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ABSTRACT

Novel silazane modified phenol formaldehyde (SRISjrs were synthesized by reacting
varying amounts of 1, 3, 5-trimethyl;13', 5'-trivinylcyclotrisilazane (CTS) with phenol
formaldehyde (PF) resin. For the selection of apr@griate pyrolysis condition, polymer-to-
ceramic conversion of SPF was carried out at 14503@ 1650°C under argon and nitrogen
atmosphere. The pyrolysis conditions significardffected the evolution of ceramic phases,
excess carbon and morphology which were thorougtigstigated through XRD, Raman and
FESEM techniques. This study establishes silazaodiflred phenol formaldehyde as a new
class of preceramic polymer for high-temperaturpliagtions. The study also reveals that
nitrogen atmosphere is a more suitable gas atmaspin@n argon atmosphere for preparation of

desired C/SN4/SIC ceramics with higher ceramic yield.

Keywords: Slazane modified phenol formaldehyde resin; SCN ceramic; pyrolysis condition;

C/SizN4/SiC ceramic composites; high-temperature

Page 1 of 32



Graphical abstract

w—O—Sw‘{ —gz )O]J/ \qc OHSI NJ[

CTS
5to 30 pph | ;7 “
W-I‘.t. PF e SR §
reflux
at 120°C
Ceramic 1. 1450°C)

for 4h conversion @ 2. 1650°C | LAr &N,
Under Ar atm. at 1450°C & 1650°C Under N, atm. at 1450°C & 1650°C
0@ ." ® q,

[ ] s i,:. i
- S, $
'\3 g‘*y J ot \‘ )

1
L ! e ‘l\k\ ® h\‘l ® l’%
‘“ ~ ol
N y -
K
Macro porous SiOC ceramics Macro porous Si;N,/SiC

& 1D Nano-rods SiC ceramics
were obtained

ceramics were obtained

Page 2 of 32



1. Introduction

With the rapid advancement in high temperature iegigbns such as rocket nozzles,
aeronautic jet engines, heat shields and aircrakibg systems, more and more materials are
extensively explored that can survive at the exéreanvironments [1-3]. Recently, polymer
derived ceramics (PDC) based on silicon carbomtrigBiCN) have attracted enormous attention
due to their superior properties, such as high-egatpre stability, oxidation and corrosion
resistance, as well as enhanced thermo-mechaeiealrical, magnetic, and optical properties
[4-8]. Among the several strategies to produce -Bi-®ased preceramic polymers from
monomers [7, 9], one of particular interest is fiymerization of vinyl substituents from
molecular vinylsilazanes by free radical polymetima This mechanism was first studied by
Torekiet al [10] by using 1, 3, 5-trimethyl-13',5'-trivinylcyclotrisilazane (CTS) as the starting
material. This silazane is commercially availabfel as relatively inexpensive. However, the
resultant polycyclotrisilazane (PCTS) was insoluilecommon solvents, which limits further
processability and impedes its use as a precenasiic for high-temperature applications. This
difficulty in further processing of preceramic mesican be overcome by its modification with
organic resins.

Among various organic resins, phenol-formaldeh¢dE) resin can easily be modified
with inorganic moieties such as boron [11], silidd], titanium [13] and phosphorus [14].
These modified resins were widely used in the meoaf polymer infiltration and pyrolysis
technique to prepare refractory carbide modifiedo@a/carbon composites (C/C) [15-18].
However, similar to the disadvantages associatéd ether polymeric materials, the application

of PF resin at high temperatures is restrictedtdues thermal degradation above 200°C [19].
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For the development of advanced ceramics basemaatification of preceramic resin
with organic resin such as PF, it is particulartiyaetive to utilize the best properties of each
component to develop new materials with tailor maweperties. In this regard, phenol
formaldehyde resin modified with silazane is expdcto result in advanced preceramic resin
having higher solubility and thermal stability.

Many reports are available on PF resin based mster matrix resin, of which
organometallic polymers, such as polysiloxanes 22Q,and polyborosiloxane [22], were widely
studied for improving the thermo-structural propertof high-performance materials. To the best
of our knowledge, there are no available reportssitazane modified phenol formaldehyde
(SPF) based preceramic resin. Also, the conversigoreceramic resin to ceramics with high
yield (>60 wt. %) and tailor-ability to obtain thiesired ceramics are important criteria for high-
temperature applications. These criteria are higelyendent on the molecular structure and the
pyrolysis conditions (temperature and atmosphetrehe preceramic resin, which significantly
alters their properties for high-temperature appions [23, 24]. Furthermore, SICN based
ceramics are largely employed in the field of cacamatrix and composites (CMCs) and
coating applications. In this regard, the most camiyemployed pyrolysis gas atmospheres are
argon and nitrogen. Though, ammonia is another esigd pyrolysis atmosphere, the
degradation of the reinforcement like carbon filmequite feasible under corrosive ammonia
atmosphere [25] which results in the deteriorattbrihe CMCs strength making ammonia gas
atmosphere highly unsuitable for CMCs and coatiigiptemperature applications. Hence, this
study was carried out under argon and nitrogen sppimere for the final intended application and

to select the most suitable pyrolysis conditioadbieve desired ceramics in high yield.
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Here, we report synthesis and ceramic conversianradvel preceramic polymer system
based on silazane modified phenol formaldehydenréSPF). This preceramic polymer was
synthesized by reacting varying amounts of 1, &jrbethyl-1, 3', 5'-trivinylcyclotrisilazane
(CTS) with phenol formaldehyde (PF) resin and tfiecé of pyrolysis conditions on ceramic
yield, structural evolution and preceramic crysalion behavior was thoroughly investigated.
The ultimate objective of this study was to asshespotential of SPF as a preceramic resin for
high-temperature applications and selection of ppr@priate pyrolysis condition in order to

achieve desired ceramic in high yield (>60 wt. %).

2. Experimental
2.1 Materials

Silazane modified phenol formaldehyde (SPF) resiee synthesized by the reaction of
PF resin (produced in-house; see supporting infoomgS), S-Table 1) with 1, 3, 5-trimethyl-
1, 3, 5'-trivinylcyclotrisilazane (CTS) (99.5 % purity, S Aldrich, Bangalore, India),
dicumyl peroxide (DCP) as catalyst (98% purity, #i®-Chem Ltd., Mumbai, India), toluene
(99.9% purity, Sigma Aldrich, Bangalore, India) aN¢g N-dimethylformamide (DMF) (99.9%

purity, Sigma Aldrich, Bangalore, India) as sohsent

2.2 Synthesis of silazane modified phenol formalgdk (SPF) resin

SPF resins with different concentration of silazamge synthesizeda a facile two step
reaction (Scheme 1). As a typical example, in tret Step, preparation of polycyclotrisilazane
(PCTS) was carried out according to a previouspored procedure [10]. Five gram of CTS
was reacted with 0.06 g of DCP (CTS: DCP= 90: l1ametio) in dry toluene. The reaction
mixture was refluxed at 135°C for 12h under nitrogémosphere to form viscous PCTS resin.
In the second step, 100 g of PF resin in DMF wateddirop-wise to the obtained PCTS resin
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and refluxed at 120°C for 4h under nitrogen atmesphFinally, yellowish viscous SPF resins
was obtained which is designated as SPF-5 [CTS pmarfs per hundred (pph) w.r.t. PF].

Similarly, SPF-10, SPF-15, SPF-20, SPF-25 and SPFeS8ins were also prepared by varying
the concentration of CTS from 10 pph to 30 pphtwRFE, respectively (as shown in S-Table 2).
However, the concentration of CTS could not bedgased beyond 30 pph due to incomplete
reaction of PCTS with PF resulting in the formatajrseparate phase in the reaction medium.

2.3 Methods
The structural characterization of SPF resin wasedasing FT-IR (Perkin Elmer

Spectrum GX spectrometer) and NMR (Bruker DMX 3@@&rometer) analysis. THel NMR
spectra were measured at 300 MHz, with chemicdisstietermined in CDGlrelative to 7.26
ppm and®Si NMR spectra were measured at 60MHz. The stratewolution of the resultant
ceramics were studied using X-ray diffraction (XREuker D8 discover) with Cu-iKradiation
(40kV, 40mA; step scan of 0.051, counting time sfstep and 1.5460 A). The structural
organization of excess carbon in the ceramics werestigated using Raman spectra recorded
with WITec alpha 300R confocal Raman microscopagifiequency doubled Nd: YAG laser of
excitation wavelength 532 nm. The morphologicatdess were studied using Field Emission
Scanning Electron Microscopy (FESEM, Carl Zeisspralb5, Germany). The digitally stored
images thus obtained from FESEM were further pme@sising “ImageJ” image processing and
analysis software for the surface porosity measargri26, 27]. The elemental composition of

ceramics were determined by wet chemical analysthod [28].

2.4 Pyrolysis condition
For the selection of an appropriate pyrolysis cbodj polymer-to-ceramic conversion of

SPF was carried out at 1450°C and 1650°C separatelgr argon and nitrogen atmosphere.

Ceramic conversion studies were carried out byimgahe sample at a rate of 3°C/min and

Page 6 of 32



maintained at pyrolysis temperature (1450°C or 26%@or 3 h. The furnace was then cooled
back to room temperature at a rate of 3°C/min. hBibe heating and cooling process were

carried out under argon or nitrogen atmospherdlatarate of 50 mL/min.

3. Results and Discussion

3.1 Synthesis and characterization of SPF resin
The first step involved the formation of PCTS bg tieaction of CTS with DCP (Step-1

in Scheme 1). Figure 1(a) shows the FT-IR spedt@l& and PCTS.

. 7

Step:1 _K/ '

HN' ‘NH DCP toluene S| N Sl Si’N“Si

|
‘ | reflux at HN NH HN‘Si’NH

r T 135°C for 12h K ~

AN
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\ ®
OH

CH,CH
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Scheme 1. Synthesis of SPF resin
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Figure 1. FT-IR spectra of (a) CTS and PCTS resinrad (b) PF resin and different
composition of SPF resins

As expected, both showed similar spectrum, howerehe PCTS spectrum a new band
corresponding to aliphatic C-H stretching appeate2909 crit. Also, with the appearance of an
aliphatic C-H stretching band, decrease in the baremhsities of the vinyl groups at 3047 ¢m
1594 cnt and 1401 cm was observed which indicates that vinyl polymeitmahas occurred
partially. Additionally, broadening of the N—H stithing band (3400 ci}) as well as the Si—-N—
Si stretching (918 ci) were observed which further confirms polymeriaatbf CTS to form
PCTS resin.

In the second step, formation of SPF resins ocbyrshe reaction of PCTS with PF
(Step-2 in Scheme 1). Figure 1(b) shows FT-IR speat PF and silazane modified PF resins.
The appearance of Si-O-C and Si-C-H bands at 1868and 1093 cm, respectively, confirms
the reaction proceeds through condensation reaofi®®CTS with PF. Moreover, by increasing
the concentration of PCTS, the intensity of Si—Ost€tching band increases which proves

beyond doubt that PCTS has chemically reacted Rithesin to form SPF resin.
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Further, the detailed reaction mechanism for thienétion of SPF resins was discerned
through NMR analysis. Th#4 NMR spectra of SPF resin shows signals correspgrtd SiCH
group atd = 0-0.45 ppm, -ChH group ats = 3.43-3.92 ppm, methyloyl -GHgroup ats =4.80-
4.76 ppm, -CH=CH- atd = 5.71-6.28 ppm, Ar-H &t = 6.74-6.85 ppm, and phenolic -OH group
ato = 7.37 ppm (Figure 2). However, peaks correspuntth methyloyl -OH group a = 7.03
ppm and N-H group aé = 0.62 ppm, typical signals for PF and PCTS regkigure S1),
respectively were not observed in the spectra. @bigirms the reaction of PCTS with methylol
-OH groups of PF which precedes over phenolic -@bligs of PF, with evolution of ammonia

as shown in Scheme 1.

H' Chemical Shift (opm)

Figure 2."H NMR spectra of SPF resin

The validation of reaction mechanism was furtheredthrough°Si NMR studies. Figure
S2 (a) and (b) showSSi NMR spectra of PCTS and SPF. PCTS showedNsi6ignal ats = -
14.90 ppm, whereas in SPF no signal for.Si3vas observed. However, two new peaks at-

32.55 ppm and = -35.02 ppm were observed for SPF, which cormredpdo SiGNO and
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SiC0,, respectively. The formation of SISO and SiGO; indicates that, the reaction of PCTS

with PF proceeds through a ring opening mechangssehawn in Scheme 2.

four-centered l
labile complex

c % —

HaC,

W\ 2

IR

| HN’S"H’—H
NS HaC o Sli Si—O0—C~
)« L g N> R
s I

SPF

Scheme 2. Proposed ring opening mechanism for therfation of SPF resin

The ring opening proceedsa condensation of one Si-NH-Si linkage of PCTS viitio
methyloyl -OH groups of PF which occurs in two stelm the first step, the electrophilic attack
of the hydrogen atoms of the methyloyl -OH grou®&f on the nitrogen atoms of the silazane
occurs to form a four centered labile complex. Fatiam of one Si-O-C linkage and one Si-NH
group occurs by the splitting of Si-N bond in tleemplex. In the second step, the formed Si:NH

group undergoes further reaction with methyloyl -@kbup of PF forming another Si-O-C
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linkage with the evolution of Nfigas. This results in a more stable and less stlalimear

structured SPF resin.

3.2 Pyrolysis of SPF resin

To evaluate the potential of SPF resin as a pragerpolymer for high-temperature
applications, studies on pyrolysis condition arendaory. To meet this objective, Polymer-to-
ceramic conversion was carried out under diffemmblysis conditionsgee Section- 2.4). The
thermal stability of the resultant ceramics in terof thermal decomposition, crystallization, and
ceramic yield under different pyrolysis conditiorens investigated through XRD, Raman and

FESEM techniques.
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3.2.1 XRD of pyrolyzed SPF resin
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Figure 3. XRD spectra of the pyrolyzed SPF resin Jaargon atmosphere at 1450°C (b)
nitrogen atmosphere at 1450°C and (c) argon atmosphe at 1650°C (d) nitrogen
atmosphere at 1650°C
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Figure 3 (a), (b), (c) and (d) show the XRD speofrthe pyrolyzed SPF resins at 1450°C
and 1650°C under argon and nitrogen atmospherectgply. In the case of PF resin, under
different pyrolysis conditions (PF-1450-Ar, PF-148¢ PF-1650-Ar and PF-1650,N two
broad diffraction peaks centred & 2 24.9° and 43.2° were observed, which correspdods
(002) and (004) planes respectively of glassy carfiRDF 89-8493). For PCTS modified PF
samples pyrolyzed at 1450°C and 1650°C under aggorosphere [Figure 3 (a) and (c)], in
addition to the peaks ab2 24.9° and 43.2°, well defined crystalline peatsbaitable top-SiC
at » = 35.6° (111), 41.3° (200), 59.9° (220), 71.7°1BIPDF 74- 2307) and a small peak @t 2
= 33.7° corresponding to stacking faults grSiC were also observed [29]. Moreover, the
intensity of the B-SiC peak increased with an increase in the cora@ot of PCTS.
Interestingly, under a nitrogen atmosphere at 1896igure 3 (b)] these additional peak$ R
35.6° (111), 41.3° (200), 59.9° (220), 71.7° (3115,4° (222)] were not observed and ceramic
phase remained amorphous. The reason for the aowsphature in the case of nitrogen
atmosphere at 1450°C has been explained with thposu FESEM analysi§Section 3.2.3).
With increase in the pyrolysis temperature from @45 to 1650°C, along with the additional
peaks observed in the case of argon atmospherepeaks corresponding f3SisN4 were also
observed at 2 = 33.8° (002) and 38.3° (101) (PDF 33-1160) [Fegar (d)], which were not
present in other systems. ThesgN%iSiC ceramic are reported to possess superior therm
mechanical properties as compared tgNpior SIC monolithic ceramic material [30, 31] and
hence are highly desired ceramic for high-tempeeatapplications. Also, these ;Hi/SiC
ceramics are synthesized by controlling the pyislg®nditions which is more efficient and
facile than the conventional powder route. It wés abserved that the peak & 2 26.44°

forms a shoulder peak with the main peaktat 24.9° corresponding to glassy carbon in all the
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systems. This indicates the precipitation of graplsarbon with increase in the concentration of
PCTS. Moreover, this shoulder peak is sharper enddise of argon than nitrogen atmosphere
which is supported by Raman analysis also.

3.2.2 Raman spectra of pyrolyzed SPF resin

The structural changes in the stoichiometricallgesms carbon of pyrolyzed SPF resin
with varying pyrolysis conditions were studied usiRRaman spectral analysis [Figure S3 (a), (b),

(c) and (d)].

All the samples exhibited similar Raman spectrawshg, disorder induced D and'G
bands (overtone of D band) at ~1330 aand 2630 cr, G band due to in-plane bond stretching
of spf carbon at ~1575 cfhand combinational D+Dband at ~2900 cth In addition to these

peaks, some minor peaks corresponding to cubici@Bases at 798 c¢hand 930 cntwere
also observed in some spectra [Figure S3 (a) afid\ariations in position and intensity of D
and G band, with changes in the structural orgéioizaf carbon phase in ceramics have been
well reported [32-35]. Hence, by evaluating theaeameters, the effect of pyrolysis conditions
on the structural organization of carbon phasebmathoroughly investigated. These parameters
were derived using Gaussian curve fitting of the Raimands and are listed in Table 1 and Table
2. The relative intensity ratio of the D and G bauld/Ic) are used to calculate excess carbon

cluster size using the formula reported by Feaad Robertson [36]

I o

=C'\\)L; (1)

l s
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where, Ly is the size of carbon domains along the six-foid plane and Cis a coefficient that

depends on the excitation wavelengthdf the laser. The value of ©f the wavelength of 532

nm of the Nd: YAG laser used here is 0.6195 nm.

Table 1

Parameters derived from Raman spectra for ceramitsived from PF and SPF at 1450°C

and 1650°C under argon atmosphere

Argon atmosphere

at 1450°C at 1650°C

Samples D peak G peak D peak G peak

position posiion s, 2 position position ., -2

(cm?) (cnt) N (cn) (nm)
PF 1343 1571 1.32 1.45 1340 1572 1.35 1.47
SPF-5 1335 1572 1.30 1.44 1337 1564 1.29 1.44
SPF-10 1333 1572 1.27 1.48 1332 1571 1.28 1.43
SPF-15 1330 1573 1.23 1.40 1330 1571 1.36 1.48
SPF-20 1329 1574 1.19 1.38 1329 1574 144 1.52
SPF -25 1325 1575 1.33 1.46 1326 1577 1.53 1.57
SPF -30 1322 1575 1.56 1.58 1324 1584 1.59 1.60

Table 2

Parameters derived from Raman spectra for cerandesived from PF and SPF at 1450°C

and 1650°C under nitrogen atmosphere

Nitrogen atmosphere

at 1450°C at 1650°C

Samples D p.e.ak , p.e.ak D p.e.ak G peak

position position e La position e La

1 1 (nm) 1 position (nm)

(cm) (cn) (cn) Py
PF 1346 1574 1.29 1.44 1339 1575 1.62 1.61
SPF-5 1330 1573 1.28  1.43 1333 1563 1.61 1.61
SPF-10 1348 1600 1.26 1.42 1332 1566 1.29 1.44
SPF-15 1346 1596 1.32  1.4% 1326 1568 0.88 1.19
SPF-20 1337 1588 1.23 1.4 1325 1576 1.53 1.57
SPF -25 1346 1587 1.38 1.49 1322 1579 1.67 1.64
SPF -30 1330 1573 1.36 1.48 1322 1584 1.72 1.66

Page 15 of 32



Increase in the frequency of G band or a decreateifrequency of D band reflects the
degree of orderness in carbon [34]. It was obsethat] for SPF samples pyrolyzed at 1450°C
and 1650°C under argon atmosphere, there was seasein the G band frequency and decrease
in the D band frequency with increase in PCTS cotraéion (Table 1). A similar trend in the D
and G band frequency was also observed for SPFlsamprolyzed at 1650°C under nitrogen
atmosphere (Table 2). This indicates ordering afesg carbon from amorphous carbon to
crystalline graphite with increase in PCTS concdign. On the contrary, for SPF samples
pyrolyzed at 1450°C under nitrogen atmosphere @ap| no such trend in the D and G band
frequency with PCTS concentration was observedcatithg insignificant effect of carbon phase
at this pyrolysis temperature and gas atmospheoee formation on structural organization of

carbon was obtained by calculating L

For SPF samples pyrolyzed under argon atmosphetz@°C and 1650°C, initial
decrease in Jwas observed followed by subsequent increase widtease in concentration of
PCTS (Table 1). A similar trend inylalues with PCTS concentration was also observed fo
SPF samples pyrolyzed at 1650°C under nitrogen sgheye (Table 2). These results are in
accordance with the Ferrari model [37], which ekydahat, for the transformation of amorphous
carbon to crystalline graphite, rearrangement efodied aromatic rings to six-membered ring
occur, which results in the shrinkage qf Wwhereas, the in-plane growth of crystalline greph
will increase the Lvalue. Contrastingly, for SPF samples pyrolyzed480°C under nitrogen
atmosphere, no trend in,lvalues with PCTS concentration was observed (T@BleThis
indicates that, at this pyrolysis temperature aaslamosphere, excess carbon phase does not get
affected significantly, which results in the formeatt of amorphous carbon, as supported by XRD

results [Figure 3 (b)]. Thus, XRD and Raman resulevealed the existence of a strong
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relationship between crystallization of ceramicsl andering of the excess carbon phase with

employed pyrolysis conditions.

3.2.3 FESEM analysis of pyrolyzed SPF resin
XRD and Raman studies revealed that thermally nstable and desired ceramics are

obtained under nitrogen atmosphere than argon atmos. In order to reveal the relationship
between the thermal stability with employed pyr@ysonditions, morphological studies were
carried out. The effect of pyrolysis conditions thke morphology of the ceramics was studied
through FESEM analysis. It was observed that, tbephology of the obtained ceramics were
highly sensitive to their processing pyrolysis aspizeres. The SPF samples pyrolyzed under
argon atmosphere at both 1450°C and 1650°C digplay® different morphologies viz. macro
porous ceramics and nano-rod structured ceramiossel two different morphologies were
obtained as a result of phase separation of cesamiwer argon atmosphere. In-depth
morphological investigations of these phase sepdre¢ramics were done through FESEM and
spot-EDAX analysis. Similar morphologies (Figure &3d S6) were observed in all studied
formulations (SPF-5, SPF-10, SPF-15, SPF-20, SP&B5SPF-30) and hence typical FESEM

images are presented in Figure 4.
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structure structure

WO = 85mm Mag= 500KX

HT = 20,0 s EHT = 2000k Signal A= InLens
WD = 85mm Mag= 500K X I WD = 85 mm Mag= 500KX

Figure 4. FESEM images of SPF pyrolyzed under argoatmosphere (a) at 1450°C and
(b) at 1650°C

The formation of macro-porous ceramics can be ax@iaby the decomposition of
SIOCN ceramics [as shown in eqns. (2) to (6)] whiekults in local atomic rearrangement,
forming a large number of Si-C enriched regions gaskeous species such as SiO, Coamd Si
vapors, particularly at the range of 400°C to 65(B&]. This is responsible for the formation of

cracks and macro-pores structures through vapai-865) route mechanism.
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Figure 5 FESEM image at higher magnification of (a)S5iC nano-rods under argon
atmosphere and (b) nano-crystal decorated macro-pous cavity under nitrogen
atmosphere

The chemical composition of nano-rod structuredhicecs was determined using spot-
EDAX analysis, which revealed that these nano-ra@scomposed of SiC ceramics with the
elemental composition of Si@0 14 Further, FESEM image [Figure 5 (a)] shows theseon
rod structures are made of 1D triangular shaped diameters ranging from 20 to 200 nm and
lengths of about 4 um. These nano-rod structureghdes are formed by the reaction of oxygen
with silicon and carbon [as shown in eqn. (4 & T)pis leads to the formation of SiO and CO
gases which react with each other and get depositélde form of nano-rods through vapor-
vapor (VV) route mechanism [39-41]. Further, itolsserved that, these nano-rods are made of

1D triangular shaped with diameters ranging fromt@@00 nm and lengths of about 4 um. As
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per the literature [42], the growth of SiC nanog@de preferentially grew along the [111] plane
due to its thermodynamically feasible directionpn¢e 1D SiC nano-rod structures are formed
during VV mechanism. These 1D nano-rod structuri€tl c@ramics are reported to have high
potential in energy storage applications [43].

Conversely, under nitrogen atmosphere at both X2%0fd 1650°C, only macro porous
ceramics were obtained with distinct variationstlie morphology of the porous cavity. At
1450°C, empty macro-porous cavities were obtairfédufes S7) whereas at 1650°C nano-
crystals decorated macro-porous cavities were dtai(Figures S8). Similar morphologies
(Figure S7 and S8) were observed in all studiethfdations (SPF-5, SPF-10, SPF-15, SPF-20,

SPF-25 and SPF-30) and hence typical FESEM imaggsraesented in Figure 6.

110l SR

J ¥ 4 ) ! A ] ix
r EHT =200V Signal A = InLens ZEISS s EHEe20 0Ky Sl A= nkece RS
I WD = 8.1mm Mag = 500KX } WD = 8.3mm Mag= 500KX

Figure 6. FESEM image of SPF pyrolyzed under nitrogn atmosphere (a) at 1450°C
and (b) at 1650°C

The formation of the macro-porous ceramics at bb#s0°C and 1650°C, can be
explained again by the decomposition of SIOCN cé&sarfas shown in egns. (2) to (6)] which
leads to the formation of macro-pores through V&eanechanism. Whereas, at 1650°C, the
formation of nano-crystals decorated macro-pora@ysty occurs through VV route mechanism

which was understood by EDAX studies. Figure 5diws the FESEM micrograph of nano-
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crystal decorated macro-porous cavity ceramics twedcorresponding spot-EDAX analysis
revealed that these nano-crystals are composetCoéeamics with the elemental composition
of SiGs0p0s These nano-crystals are formed by the chemiadtien between SiO and CO
gases [as shown in egn. (4 & 5)] which reacts wdbh other and gets deposited in the form of
nano-crystals in macro-porous cavity through VVteomechanism as discussed previously. Itis
to be noted that, XRD spectra at 1650°C under ganoatmosphere showed the formation of
SizNg ceramic along with SiC ceramics [Figure 3 (d)].wéwer, no nitrogen content was
detected in the nano domain of the ceramics uspw-EDAX analysis. Hence, it can be
concluded that the $i4 ceramics are embedded in the SIOCN matrix [42].

Interestingly it was observed that, under argonoaphere, the reaction of SiO and CO
gases leads to the formation of nano-rod structaeeamics, whereas under nitrogen atmosphere
nano-crystals decorated macro-porous cavity cesamiere formed. In order to explain this
difference in morphology, detailed investigatioms\ariation in degree of porosity with PCTS
concentration and employed pyrolysis conditionsy@datory. Figure 7 shows surface porosity

values computed from FESEM image using ImageJ kdffware [26].
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Figure 7. Variation of surface porosity with pyrolyzed SPF (a) at 1450°C under argon
atmosphere, (b) at 1450°C under nitrogen atmospheré¢c) at 1650°C under argon
atmosphere and (d) at 1650°C under nitrogen atmosyghne

It was observed that, under argon atmosphere atBH0°C and 1650°C [Figure 7 (a) &
(c)], higher surface porosity was observed as coetpto nitrogen atmosphere [Figure 7 (b) &
(d)]. This clearly indicates that, the rate of deposition of SIOCN ceramic is higher in argon
atmosphere than nitrogen atmosphere. This differdncrate of decomposition of SIOCN
ceramic is due to dual role of oxygen. As per prasly reported literature [44], oxygen can
inhibit as well as promote the decomposition of SMDceramics. Along with nitrogen, oxygen
inhibits the generation of -SiCaggregates, delays the formationpe$iC crystals, and hence
maintains the amorphous state of SIOCN ceramicsth@rcontrary, in the reaction of oxygen
with silicon and carbon, oxygen promotes the foramabf SiO and CO gases accelerating the

decomposition of SIOCN ceramics. These two factonstually influence the stability of
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amorphous SIOCN in different gas atmospheres. Umiteogen atmosphere, the inhibition
effects of oxygen and nitrogen on crystallizatipigy a major role in stabilization of SIOCN
ceramic. While under argon atmosphere, the reaatibroxygen with silicon and carbon

accelerates the vapor-phase reaction which leatietorystallization of SIOCN ceramics.

As a result, degree of crystallinity of the glassybon was more in argon atmosphere as
compared to nitrogen atmosphere. Further, the olt@lecomposition of SIOCN ceramic
increases with increase in the concentration of £Gihich increases the degree of orderness in
carbon. This explains the reason for increaseerctistallinity of glassy carbon with increase in
the concentration of PCTS and with employed pyiislgenditions. This observation falls in line
with XRD and Raman results, where degree of crysityl was more in argon atmosphere as

compared to nitrogen atmosphere.

Furthermore, under argon and nitrogen atmospheted480°C, surface porosity
increased with increasing PCTS concentration [fegufa) & (b)]. This is due to the higher rate
of decomposition of SIOCN ceramics with increas@@TS concentration which increases the
surface porosity. However, at 1650°C, surface ptyrositially increased and then gradually
decreased with increasing PCTS concentration [Eidur(c) & (d)]. This can be explained

through two different path ways depending on pysisiyatmosphere as shown in Scheme 3.
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Scheme 3. Mechanism for the formation (a) nano-rodtructured ceramic under argon
atmosphere and (b) nano-crystal decorated macro-pous cavity ceramic under
nitrogen atmosphere

Under argon atmosphere at 1650°C, rate of decomnposif SIOCN ceramic is higher
which results in coalescence of macro pores ardkleathe formation of cracks [Scheme 3 (a)
& Figure S6 (f)]. These cracks form the path waytfee VV mechanism which leads ite-situ
formation of nano-rod structured SiC ceramics, Whaecreases the overall porosity of the
ceramics. Conversely, under nitrogen atmospheeeyate of decomposition is relatively slow

and hence results in evolution of less number afegas molecules. In such a situation, the
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macro-porous cavity acts as a reactor [Scheme & (fEpure S8 (f)] for the deposition of SiC
nano-crystals which decreases the overall poraditiie ceramics. This also explains the reason
for the formation of nano-rod structured ceramicsglar argon atmosphere, whereas nano-

crystals decorated macro-porous cavity ceramicgunitkogen atmosphere.

3.2.4 Elemental analysis and Ceramic yield of pyrgked SPF resin
In order to further ascertain the elementalmpositions of as obtained ceramics,

wet chemical analysis method was employed [28ble 3 and 4 shows the elemental
compositions of the pyrolyzed SPF resins at 1458A@ 1650°C under argon and nitrogen
atmosphere.

Table 3
Elemental composition of ceramics derived from SBF1450°C and 1650°C under argon
atmosphere

Argon atmosphere

at 1450°C at 1650°C
Samples Composition (wt. %) Empirical Composition (wt. %) Empirical formula
] formula . ) .
S ¢ N o normalized on Si Si c N O normalized on Si
PF - 100 - - C - 100 - - C
SPF-5 10 76 0.2 13 £3.3Np.0101.2 11 77 - 11 SiC300p9
SPF-10 14 73 0.2 12 £ 2No.0100.7 15 75 - 10 SiC 10058
SPF-15 21 69 0.3 11  SiC;aNooOoa 21 70 - 8 SiCiaozm
SPF-20 25 66 0.3 8  &1No0iOos 27 67 - 6 SCioQoio
SPF -25 28 65 0.4 7 £ Ng 01002 28 66 - 5 SiCiofous
SPF -30 33 62 0.5 5 £ No.0100 1 32 65 - 2 SiCos0p05
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Table 4

Elemental composition of ceramics derived from SBF1450°C and 1650°C under nitrogen
atmosphere

Nitrogen atmosphere

at 1450°C at 1650°C
Samples Composition (wt. %) Empirical Composition (wt. %) Empirical
formula formula
Si C N 0 normalized on Si C N O normalized on
Si Si

PF - 100 - - C - 100 - - C
SPF-5 7 71 1.4 19 £4No.105.1 8 72 1.3 17 SC3Ng110; 7
SPF-10 10 70 2.2 18 £hNp 1015 12 70 1.3 15  SCNgodOr1
SPF-15 15 65 2.8 16 £hNy 101 16 67 1.4 14 SCiNg 0o 7
SPF-20 18 63 3.1 15 £ No.100.7 20 64 2.0 14 SCiNg o006
SPF -25 22 62 3.6 11 £ No.100.4 21 65 2.3 11 SCiNgoOo 4
SPF -30 26 59 4.7 10 &N 1003 28 60 2.5 9 SCiNp 0003

At both the pyrolysis conditions (at 1450°C and Q&5 under argon and nitrogen
atmosphere), it was found that the silicon ancbgén content increases whereas that of oxygen
and carbon decreases with increase in PCTS coatientr However, there were distinct
differences in nitrogen content under argon anagén atmosphere. Under argon atmosphere at
1450°C only trace amount of nitrogen content waseoked. With increase in pyrolysis
temperature to 1650°C no nitrogen content was fo{irable 3). Conversely, under nitrogen
atmosphere at both 1450°C and 1650 °C, highergetr@ontent was obtained (Table 4). These
differences in nitrogen content with respect toopysis gas atmosphere is due to higher rate of
decomposition of SIOCN ceramics under argon atm@agplthan nitrogen atmosphere. These
observation reveals the reason for the formationordy SiC ceramics under argon atmosphere
and desired @N4/SIiC ceramics under nitrogen atmosphere. The cergimid of these obtained
ceramics is another important criterion for highperature applications. Table 5 shows the

variations in ceramic yield with pyrolysis conditiand PCTS concentration.
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Table 5

Ceramic yield of pyrolyzed SPF at 1450°C and 165@f@er argon and nitrogen atmosphere
Ceramic yield (wt. %)

Samples Argon Nitrogen
at 1450°C at 1650°C at 1450°C at 1650°C
PF 35 32 36 33
SPF-5 37 35 43 41
SPF-10 38 36 45 43
SPF-15 39 36 49 46
SPF-20 39 37 54 52
SPF-25 42 38 57 54
SPF-30 42 40 63 60

It was observed that, at both the pyrolysis coadgi(at 1450°C and 1650°C under argon
and nitrogen atmosphere) ceramic yield increasés wcrease in PCTS concentration. Under
argon atmosphere, highest ceramic residue of 4%wvend 41 wt. % for SPF-30 was obtained at
1450°C and 1650°C, respectively. While, under g atmosphere highest ceramic residue of
63 wt. % and 60 wt. % for SPF-30 was obtained &01€ and 1650°C, respectively. This shows
that higher ceramic yield was achieved under négrogitmosphere as compared to argon
atmosphere. This difference in ceramic yield is ttudigher rate of decomposition of SIOCN
ceramics under argon atmosphere than nitrogen atmos. Thus, the study reveals that under
nitrogen atmosphere desired GK&/SIC ceramics are formed with higher ceramic yi@d wt.

%), whereas under argon atmosphere only C/SiC ¢esaane formed with lower ceramic yield

(40 wt. %). Hence, nitrogen atmosphere is a mottalde pyrolysis gas atmosphere than argon

atmosphere.

4. Conclusions

The present study reports the synthesis and pysabysiew class of preceramic polymer
based on SPF. The thermal transformation of SPiR tesceramics were carried out under

different pyrolysis conditions (at 1450°C and 185Q0dnder argon and nitrogen atmosphere).
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Under argon atmosphere at both 1450°C and 1650%Gtatline ceramics were obtained with
only SiC as ceramic phase. Also, with increasénéndoncentration of PCTS, increase in degree
of graphitization was observed, indicating sigrafit structural rearrangement of excess carbon.

Under nitrogen atmosphere at 1450°C, amorphousmiesawere obtained with no
structural re-organization of carbon. While, at @85 crystalline SiC and $\, ceramic phases
were obtained. Also, graphitization of excess carlimom amorphous carbon to crystalline
graphite occurs, showing structural re-organizatbexcess carbon. Moreover, under nitrogen
atmosphere at both 1450°C and 1650°C, only macroysoceramics were formed. In contrast to
nitrogen atmosphere, in argon atmosphere at bd°Cland 1650°C, additional 1D, triangular
shaped, nano-rod structured ceramics along withronaarous structure were formed. EDAX
analysis revealed that these nano-rods are compote8iC formed through VV route
mechanism.

This study demonstrates SPF as a new class ofrpreimepolymer for high-temperature
applications. The study also reveals that nitroggnosphere is a more suitable pyrolysis gas
atmosphere than argon atmosphere for preparatiolesfed C/SN4/SIC ceramics with higher
ceramic yield. Moreover, the work also representigeresting and efficient route for synthesis
of C/SEN4/SIC ceramics by controlling the pyrolysis condigowhich is way more facile than
the conventional powder route.
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Highlights

* The study reports synthesis and pyrolysis of novel preceramic polymer based on SPF
» Thethermal transformation was carried out under different pyrolysis conditions

* Ny atmosphere gives desired C/SIC/Si3N4 ceramics with high ceramic yield



