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ABSTRACT

Nanosized silicon nitride has been prepared reacting tetraethyl-orthosilicate,
n-decanol and ammonium nitrate at temperatures between 800 and 1000°C
under argon atmosphere. An innovative technique has been used for the
synthesis of silicon nitride by in-situ generation of nitrogen through a sol-
gel route. The structure and phase composition have been characterized by
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infrared spectroscopy, transmission electron microscopy and X-ray diffrac-
tion. The average particle size of Si,N,wasin therange 6-12nm under vari-
ous reaction conditions. The probable reaction mechanism of Si_N, forma-

tion is also deduced.

INTRODUCTION

Silicon nitrideisawide band gap(=5.3eV) semi-
conductor aswell asaceramic material owingtoits
high-temperature strength, lightweight and good resis-
tance against thermal shocksaswell as oxidation*3,
Thismaterid may potentialy beutilized for automotive
enginewear parts, such asvaves, turbineblades, vanes,
bucketsand cam followerswhich operateat hightem-
perature and, thereby, increasing the efficiency of the
engine. Silicon nitride having a one-dimensional
nanostructure hasrecently attracted much attention due
toitspotential applicationin micro-electronic devices
aswell asnanostructured composite materials. These
materiad shaverevededuniqueoptical, dectrical, mag-
netic and mechanical properties, each of which differ
fromthat of thebulk materias. Siliconnitrideisrather
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anexpensve materiad, but itsperformanceto the cost-
benefit ratio isexcelent in thefield of applications. If
compared to engineering materias, nanosized silicon
nitridehasalonglifeandisvery rdiablewith low main-
tenance operation™.

The synthesisof silicon nitride powdersand nano-
compositesisdescribedin somepreviouspublications.
Si,N,/BN compositeswithlaminated structureswere
prepared and i nvestigated through the composition con-
trol and structure design. To further improve the me-
chanicd propertiesof thecomposites, S,N, matrix lay-
erswerereinforced by SIC whiskers, and BN separat-
ing layers were modified by adding Si,N, or ALO,.
Theresultsshowed that theaddition of SIC whiskersin
the Si,N,, matrix layers could greatly improvethe ap-
parent fracturetoughness, at the sametimekeeping the
higher bending strength of the composites. Additionsof
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SOWt%AILO, or 10wt% S N, to BN interfacid layers
had abeneficia effect on the strength and toughness of
thelaminated Si,N /BN composites?.

Poroussilicon nitridewith macroscopically digned
channe swas synthesized using afreeze-drying process.
Freezing of awater-based durry of silicon nitridewas
done, whileunidirectiona controllingthegrowth direc-
tion of theice. Poreswere generated subsequently by
sublimation of the columnar ice during freeze drying.
By sintering thisgreen body, aporoussilicon nitride
with high porosity was obtained and its porosity was
controllable by thedurry concentrationf.

A chemica processfor thefabrication of Si_N,/
BN nanocomposite was devised to improvethe me-
chanica properties. S,N, /BN nanocompositescontain-
ing 0to 30vol% hexagonal BN(h-BN) were success-
fully fabricated by hot-pressing Si,N, powders, on
which turbostratic BN(t-BN) with adisordered layer
structure was partly coated .

A method to synthesi ze high-density silicon nitride
nanowiresdirectly fromtheslicon subgratesviaacata:
Iytic reaction under ammonia or hydrogen flow at
1200°C wasdescribed in®. Gallium, gallium nitride,
andiron nanoparticlesdeposited onthesilicon subgtrate
were used ascatalysts. Galliumnitridecould act asa
nitrogen source under hydrogen. Theaverage diameter
of the nanowireswasof 40nm and their length wasabout
of 300um. The synthesized silicon nitride nanowires
consist of adefect-freesinglecrystal grown with vari-
ousgrowthdirections.

The SiC nanoparticlesareformed by in situ reac-
tion between an oxide phase on the surface of Si,N,
powder and carbon, which was coated on Si,N,, pow-
der by thermal decomposition of methanegas®. The
advantages of theprocessareasfollows: Easy to pro-
cess, low cogt, fine SIC particleslessthan 50nmindi-
ameter, and direct bonding between SIC particleand
SN, granat thegrain boundary without aglassy phase,
Another advantageof thismethodisthe applicability of
surface-oxidized S,N, powders, whichwere generaly
regarded as deteriorated powders. The present car-
bon coating method used an oxidized powder to pro-
ducehighqudity Si,N, ceramics.

SIC-Si,N, composite of ultrafine particleswith
variouscompostionswere prepared by alaser-induced
gas-phasereaction®. The particleswere heat-treated
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inAr or Ar+N, atimospherein thetemperaturerange of
300-1773K. Ultrefine particlesof SIC-Si,N, compos-
itesconsist of SC, metdlic S and S,N,, dependingon
the nitrogen and carbon contents. They arethermally
sableupto 1573K inAr without significant changesin
the crystalline phase and microstructure, but the nitro-
gen-containing SiC phase decomposesinto SC, S and
Si,N, accompanied by aremarkable increase in the
particlesizeabove 1773K. However, asmall anount
of nitrogen in theamaosphere could suppressthephase
transformation and particlesizegrowth.

The compressive deformation behavior of 24032
aluminum aloy matrix composite reinforced with
20vol% Si_N, whiskerswasinvestigated at strainrates
of 0.016-1.0s* and at elevated temperature™®. The
deformation temperatureswere below and abovethe
solidustemperature of the composite, which was de-
termined by differentid scanning cdorimetry. It wasfound
that the flow stress of the composite decreased with
Increasing compress vetemperature. Themorphol ogy
of theeutecticAl-S aloy wasfound to play animpor-
tant rolein the compressi ve deformation behavior of
the composite. In addition, thereareinterfacial reac-
tions between the matrix and Si,N, whiskers dueto
segregation of thealoy elements near the matrix/rein-
forcement interfaces.

Nanocrystalline Lu,Si, O, phasewas synthesi zed
by the sol-gel method. Theformation of Lu,Si,O, oc-
curred at very alow temperature(1050°C), in com-
parison with the solid-state reaction between Lu,03
and SIO,. The Lu,Si,0, coat was formed at the sur-
face of the Si,N, substrate by sol-gel method™. As
Lu,S,0 hasathermal expansion coefficient very close
to that of Si,N,, acrack-free, dense (environmental
barrier coating) layer could beformed over Si,N, ce-
ramics by coating with Lu,Si, O, precursor sol. Fur-
thermore, asthe coating layer was dense, it would cer-
tainly protect the substrate from oxidation and corro-
Sveenvironments

The conventiona method of preparation of silicon
nitrideisthe carbothermic reduction of silica, followed
by a nitriding reaction at temperatures higher than
1300°C &, Sincethemixturesareinthesolid statethe
homogeneity of the product obtained isnot good. More-
over, thesize of SO, and carbon particlesarelarge,
thereby makesd ow thekineticsof thir interaction. So,
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if theparticlesize of SO, and carbon can bereduced
down to nanometric region, thekineticsof the carbo
thermal reductionwill beenhanced. Consequently, the
size of the homogenized Si_N, produced is in the
nanometric range, and may further influencethether-
modynamicsof thereaction.

The Sol-gdl routeisoneof themost versatileroutes
for the preparation of nano- ceramicsor nanopowders.
Silicagel particlesobtained through the sol-gel route
were of nanometricin size and formed theintercon-
nected nanopores. Ganguly et a .3 reported that starch,
used during sol-gel process were presented in the
nanopores which on subsequent heating at 300°Cin
nitrogen amaospherecould providevery finecarbon par-
ticles, homogeneously distributed in the nanopores of
the gel. Homogeneously mixed SIO2 and carbon
nanometric particlescould at higher temperaturein N,
atmospherewith formation of SN, inthe poresof the
ge asfollows
3Si0,+6C + 2N,=Si.N, + 6CO

Beforethe above mentioned reaction startsnitro-
gen hasto diffusefrom outsideinto thegel matrix via
the nanopores. So, naturally the processis slow and
theformation of Si,N, startsfrom the outer surface of
thegd matrix. Thisleadsto awider distributioninthe
sizeof the SN, particlesobtained.

The present investigation hasbeen takenup to over-
comethepreviouslimitation by in- situ generation of
N, dl over thesilicagel matrix, which contansextremely
fine carbon inthe nanoporesof thegel. Therefore, the
formation of SN, al over thismatrix startsinstantly.
Sincethediffusionof N, isnot necessary here, the pro-
cessismuch fagter. Thereaction occursSsmultaneoudy
throughout thebulk of the materia and thedistribution
of particle sizecould bemuch narrower and moreuni-
form. Thefollowing methodol ogy hasbeen adopted for
the preparation of Si,N, nano-composite by in-situ
generation of nascent nitrogen. The present experiments
werea so performed accordingto astatisticaly planned
techniqueof experimenta design™**. Advantageof this
techniqueisyiedingoptimum conditionsby performing
smdler number of experiments. Herearegresson equa-
tionisformed, from which theinfluence of each pro-
cessvariableand itsrelativeinfluence on the process
can bereadily assessed. Besidesthis, theinfluence of
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theinteraction of theeffect of two or morevariablecan
beinterpreted, whichisimpossiblein classical experi-
ment.

EXPERIMENTAL

1. Synthesis

Ammonium nitrate and n-decanol containing SO,
were prepared by the sol-gel route. Tetraethyl-
orthosilicate ( TEOS, E.Merck 99.9%), ammonium ni-
trate (E.Merck) and n-decanol (E.Merck) were used
asprecursorsof Si, N and C, respectively.

A solution of tetraethyl-orthosilicate and ethanol at
ice-cold temperaturewas prepared under constant stir-
ring. A solution of ethanol, doubledistilled water and
NH,NO, wasadded dropwiseto theformer solution,
which wasfollowed by the addition of anice-cold so-
lution of n-decanol, H,SO, and HNO, under constant
dtirring. Theresultant sol wasdlowedto get gel at room
temperaturein avessel covered by paraffinto avoid
moisturefromtheatmosphere. After about seven days,
atrangparent gel wasobtained. Thedried gel washeated
at 120°C. Thetheoreticd molar composition of thesolid
gel prepared was TEOS: C,H,.OH : H,0:C, H, OH:
NH,NO,:H,SO,: HNO,=1:3:1:1:3:0.25:0.1. Thislow-
temperature-treated gel was subsequently heat-treated
at temperatures of 800, 900 and 1000°C .

2. Characterization technique

Infrared spectrawereobtained in a Perkin-Elmer
833-IR spectrometer with KBr optics. The samples
were previoudly diluted with KBr (1/20 wt%) and the
spectrawere recorded in the range 4000-200cm* at
room temperature. The spectrum of KBr powder was
used asbackground.

The heat-treated sampleswere ground in an agate
mortar passed through a300-mesh sieve. The X-ray
diffraction (XRD) patterns of the powder sampleswere
recorded using aBruker D-8 Advancedeviceworking
with CuK o radiation in acontinuous scan modein the
diffraction anglerange 26= 20-80°Cwith a0.02 sam-
plinginterval and 0.1sscanréate.

Theground samplesweredispersedinmethanol . A
drop of methanol with suspended particleswas depos-
ited onto the carbon-coated grids. This carbon-coated
grid wasinvestigated by transmission e ectron micros-
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copy (TEM; Hitachi H600) to observe the size and
morphology of the particles obtained and el emental
analysiswas carried out by energy dispersive x-ray
analysis spectroscopy (EDX).

3.RESULTSAND DISCUSSION

1. Infrared feature

Theinfrared (IR) spectrum of room temperature
(RT)-dried gel ispresentedin Fig. 1a. SO, showsIR
bands at 458, 808, 954, 1083, 1160 and 1635cm™.
According to the literature data these bands are as-
cribedto S-O-Si asymmetric bending, Si-OH stretch-
ing, (TO) modeof SI-O-Si asymmetric stretchingand
(LO) mode of Si-O-Si asymmetric stretchinge.,

Besidesthe bands observed in the SIO, spectrum,
an additiona IR band was present at 1050cmtinthe
spectrum of (RT)-dried gel. Thisband isassigned to—
CH, asymmetric and /or -CH,, groupsthat can be as-
sociated with n-decanol. But thisband isabsent inthe
spectrum of thegel heated at 120°C (Figure 1b). From
thisobservation it was concluded that n-decanol was
decomposed at 120°C in the presence H,SO, and
HNO, and generated extremely fine carbon particles
inthe poresof thegel matrix. Theimportant bandsap-
peared at 3140cnr*(gelsdried at RT) and 1385cm't
(gels heated at 120°C). This clearly indicates that
NH,NQ, (thesourceof N,) remainedintact inthe pores
of thegel matrix.

In the IR spectra of the gel heat-treated at 800,
900 and 1000°C for 5Sminin argon atmosphere (Figure
1c), the absence of the 3140 and 1385cm bands cor-
responding to NH* and NO,” are noticed™. It can be
concluded that NH,NO, decomposed al over thema
trix s multaneoudy generating nascent nitrogen, which
reacts with SiO, and fine carbon, to form Si N,
nanoparticles. Indl thesepectra, new vibrationa bands
intherange of 800-1100cm* gppeared. Thisband was
ascribedtothe S-N stretching vibrationmodeof SN,

(318

2. Evaluation of thecrystallographic property

The crystaline phasesof the heat-treated powders
wereidentified by X-ray powder diffraction of the dif-
ferent samples heat-treated at 800, 900 and 1000°C
for Smininargon amosphere. Thecrystalitesizeof the
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Figure 1: IR spectrumin the 4000-200cm-region of the
samplesstudied: (a) gd dried at roomtemper ature(b) 120°C
and gel heat-treated at (c) 800, 900 and 1000°C

nanoparticleswas cal culated usng Scherrer’sequation
D=K A/B cosO

whereK =0.9; D isthe crystallite size, A isthe
wave length of the CuKa radiation and 3 isthe cor-
rected pesk width a thehaf maximuminintensity. Fig-
ure 2ashowstypical X-ray diffraction patternsof the
gel heat-treated at 800 °C for 5 min in argon atmo-
sphere. Thereflections appeared are attributed to the
different crystallographic planesof SN, **3 Thesearys-
tall ographic planesindicatethe presenceof &SN, with
an average particlesize of 6.5nm. For comparison, the
spectrum of the gel produced without NH,NQ, (Fig-
ure 2b) and heat-treated at 800°C for 5Sminin N, at-
mosphere was studied. No peaks were observed in
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the XRD diagram (Figure 2b) indi cating the absence of
SN, crystals. Fromthisobservationitis possibleto
conclude that NH,NO, is necessary to generate na-
scent nitrogenintheporesof thege matrix for thesyn-
thesisof S N,. Figure 2c showsthediffraction pattern
of the gel with NH,NO,, heat-treated at 900°C for
5mininargon atmosphere. Some new peaks appeared
and afew peaksdisappeared when compared to Fig-
ure2a. Fromthisobservationitisclear that -S,N, is
formed whichismore predominant. Figure 2d shows
dsothediffraction pattern of thegel containingNH,NO,

heat-treated at 1000°C for 5minin argon atmosphere.
By comparisonwith thestandard d., val uesit was ob-
served that only B-Si_N, wasformed at 1000°C. The
averagepaticlesizeof f-Si,N, wasfound tobe9and
12nm at 900 and 1000°C, respectively.

Fgure 3 showsthe TEM imagesof thegd ssynthe-
sized with NH,NO, and heat-treated at 800, 900 and
1000°C inargon atmospherefor 5Smin. Fromthe TEM
imagesthe computed size of the SN, wasfound to be
respectively 6, 9 and 12nmwith the hegt-trestment tem-
peratures form 800 to 900 to 1000°C. Moreover, it
was observed that the synthesized Si,N,, nanoparticles
wereuniformly distributed inthesllicagd matrix.

3. M echanism of SigN4for mation

Itispossibleto consider thefollowing mechanism
of the processinvestigated. Decanol isdecomposed
by sulfuric acid and nitric acid to generate extremely
fine carbon, at atemperature of about 120°C. Thisre-
sultsin the generation of extremely finecarboninthe
poresof thesilicagd matrix, accordingto thefollowing
reaction:

CioH2)OH ——— > C

However NH,NO,, remained intact in the pores of
the gel matrix, whichisseeninthelR spectrum. The
addition of sulfuric acid servestwo purposes. Thefirst
and more obviousoneisto aid thedirect formation of
the compound with decanol anditsdispersal intothe
solution, thelatter beingimmiscibleinthesolution. Sec-
ondly, it hel psto decompose decanol at 120°C to gen-
erateextremely finecarbon in the poresof thegd ma
trix. HNO, plays animportant role by increasing the
solubility of theNH,NO, inthesolution. Therefore, a
homogeneousfinesolutionwas obtained.
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Figure2: Evolution of the XRD pattern of samplesasa
function of temperature:(a) 800°C, (b) 800°C (without
NH4NO3), (c) 900°C and (d) 1000°C

When this low-temperature(120°C)-treated gel
samples are heat-treated at high temperature of 800,
900 and 1000°C for 5min in argon atmosphere,
NH4NO3 decomposed all over the matrix; simulta-
neously generating nascent nitrogen that takespartin
the formation of Si3N4 according to the following
chemicd reactions.

NH4NO3+2C =4N +2C0O2+ 2H20
3Si02+6C +4N =Si3N4+ 6CO

Thusthesynthesisof SN, occursal over themar
trix, right fromthebeginning.

The experimental dataobtained from XRD have
been andyzed onthebas sof satistically computations
according to thedesign of the experiments. Inthede-
sign of experiment the resultswere obtained by delib-
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Figure3: TEM |mag&safter heatmg at different temperatures: (a) 800°C, (b) 900°C and (c)1000°C

TABLE 1: Thevariableprocessparametersand their sslected TABLE 2: Thedesign matrix and ther esultsobtained from

range
S Variable Variable \')"ajalfé \DgJISé . ;‘g_mi
name code (Zj) Z, mx 7, min ] FXMEL =X
100
0, 0,
p NHNO; ,  300% % 2000 00 0 g g
EXCEeSS exces excess
S
0, 0, i i
2. Decanol  Z, 2506 2% stiochio g5 g g g
excess less metric
Tempe- - 1000°%C800°C 900°C 100 +1 -1 O

rature

erately varying the experimenta parameterslikethe
percentage of ammonium nitrate, percentage Decanol
and reaction temperaturein argon atmosphere.

4. Satistical design

In the present experimentations, variablesare con-
trolled at two levelsfactorial stepsfor K factorsor 2¢
factors. Therefore, the number of possible combina-
tions, N for K factorsisN=2¢=23=8. Theinterest has
been focused onthe effect of threefactorson the prod-
uct yield (Y), viz. 100 to 300 % excess of ammonium
nitrate, 25% lessto 25% excess Decanol and reaction
temperatureintherang of 800-1000°C inargon atmo-
sphere. Thefollowing relaionshave been considered
Mean, Z°=(Z >+ Zm")/2
AZi = (Zim- Ziminy/2

Thepoint with coordinates(Z,,Z,, Z,) arecalled
the““Centre pointsof design” or “basiclevel.” AZiis
the“Changeinterval.” Itisuseful topassfromZ , Z,,
Z.toanew dimensionsystem X, X,,, X, by cooling
equation:

=(Z,-Z9/IAZ, forj=1,23

TABLE 1 showsthevariable process parameters
and their selected range. Thedesign matrix and there-
sults obtained from XRD peak height are shownin
TABLE2.
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XRD peak height
Peak
No. Xg X; Xo X3z X1 X5 X1 X3 XoX3 X1 XoX3 h8|ght Yi
(cm)
SN-1 +1 +1 +1 +1 +1 +1 +1 +1 125 Y,
SN-2 41 41 -1 +1 -1 +1 -1 -1 1.10 Y,
SN-3 +1 -1 +1+1 -1 -1 +1 -1 140 Y;
SN-4 +1 -1 -1 41 +1 -1 -1 +1 145 Y,
SN-5 +1+1+1 -1 +1 -1 -1 -1 115 Ys
SN-6 +1 +1 -1 -1 -1 -1 +1 +1 120 Y
SN-7 +1 -1 +1 -1 -1 +1 -1 +1 125 Y,
SN-8 +1 -1 -1 -1 +1 +1 +1 -1 115 Yg

The Regression equation ispresented by:
Y =B X+ B X+ BX+BX +B X X,+B X X +B, X X +
Inthe given equation the co-efficient B, represent
the SN, product obtained, when all thevariablesare
a their baselevel. B, B, and B, represent the effect of
individual svanabl& B B B ,and B, represent
the effect of interaction of thevarlable AII B, values
have been cal culated, considering thefollowi ng equa
tionandareshowninthe TABLE 3:
N
=1/NY Xij Yi
i=1
Thethreereplicate observation have been made at
the centre point and mean of theseisequal to[ Y]

3
[Y%]=YYi0/3=(125+120+125)/3
i=1

Then Se*and Sb, valuesare calcul ated considering
thegiven equations:

3
=>(Yi-Y%?/2=827x107*
i=1

Sb; =Se/N"?=0.0103

Thesignificanceof the coefficientscould betested
using students’t test!*4. For a significance level of

e i Pl ——



NSNTAIJ, 2(2-3) December 2008

D.K.Mandala et al. 59

TABLE 3: All Bj valuesareshown

Bo 1.243 B, 0.0062
B, -0.069 Bis -0.056
B, 0.0189 Bos -0.0156
Bs 0.056 Bias 0.0437
TABLE 4: All tj areshown
to 120.60 t1o 0.58
ty 6.69 tas 5.4
to 1.83 tos 1.56
ts 5.43 t13 4.24

p=0.05 and degree of freedom f=2, thetabul ated value
of the Sudents’t distributionist p(f):4.3. All vaueshave
been cal culated, cons dering thefollowing equation and
areshowninTABLE 4.

t=1[Bjl/sb,
Ift |slessthant then Bj isinsignificant and hence
dlscarded Hencet,, t t.andt . areinsignificant and

12, 23
sgnlflcancetermsl 4. Hence, flnai regressonispre-
sented as.

Y =1.243-0.069 X1+ 0.056 X3 -0.056X1X3

Above estimated regression equation wastested
tofind how it fitted theobservationusing Fisher test, i.e
varianceratio F = Sr?/Se?

Sr —{Z(Yl Y)?IN-1=(4.78x107%)/4
i=1

F=1196x10"°/827x10"*=14.4

Thetabulated value of Fisher’sFfor p=0.05, f =(N-I) =4, f =m-

|=2is19.92.

Sincethe computed val ue based on experimental
resultis14.4, whichissmaller than 19.92, thereforethe
aboveequationisgaidicaly adequate. Fromtheandy-
sisof thedesign of experimentsit may beinferred that
i. Synthesisof dsliconnitrideby insitu generation of

nitrogen through sol-gel routeisfeasible.

ii. Fromthedatigticaly adequate equation, itisfound
that coefficient of X, and X ,,i.eNH,NO,and tem-
perature variable is much greater than the other
vaigble,

iii. Regressionequationfor thesynthesisof silicon ni-
tride by in situ generation of nitrogen through sol-
gel route could befound out and they are statisti-
cally adequate within 95% confidencelimits.

iv. Maximum recoveryisobtainedfor al thedesign
boundary surface corresponding to 100% excess
NH,NO,and 1000°Ctemperature.

> Rev/iew
CONCLUSIONS

Nanosized Si N, was synthesized by in-situ gen-
eration of nitrogenthroughthesol-gel process. Thecrys-
talization of SN, was observed at different tempera-
tures. XRD and IR spectroscopy confirmed the syn-
thesisof a- and 3-Si,N,. The formation of Si,N, by
thisin-situ generation of N, compared to the conven-
tional processoccursat acomparatively lower tem-
perature. From the above-described process, asimple
and mild-condition synthes sof extremdy finenanosized
Si N, intherange 6-2nmis proposed.

Regression equation for silicon nitride synthesisby
ingdtugeneration of nitrogen through sol-gd routecould
befound out and they are statistically adequatewithin
95% confidencelimits.
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