther
rclative raties. The fypical valucs for x: f intersily ratios have been 0.80-1_30) and
Jess than 025 ap 1300-1430°C and 1600 °C. respectively. Since, however, the oxyzxen
impunty <content i Mx{g) has been controllked the highest possible coptent of x ina
mixtore is calculzble. For the Towest 2: ff relative ratio (0.24) i s less than 5 wlo.

The trealment of 5i by N (2) contatning some oxyzen impunly involves
consideration of the T-pn.-py, equilibrivm diagram in which the single phase regions
corrspond 1o three-dimensional volume sections. Thes, a sinzlc phase pusht to be
the most hkely prodact for a given set of experimental conditions. The appcarance
of the z-form in § at 1600°C and its Jocumented conversion 1o f2 above 143507C-?
shows that the alrcady suzgested kinetic factors'-*- ¥ and possibly alko the Jow
dissociation pressures of 1these phases must play a major rolc for a particular z: @
ratio obtaincd in the mixturcs. For 51,1 ; the dissociation pressere can be cakculaled®
at §400 and 1600°C 10 b= of the order of 1072 and 1072 a1m.

DY~ Dy

Bras m.iv

- 4 Thennogram gblainod in oxidizing the ndtnde phaycs @ afr in the @Eege 23-1350°C 1 137

man~ Y.
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The =2- and fi-florms may be characterized by their IR spectra in the region
200-1300 cm ™ ' For the samplkes A, B and C in Fiz. 3 the z: f X-ray inlcnsily ratios
arc 0.24. 081 and .28 The different Mreguencics arc assizned o 2 or § on the basis of
varying absorption intensities. For x the most intense independent absorption peak
scems 10 be Lhat at 390 cm ™' (204 ). The major absorption frequency band for f
appcars al 893 em™ ! {112 p). close ta that previousy reporicd”.

Thernral anglysis in oxidizins afmesphierc

Figure 4 shows the thermozram chiained on oxidizing the nitnde phascs (ca.
75 me: typical grain size: 10 p: z: fi eclative ratio 0.24) in air (10 min~ ' TG-DTG-
DTA sensitiary: 10 mg- 10 me min™ '~ 100 g¥ } in the ranec 25-1330°C. The oxidation
of the nitride phascs may be scen to be miliaicd at ca. 920°C. The depanure of the
DTA amd DTG cunves [rom their hase linces al 960 °C indicates the stant of a more
rapidly occurring reaction. Al ca. 1100°C these corves display Jocal minima. The
maximal reaction rate is then atagined at 1320°C. As (onhber indicated by the TG-
DTG curves the oxidalion male dacreases virtuzlly 1o zero when decreasing the
temperature (o 1200°C, alier ca. 'S h at 15530°C. The oxidation processes, when
employing O.{g). Ar;O.(g)or air and samples with varous z: f# ratios have essentially
the same fcalures.

The X-ray examinalions revesl the presence of Si0. (tridymile) and the
unrcacied x- and f-forms. The product obtained afier interrupting the oxidation at
1RO (the DTG-DTA lecal minimum) contains, according to the X-ray and
TG-analysis, a slight amouwnt of SiQ. (iridymitc). The diffraction patiern of the 2- and
f-forms shows almast the same iniensitics a5 those of the starting product. The
initial small DYG-DTA peaaks scem thus to correspond to the formation of the
prolective surface oxide layer which icmporanly decreases the oxidation rate.

The intcnsity rauos of the panapal X-ray reflexes for the vanous 2- f mixtures
before and after oxidation at conslant iemperatures {1 I00-1530°C) remain cssentially
unchan=ed The oxidation reistance of - and fJ-forms therelore doces ot scem to be
very different. The (002)-reflexion of tridymite has frequenily an intensily which is up
to 10 times as larae as Lthat expected. This suzoesis that the oxide 2rows on the nitride
matnx in such a way that the {001) plane is preferentially developed.

The IR spectra of 1wo axidized samples are shown in Fig. 3. The samples
and A’ cormcspond, by their wrizht zamn. 1o 77, and 3% canversion of the nilride
phases C and A, respectively, Lo 510.. The typical 5i-O strexchinz Srequency (approxi-
mately 1090 cm™ ') is seen to appear in both samplkes. In the sample A’ the major f#
frequency band (893 cm™ '} is barely abservable but that at 370 em ™ * is still clearly
preseni. The z-form may be difficnlt 1o identify im well oxidized specimens such as A”.
The strong absorplion band of SiQ, at approximaicly 480 cm™ ! may overlap with
that of x a1 390 cm™ '

The enthalpy of oxidation has roughly boen cstimated from the DTA peak arca
assoming only the reacuasn

BSi N (s) = 3 0.(2) — 3 Si0,(tridymite) — 2 N.(2)
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Ths DYA basc linc is drawn 25 shown in Fig 4. This approximation has been found
1o involve an error in arca detarmination of . < 10%2. Thercfore. no addilional
corrections for xanation of the enthalpies®? or heat transfer cocflicent?? have been
madc.

Liung the molar Iransilion enthalpy of K50, (2.132 kaal)'* the enthalpy af
the oxidation occurniing at 360-15330°C is found 1o be — 430 + <40 kaal mol~ ' 5i,M, .
The mean valoc i= 1n quite reasonable agneement with the value of —3430.9 keal mol™*
at 23°C"*, using the cnthalpy of — 173.5 keal for Si,M,.

Tirernsaf anailysis in argon

A samphk: with ihe 2- ff relauve inten<ity ratio 0.25 (lkess than 3 wio z) has been
heated in Ar{g) at 10° min~ " and then kept at the consiant temperatures of 1200 and
[H00°C for approximaicly 1 h. Afier this treatment, the intensities of the X-ray
refiexions due 10 x and # are decreased by . 2% comparned Lo those of the slarfing
product. The TG-curve al 1200°C has shoum anly an irmegolar weight loss correspond-
ing to-a mean decompaosition rate of ks than 0.057% 5i, M, per hour il only the £ form
15 considered. AL 1400°C Lthe decomposition rale is Fncar with time correspending 1o
abont 0.2370 conversion of 5i,M; per hour. Because of the presence of O, impurity in
Ar the free 5i released duning the reaction

IyNL(e) ~ 3 S5ils) -~ 2 N.(=2)

15 very hkely to form Si0{g). The rale of conversion may thus be somewhal lower
than 0.23%0. The rate {r) of this decomposition may be described in terms of the
cvaporation model*?- ¥ The mtc may be given in the form

r A - _.!.'._mp i;_i_".
JT RT

Flmm) is the decomposilion pressure, 4H, (<al) the apparent aetivation enthalpy
and R, T 2s ysual. The constant A is chavacieristic of the particle size, the density and
1he compesition of the reacting solid. For the typical panticle size, 10 p, in the present
decomposition the magnitude of A is 10® whoen r is given as a fraction converted per
hour. A [400°C (1673 K} and P = 10~ * aim the 4H, xalue is 335 = 6 kel mol ™.
The mean deviation conesponds Lo a varation in r by a power of en.

The mean 5i-N bonding cnerey in 51,1, may be estimalted ronshly from the
Titerature values'? for the reaction

3 Sifz) + 4 N(g) — 3-5,N,(5)

and the cnthalpy of formation for §-Si1,M; (~ 173.5 kcal) to be shout 80 keal ol ™"
for 5i-N bonds. The bonding cnergy of the N atoms on the surface of the nitride
‘particles may be expected 1o be belween this mean value and the banding eneray of
the 255; "N molecule {105 & 9 keal)' 2. If the rate-delermining step involves breakine
of two Si-N bonds al the surface then the 4H, value corresponds to about one-
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quartcr of the sum of these bonding cnergics in agreement with the Eyring’s cmpirical
T3
rule=".
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