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ABSTRACT

The present work focuses on the structural changes of polyvinylsilazane pre-

cursor upon modification by a molecular precursor of zirconium and processing

of high temperature stable nanostructured SiCN and SiZrCNO ceramics. The

bonding characteristics of the polymerized as well as pyrolyzed samples of pure

and Zr-modified polyvinylsilazane precursor and their polymer to ceramic

conversion processes have been analyzed. Zr doping shifts the ceramization

process to an earlier temperature as compared to the undoped preceramic

polymer. The structural evolution of metastable SiCN and SiZrCNO systems

was studied by using X-ray diffraction, high-resolution transmission electron

microscopy, and diffraction intensity profiles. The pure SiCN system remained

as a single-phase amorphous ceramic up to 1400 �C. While the Zr-doped SiCN

ceramics also appeared as monophasic amorphous ceramic at 1000 �C,
nanocrystals of t-ZrO2 were found to precipitate throughout the ceramic

microstructure with exceptional homogeneity for samples pyrolyzed at higher

temperatures. The high temperature stability of t-ZrO2 in the amorphous SiCN

matrix has also been demonstrated. Constant rate heating oxidation studies

indicated remarkable improvement in mass retention of the Zr-doped SiCN

system as compared to the undoped ceramic for temperatures as high as

1500 �C. The retention of tetragonal phase of ZrO2 in the ceramic matrix, even

after pyrolysis at 1400 �C and improved oxidation resistance provide significant

advantages for achieving tough and thermally stable SiCN-ZrO2 ceramic

nanocomposites for bond coat applications.
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Introduction

Requirement of highly fuel efficient and environ-

mentally benign gas turbine engines has warranted

exploration of high temperature resistant materials

systems [1, 2]. To mitigate the demands of high inlet

gas temperatures ceramic matrix composites (CMC)

of SiC, SiC fiber reinforced ceramic composites (SiC–

SiC), Si3N4 monoliths, etc., are being considered

[2–4]. However, SiC-based materials are unstable in

high temperature gas environment containing mois-

ture and lead to severe materials recession [5, 6].

Therefore, it is necessary to protect the carbide-based

CMC with an environmental barrier coating (EBC)

[1]. Development of materials systems for EBC has

enormous challenges with a series of prerequisites for

its qualification, and over the years, many ceramics

have been explored [7]. ZrO2- and HfO2-based sys-

tems have evolved as preferred choices due primarily

to their water vapor induced recession being extre-

mely minimal in high temperature environments

[6, 8]. Nevertheless, the relatively large coefficient of

thermal expansion (CTE) of ZrO2 and HfO2 as com-

pared to that of SiC-based CMC is a concern. Large

differences in CTE build thermal stresses during

cyclic operations across a large temperature range

causing spalling and damage of the components.

Such problems of the difference in CTE and a perfect

bonding between an oxide coating and a non-oxide

ceramic substrate system can be mitigated with the

development of an intermediate layer that has char-

acter of both the substrate and the coating. Since the

intermediate coating layer is of a few microns, the

constituent material phases must be distributed at an

extremely fine nanostructured level. This work is

presented on the development of such a nonoxide-

oxide nanocomposite system derived from prece-

ramic polymers.

Precursor-derived ceramics (PDC), prepared by

inert pyrolysis of Si-containing polymers, are novel,

yet complex, nanostructured ceramics that possess

excellent thermo-mechanical properties, such as

resistance to creep, oxidation, and corrosion [9–14].

The exceptional properties, along with the ability of

being shaped by various fabrication techniques, have

enabled its application in numerous sectors, includ-

ing environmental systems, biomedical components,

anode material in lithium batteries, aerospace, and

defense [15]. The preceramic monomer governs the

composition, phase, and microstructure of the final

ceramic, and thus its properties as well. Polymer-

derived silicon carbonitride (SiCN) ceramics have

great tolerance to oxygen without any deterioration

in their thermal stability and creep [14]. Low to

moderate temperature thermolysis of preceramic

polymer makes its constituent atoms arrange in

a single-phase amorphous structure [16]. Annealing

of the SiCN ceramic beyond 1440 �C leads to the

formation of Si3N4 and turbostratic carbon in the

nanostructure [17, 18]. Also, in the metastable SiCN

system, the excess carbon reacts with Si3N4 to form

SiC and N2 at temperatures above 1450 �C [19, 20].

The excess residual carbon present in SiCN system

hinders or slows down the crystallization by blocking

diffusion [21]. Similarly, amorphous to crystalline

transformation has been observed in many prece-

ramic polymer-derived systems, such as SiC, SiCN,

SiCO, SiCNO, and SiBCN [22–24]. Interestingly,

changes in the properties have been observed in

ceramic systems by incorporating the preceramic

polymers with molecular sources of reactive elements

[25–27]. In Ti-doped SiOC system, Ti accelerates SiC

formation in the SiOC matrix and precipitates as TiC,

thus improving oxidation resistance [25]. Incorpora-

tion of ZrO2 into polymer-derived SiOC ceramics also

has been found to improve its crystallization and

decomposition temperature exceeding 1300 �C [27].

Linck et al. investigated hydrothermal corrosion of

SiZrOC and SiHfOC ceramics at moderate tempera-

ture and observed improved resistance as compared

to SiC, SiOC and Si3N4 [28]. Lately, doping rare earth

cations, such as Zr and Hf, in the SiCN matrix,

SiZrCNO and SiHfSCNO hybrid systems with

improved thermostructural properties have also been

fabricated [29–33]. However, a distributed oxide

phase in a nonoxide ceramic matrix with improved

uniformity and homogeneity is the cornerstone of

such high temperature resistant materials systems for

an intermediate coating.

In this work, molecular precursor-derived ZrO2

phase is co-developed with a precursor polymer-

derived silicon carbonitride (SiCN) ceramic, thus

forming a nanostructured SiCN-ZrO2 composite. The

main concern of ZrO2 is its transformation to differ-

ent polymorphs [34]. Tetragonal zirconia converts to

monoclinic phase above 1170 �C causing consider-

able volume change (* 4 vol% increase) and shear

strain (14–15%), which can lead to structural defor-

mation. On the contrary, if the tetragonal form of
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ZrO2 can be stabilized, the materials microstructure

can make use of transformation toughening mecha-

nism for enhanced fracture toughness [35]. Therefore,

the objective of the current work is to explore the

precursor architecture of a polyvinylsilazane modi-

fied through Zr, high temperature evolution of phase

and microstructure, and their stability. Understand-

ing the molecular modifications of the preceramic

polymer leading to the microstructure evolution

process of such multicomponent pseudo-amorphous

systems can be quite challenging, which has been

carried out in this work with analytical characteri-

zation tools, including X-ray diffraction (XRD),

transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM). Further, thermal stability

of the nanocomposites in oxidizing atmosphere has

also been investigated using constant heating rate

thermogravimetry (TGA) and Raman spectroscopy.

Experimental

A commercially available polyvinylsilazane (PVS,

Durazane�1800, Merck Chemicals, Germany) was

blended with 1 wt% of crosslinking agent (dicumyl

peroxide, DCP, Sigma-Aldrich�) and thermally

crosslinked in flowing nitrogen atmosphere at 300 �C
for 2 h with a heating rate 2 �C min-1 from room to

peak temperature, followed by natural cooling. The

obtained glassy material was crushed to powders

with the help of a high energy mill (Spex 8000 M,

Spex SamplePrep, Metuchen, NJ, USA). The cross-

linked powder was pyrolyzed in an alumina tube

furnace at various temperatures ranging from 1000 to

1400 �C for different times ranging from 2 to 6 h in

flowing nitrogen atmosphere. These ceramics

obtained after the inter pyrolysis of PVS precursors

are referred to as SiCN ceramics. Likewise, the Zr-

doped PVS (Zr-PVS) precursors upon pyrolysis are

referred to as SiZrCNO ceramics. For the synthesis of

SiZrCNO, 20 wt% zirconium (IV) n-propoxide

(Sigma-Aldrich�) solution was added along with

polyvinylsilazane and DCP. The blended solution

was crosslinked and pyrolyzed in the same condition

as mentioned for the synthesis of SiCN. The pyrolytic

conversion of the preceramic polymer was investi-

gated using several analytical techniques. The mass

changes with temperature of the crosslinked precur-

sors were determined by thermogravimetric analysis

(Netzsch, Germany, STA/TG-DSC) under inert

atmosphere for yield estimation. Furthermore, dif-

ferential scanning calorimetry (DSC) was performed

to investigate the thermal aspects of the polymer to

ceramic conversion, phase separation and crystal-

lization phenomena in various compositions. Fourier

transform infrared spectroscopy (FTIR, Spectrum II,

Perkin Elmer) was employed to study the structural

modification in the polymer upon addition of the

dopant at different stages of heat treatment by ana-

lyzing the characteristic bond vibrations. For analy-

sis, the powder samples were mixed with KBr

(Sigma-Aldrich�) in 1:10 ratio and pressed to pellets

using a hydraulic press. X-ray diffraction (Ultima IV,

Rigaku, Japan) analysis of the pyrolyzed specimens

was performed using Cu Ka radiation

(k = 0.154 nm). To understand the evolution of

nanostructure of SiCN and SiZrCNO ceramic matrix,

bright-field and high-resolution imaging was per-

formed using TEM (Technai G2, FEI, Eindhoven, NL)

at an accelerating voltage of 300 kV. The powdered

samples were dispersed in isopropanol, ultrasoni-

cated, and drop-cast on a carbon coated copper grid

(300 mesh, Ted Pella, USA). For analysis of the high-

resolution TEM micrographs (HRTEM), Gatan Digi-

tal Micrograph� software was used. The lattice

fringes were calculated applying the fast Fourier-

transform (FFT) algorithm on selected areas over the

micrograph of the lattice fringes in the crystallite.

After computation, the fringe width was measured

from the inverse FFT image derived from the

micrograph. Further, oxidation of the undoped and

Zr-doped SiCN powders was studied up to 1500 �C
using thermogravimetric analysis (TGA) in flowing

oxygen atmosphere with a constant heating rate of

5 �C min-1. The oxygen flow rate was maintained

uniform with 80 ml s-1 throughout the oxidation

process. Furthermore, the 1400 �C pyrolyzed pure

SiCN and Zr-doped SiCN ceramics were oxidized in

an open hearth furnace at 1400 �C for 2 h. Raman

spectroscopy of the pyrolyzed and oxidized samples

was done to understand the effect of Zr on the exis-

tence and role of carbon in SiCN during oxidation.

Raman spectroscopy (XMB3000, WITec GmbH, Ger-

many) was performed on powdered samples using a

monochromatic argon laser beam of 532 nm wave-

length and power ranged 0.001 mW– 0.002 mW for

60 s in 1000 to 3300 cm-1 spectral range.
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Results and discussion

The thermal behavior of the crosslinked undoped

and Zr-modified PVS precursors, investigated

between room temperature and 1400 �C, is shown in

Fig. 1. The undoped PVS precursor shows single step

mass loss in between 400 and 800 �C (c.f. Figure 1a).

The mass loss is mainly due to the loss of hydrogen

and CnHm hydrocarbons caused by decomposition of

polymeric chain of the crosslinked precursor [36].

The yield was estimated to be 82.80% for pure PVS

precursor. The TGA curve shows two weight loss

steps for the Zr-PVS precursor indicating reduced

ceramic yield as compared to the unmodified PVS

precursor (c.f. Figure 1a). For the Zr modified sam-

ple, the first mass loss step (with a loss of 17.20%) can

be considered in between 300 to 700 �C, which cor-

responds to the loss of hydrogen and various

hydrocarbons (CnHm). A minor mass loss of 3.50%

occurs during second step in temperature between

1200 and 1400 �C. This loss is mainly related to the

loss of excess stoichiometric oxygen (with respect to

ZrO2) present in Zr-propoxide. The Zr modification

to the PVS accelerates its conversion rate to form a

ceramic. The conversion process of pure PVS and Zr-

PVS precursors to ceramics in a nitrogen atmosphere

was completed at 800 �C and 700 �C, respectively.

The early ceramization of Zr-PVS precursor can be

attributed to the high reactivity of Zr atoms towards

the Si–N and Si–C bonds, which eventually leads to

the cleavage of these bonds at lower temperature.

Similar results have been reported by Dirè et.al. in a

Ti modified polydimethylsiloxane system [36, 37].

The overall ceramic yields of the pure PVS and Zr-

PVS precursors crosslinked sample were found to

be * 82.8 wt% and 79.3 wt%, respectively.

Figure 1b shows the DSC curves of undoped PVS

and Zr-PVS precursors. A sharp rise of the curve

could be observed at 780 �C for the undoped PVS

system that is attributed to the transformation of the

sample from polymeric to glassy state. In the DSC

curve of Zr-PVS precursor, the small peak at 350 �C
and a sharp exothermic peak at 590 �C may be due to

the polymerization reactions of (H7C3-O-)4-Zr mole-

cule to -Si–H sites and polymer to ceramic transfor-

mation. The DSC curve of PVS shows an exothermic

peak at around 1180 �C, which can be attributed to

the local crystallization of carbon nanodomains in the

SiCN matrix. The same exothermic peak could be

observed more prominently in the DSC curve of Zr-

PVS sample. The relatively sharper exothermic peak

may be attributed to the nucleation of ZrO2 crystals in

the SiCN matrix. The small peak above 1370 �C in the

PVS system may be due to the initiation of phase

separation and local crystallization of the amorphous

SiCN ceramics.

The FTIR spectra of undoped PVS and Zr-PVS heat

treated at different processing temperatures are

shown in Fig. 2. Here, the vinyl stretching bands

disappeared for samples crosslinked at 300 �C
implying early start of crosslinking due to vinyl

group polymerization (Fig. 2a and b). The band at

Figure 1 Thermal behavior of the crosslinked PVS and Zr-doped PVS precursors; a Thermogravimetric analysis, and b Differential

scanning calorimetry.
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3395 cm-1 corresponds to the stretching mode of –

NH– in Si–NH–Si, which reduced significantly above

300 �C indicating the important crosslinking reac-

tions of cyclic Si–N–Si bond formation [38, 39]. The

absorption peaks ranging from 2964 to 2852 cm-1 are

due to the stretching of C–H bond (-CH3 unit) [32].

The absorption in the range of 1099–1037 cm-1 cor-

responds to the stretching mode of Si–O band and

wagging mode of –CH2– band in present –Si–CH2– /

–Si–CH(R)–Si–. The absorption bands at 2150 cm-1,

1410 cm-1, and 1265 cm-1 are attributed to the

stretching mode of –Si–H, –C-H, and –Si–CH3 bands,

respectively. Intensity of these absorption bands

decreases with rise in the pyrolysis temperature and

disappears for samples pyrolyzed above 1000 �C
indicating polymer to ceramic conversion. It is

remarkable that hydrogen remains in the ceramic

matrix attached with carbon and silicon molecules

even at 1000 �C (Fig. 2c). The additional absorption

band at 950 cm-1 may be ascribed to Zr-O-Si, as has

been reported in the literature for absorption peaks in

similar ranges [26, 32, 40, 41]. It has also been

observed that the Zr-O-Si bonds remain intact even

for the SiZrCNO ceramic pyrolyzed at 1000 �C
(Fig. 2c). The absorption peak at 1630 cm-1 resembles

C = N stretching vibration (sample pyrolyzed at

1000 �C) and can presumably be a nitrogen contain-

ing graphene-like structure [42, 43]. The peak inten-

sity of C = N bond starts weakening at higher

temperature indicating decrease in graphite content

[44]. Similarly, the weak absorption band corre-

sponding to 2228 cm-1 is ascribed to the existence of

C:N (sp hybridization) stretching vibration, which

is found for the 1000 �C pyrolyzed ceramic (Fig. 2c)

and eliminated at higher temperature [45, 46]. The

peak at 777 cm-1 corresponds to asymmetric

stretching vibration mode of –Si–C– bond [44, 47].

The peak corresponding to 610 cm-1 shows the

presence of the Zr-O bond since the band intensity for

this peak rises with temperature for Zr-doped pyr-

olyzed samples (Fig. 2c and e). The absorption at

610 cm-1 is conspicuous by its absence for the pyr-

olyzed pure SiCN sample (Fig. 2d). The absorption

peaks at 796 cm-1 and 903 cm-1 refer to asymmetric

stretching of –N–Si–N– bond in –Si–N4 and –N–Si3
units, respectively [48–50]. The peaks between

434–567 cm-1 (Fig. 2c) can be attributed to the

stretching modes of the distorted –Si–N– bonds [44].

Based on the FTIR spectroscopic information,

probable crosslinking reaction mechanisms for poly-

merization of pure PVS and Zr-PVS precursors are

proposed in Fig. 3. The reaction initiates due to DCP

which provides phenyl and methyl free radicals after

thermal decomposition (Reaction (a), Fig. 3). The

possible reaction paths for free radical polymeriza-

tion are shown in reaction (b) and (c) (cf. Figure 3).

These free radicals react with the vinyl containing

monomer of vinylsilazane and generate a free radical

Figure 2 FTIR analysis of samples pyrolyzed at different temperatures; a Undoped PVS crosslinked at 300 �C, b Zr-PVS crosslinked at

300 �C, c Zr-PVS pyrolyzed at 1000 �C, d PVS pyrolyzed at 1300 �C (i.e. SiCN), and e Zr-PVS pyrolyzed at 1300 �C (i.e. SiZrCNO).
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Figure 3 Probable reaction mechanisms in pure PVS and Zr-PVS precursors during crosslinking.
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on 2� carbon linked to silicon (Reaction (b), Fig. 3).

The subsequent free radical containing groups react

and combine to other intact vinyl monomer units

starting a chain polymerization (Reaction (c), Fig. 3).

The phenyl containing chains formed are major pro-

duct as compared to methyl as the free radical on

phenyl are more stable (due to resonance effect) than

on methyl. Further, two different monomer units of

PVS may combine by simple addition of vinyl group

and –Si–H sites to form a linear polymeric chain

containing –Si–CH2–CH2– and –Si–CHCH3–Si– units,

respectively (Reaction (d) and (e), Fig. 3). In addition,

self-polymerization also occurs following reaction in

undoped PVS system and forms –Si–NH–Si– and –

N–SiH(CH3)–SiH(CH3)–N– linear/cyclic chains (Re-

action (f), Fig. 3). These polymeric chains during

pyrolysis form different units containing Si, C, and N

leading to the formation of a nanostructured ternary

SiCxNy hybrid ceramic.

The reaction pathway for the Zr-PVS is shown in

reaction (g) following nucleophilic substitution reac-

tion (Fig. 3). One molecule of Zr precursor may react

with maximum 4 monomer units of PVS containing

reactive –Si–H site. Moreover, consequential Zr con-

taining monomer unit reacts to the vinyl group, –Si–

H and –N–H sites of monomers via similar radical

and different addition reaction paths as shown in

reaction mechanism (b) to (e) of undoped PVS pre-

cursor. Here, the Zr and O will add to the basic

forming units along with Si, C, and N leading to the

formation of Si-Zr-O-C-N hybrid ceramic.

Phase evolution and crystallization behavior of the

SiCN and SiZrCNO ceramics thus derived were

studied by X-ray diffraction (Fig. 4). The SiCN

ceramics were found to be primarily amorphous up

to 1400 �C. However, faint peaks at 2h * 25.5 and

44� degrees, corresponding to the (002) and (110)

planes of graphite (JCPDS #75–1621), respectively,

indicate the presence of residual carbon in the SiCN

ceramics pyrolyzed at 1400 �C. Extremely small

peaks of nanocrystalline a-Si3N4 (JCPDS #09–0250) at

Bragg angles 35.0, 43.3, 57.5, and 66.5 degrees corre-

sponding to planes (210), (301), (222), and (004),

respectively, can also be noticed in the same SiCN

sample. The XRD patterns of the SiZrCNO samples

annealed from 1000 to 1400 �C also exhibit largely

amorphous nature. For the SiZrCNO samples, the

separation of nanosized ZrO2 (JCPDS #79–1771)

phase was detected for the 1200 �C pyrolyzed sam-

ple. The diffraction peaks at 2h in the vicinity of 30�,

35�, 50� and 60� correspond to (101), (110), (112) and

(211) planes, respectively, and confirm the presence

of tetragonal phase of ZrO2. For the SiZrCNO sample

pyrolyzed at 1400 �C, faint peaks of residual graphi-

tic carbon and nanocrystalline a-Si3N4 (JCPDS

#09–0250) have also been observed. The crystallite

size of t-ZrO2 calculated for the samples pyrolyzed at

various temperatures by Scherrer’s formula was

found to be in the range of 4.6 to 7.8 nm.

Electron microscopic analysis of the prepared

ceramic specimens was performed to understand

their thermal stability and crystallization process. The

SiCN samples pyrolyzed at 1000 �C for 4 h exhibited

no appreciable contrast through transmission elec-

tron microscopy (TEM) imaging (Fig. 5a) and high-

resolution TEM, (HRTEM) imaging (Fig. 5b) which is

consistent with the XRD results. The FFT filtered

image of the characteristic HRTEM micrograph of

selected region (Fig. 5b) showed a very homogeneous

nanostructure and no evidence for any phase sepa-

ration was found in the amorphous SiCN ceramic

matrix. At this stage, the SiCN nanostructure can be

aptly called amorphous.

Thermolysis at high temperatures promotes struc-

tural reordering within the Si–C-N matrix. However,

bright-field TEM imaging (Fig. 6a) and high-resolu-

tion TEM imaging (Fig. 6b) of the SiCN ceramics

pyrolyzed at 1400 �C also exhibited no crystallinity.

The incipient crystallization of Si3N4, as seen in the

XRD, was not observed through TEM/HRTEM

imaging, which may be due to the extremely low

Figure 4 X-ray diffraction patterns of SiCN and SiZrCNO

ceramics prepared at temperature ranging from 1000 to 1400 �C.
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volume fraction of such phases. Also, the inset FFT

filtered image of characteristic HRTEM micrograph

(Fig. 6b) of selected region showed a very homoge-

neous nanostructure and no evidence for any phase

separation was observed in the SiCN microstructure

in the form of Si3N4 or disordered graphite-like

carbon.

The selected area electron diffraction (SAED) pat-

tern displayed in inset of Fig. 7a endorses its amor-

phous nature and is consistent with the X-ray

diffractograms (Figs. 4 and 6). Further, we estimated

the possible neighbor structural unit distances within

the SiCN matrix through intensity profiles from the

SAED pattern (Fig. 7b). To see the effect of Zr addi-

tion on the structural rearrangements within Si–C-N

architectures, intensity profiles were also generated

for the Zr modified PVS samples (Fig. 7d) of similar

thermal history. These intensity profiles were plotted

by the data obtained from calculation of average

radial intensity distribution of the SAED pattern from

the center of the diffraction pattern (spatial fre-

quency) followed by background subtraction with a

second-order exponential decay function. Intensity

profile of PVS-1400 sample (c.f. Figure 7b) shows

most prominent spatial frequency peak, at 2.44 nm-1

(0.41 nm), which is assigned to the slightly disor-

dered SiN4 tetrahedral units of mixed SiCxNy. The

minor peak at 3.23 nm-1 (0.31 nm) is due to the

presence of a small amount of the free carbon phase

or mixed Si-C-N units that is commonly present in

the high temperature pyrolyzed PDC ceramics. The

maximum at 5.42 nm-1 (0.19 nm) corresponding to

the tetrahedral SiC4 units and mixed Si–C-N units. In

addition, the occurrence of peak at 7.75 nm-1

(0.13 nm) shows presence of tetrahedral SiN4 and

SiC4 structural units of SiCxNy. Further spatial fre-

quency peak cannot be assigned to any specific

Figure 5 Electron microscopy

of the SiCN ceramics; a TEM

images and b HRTEM image

of SiCN pyrolyzed at 1000 �C
for 4 h. The inset is an FFT

image of boxed reign, which

showed no evidence for any

phase separation in the

amorphous SiCN ceramic.

Figure 6 Electron microscopy

of the SiCN ceramics; a TEM

images of 1400 �C pyrolyzed

SiCN and corresponding

SAED pattern in inset.

b HRTEM image of SiCN

pyrolyzed at 1400 �C. The
inset is an FFT image of boxed

reign, which showed no

evidence for any phase

separation in SiCN ceramic as

Si3N4 or disordered graphite-

like carbon.
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neighbors, since SiC4 and SiN4 units exhibit diffrac-

tion intensities largely in this range only.

Zr modified SiCN ceramics shows relatively sharp

and more prominent special frequency peak at

3.39 nm-1 (0.295 nm), which can be assigned to (101)

diffraction intensities of tetragonal ZrO2 and mixed

Si-C-N units. Peaks at 2.44 nm-1, 4.65 nm-1 and

7.75 nm-1 confirm the disordered SiN4 units into

SiZr0.2CxNy. Also, the special frequency maxima at

4.65 nm-1 and 7.75 nm-1 shows presence of SiC4

units within Si-Zr-O-C-N architecture. However, a

shift of the maximum spatial frequency peak from

5.42 nm-1 (0.19 nm) to 4.65 nm-1 (0.21 nm) indicates

ordering of SiC4 units. It is noteworthy that there is

no evidence of carbon in 1400 �C pyrolyzed Zr-PVS

sample. It may be concluded that Zr doping into

SiCN ceramic modifies the structural rearrangement

of SiCxNy, resulting in reduced amount of free carbon

phase in the SiZrCNO system as compared to the

pure SiCN system.

Additionally, the thermal stability and phase dis-

tribution of long annealed (1400 �C for 6 h) SiZrCNO

ceramics were investigated through high-resolution

TEM (Fig. 8). The bright-field TEM micrographs (cf.

Figure 8a and b) clearly exhibit that the continuous

and uniform dispersion of nanocrystallites through-

out the SiCN ceramic matrix is still maintained.

Clearer patterns can now be seen on the SAED profile

shown in the inset of Fig. 8b. Figure 8c shows the

high-resolution micrographs of the samples annealed

at 1400 �C for 6 h. In the HRTEM image of this

sample (Fig. 8d and f), crystallization of t-ZrO2

Figure 7 a and b shows SAED patterns of the PVS-1400 and their corresponding estimated intensity profile. c and d shows SAED

patterns of the Zr-PVS-1400 and their corresponding evaluated intensity profile.
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crystals is clearly observed. Inverse FFT images

(Fig. 8e and g) corresponding to patterns inserted in

Fig. 8d and f confirming (101) and (112) planes,

respectively. At 6 h of annealing, the t-ZrO2 crystal-

lites appear to have grown fast to sizes in the range of

10–12 nm. However, no crystalline phases other than

t-ZrO2 was identified in the HRTEM micrographs,

and no phase transformation of t-ZrO2 was observed

in the SiZrCNO ceramic. At this stage, the SiZrCNO

system can be appropriately called a nanocomposite

of SiCN-ZrO2.

It is remarkable to note that the stability of tetrag-

onal form of ZrO2 and ternary SiCN has been

observed at high temperatures, such as 1400 �C. In
the ZrO2 nanoparticle filled SiOC system, major

phase of zirconia was reported to be monoclinic even

at lower pyrolysis temperature (* 1100 �C) [26].

Dire et al. [40] investigated phase evolution and

crystallization behavior of polydimethylsiloxane-zir-

conia nanocomposite and reported finely dispersed

t-ZrO2 particles dispersed in an amorphous SiCO

matrix, while at 1400 �C, a mixture of monoclinic and

tetragonal phase of ZrO2 was observed. In the Hf-

doped SiCNO system, pyrolysis above 1000 �C led to

the formation of t-HfO2 phase [51]. However, at

1400 �C for just 5 h annealing, a fraction of tetragonal

HfO2 converted to monoclinic phase generating

microstrain in the system. Nevertheless, in this work,

we have successively stabilized the metastable te-

tragonal polymorph of zirconia even up to tempera-

tures as high as 1400 �C, which ensures thermal

stability of the SiZrCNO system.

The phase transformation of t-ZrO2 depends on the

particle morphology, size, shape, and location (intra/

intergranular). Ushakov et al. [52] investigated

amorphous to crystalline transformation temperature

of zirconia in related system like SiO2 and concluded

that transformation temperature into other poly-

morphs increases by more than 300 �C with the

increase in surface/interface area of the t-ZrO2 phase.

Figure 8 Electron microscopy

of SiZrCNO ceramics

annealed at 1400 �C, 6 Hours;

a bright-field TEM micrograph

showing nanocrystals

dispersed into SiCN matrix,

b magnified TEM micrograph,

inset image is of

corresponding SAED pattern.

c HRTEM micrograph

showing nanostructured

t-ZrO2 dispersed into SiCN

matrix, d 5 nm magnified

HRTEM image, inset image

shows corresponding FFT

planes, e Inverse FFT image

confirming the crystal lattice

of the nanostructured t-ZrO2.

f 10 nm magnified HRTEM

image, inset image shows

corresponding FFT planes, and

g Inverse FFT image

confirming the crystal lattice

of the nanostructured t-ZrO2.
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The fact that the t-ZrO2 crystallites in our experi-

ments were of extremely fine dimension, the hetero-

phase interface area is much higher, which according

to Ushakov et al. might increase the transformation

temperature considerably. Additionally, the diffusion

rate of oxygen is significantly hindered in the SiCN

matrix system, as compared to SiO2, due to the

presence of carbon and nitrogen. As a result, the

coarsening rate of ZrO2 is retarded, which leads to

sustenance of the fine crystallite size and stability of

the t-ZrO2 phase [31, 53–55]. The much lowered

surface energy of the t-ZrO2/SiCN interface may also

be a reason for a lower free energy of the system. In

the absence of a stabilizer, for the t-ZrO2 phase to be

stable, the crystallite size of the phase should remain

below about 30 nm [56]. The t-ZrO2 nanocrystals size

in the current work (across all histories of pyrolysis)

remained much lower (\ 12 nm) than the critical size

for tetragonal to monoclinic transformation. High-

resolution TEM images exhibited that the nucleation

and growth of t-ZrO2 in SiCN glassy matrix produces

spherical or ellipsoidal crystals without any sharp

edges (c.f. Figure 8 b, c, d, and f). Precipitates with

sharp and leading edges ordinarily act as potential

stress concentrators, lack of which can be a reason for

the absence of polymorphic transformations in the

current investigation. Furthermore, t-ZrO2 can be

stabilized by large strain energy which would be

relieved by the volume increase associated with the

t-m transformation. The mismatch in the coefficient

of thermal expansion imposes a compressive stress

on the t-ZrO2. Moreover, the SiCN glass matrix

suppresses t-m ZrO2 polymorph conversion by con-

straining the volume expansion of the embedded

ZrO2 particles (aSiCN = 3.08 – 3.96 9 10–6 K-1, at-
ZrO2 = 11.6 9 10–6 /K-1 and 16.08 9 10–6 K-1 in a

and c axis, respectively) [57, 58]. Thus, several factors

are responsible for the stabilization of extremely fine

crystallites of t-ZrO2 in the SiCN amorphous matrix.

High temperature induced oxidation or materials

recession resistance is an important characteristic of

bond coat materials for environmental barrier coat-

ings. While the SiCN-ZrO2 system is being investi-

gated as an intermediate layer mainly for its

uniformity in microstructure containing two different

phases of widely different CTE, some extent of oxy-

gen ingress can be expected beneath the topcoat.

Therefore, to test the oxidation resistance, we have

performed thermogravimetry-based evaluation.

Finely ground ceramic powders of SiCN and SiCN-

ZrO2 were heated with a constant heating rate in

flowing oxygen atmosphere while performing

gravimetry. This method can be a more aggressive

way of testing the oxidation resistance of the ceramics

in a short span of time. As compared to a ceramic

coating, the current experiments expose the fine

ceramic powders to a more intense oxygen attack

(from all sides of the particulate). Figure 9 shows the

effect of Zr doping into SiCN ceramic on the oxida-

tion behavior. This has been compared with the oxi-

dation test conducted on pure SiCN ceramic for

benchmarking. The TG measurements up to 1500 �C
in oxidizing atmosphere show a total mass loss of

9.54% and 6.54% for undoped SiCN and Zr-doped

SiCN ceramics, respectively. Up to 1150 �C, the SiCN-

1400 and SiZrCNO-1400 systems show 2.1% and 0.8%

mass loss, respectively. These, initial losses in both

the systems are mainly due to the presence of resid-

ual carbon in the ceramic matrices, with the conver-

sion of C to CO and/or CO2. The presence of the

residual carbon in the ceramic matrix in pyrolyzed

SiCN-1400 and SiZrCNO-1400 samples could be

established from the Raman spectrum. Figure 10

shows typical Raman spectrum of pure and Zr-

modified SiCN synthesized at 1400 �C before and

after oxidation at 1400 �C for 2 h. The typical D & G

absorption bands observed at 1350 and 1610 cm-1

indicate the presence of free carbon. Under ambient

condition, this free carbon would oxidize easily.

Generally, a free carbon form (such as graphite, gra-

phene, or graphene oxide) can oxidize in the

Figure 9 Thermogravimetric oxidation curve of pure and Zr

modified SiCN ceramics pyrolyzed at 1400 �C.
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temperature range of 400 �C to 800 �C. However, the

free carbon phase in the SiCN is embedded in the

amorphous ceramic nanostructure itself, where it is

protected by the ceramic, and the oxidation temper-

ature shifts above 1150 �C. Yet, the undoped SiCN

sample suffers continuous mass loss of 7.4% from

1150 to 1500 �C. The high partial pressure of O2 in the

system may induce phase separation of the SiCN

amorphous ceramic to crystallize SiO2, free C, and N2

gas. The evolved N2 gas leaves the system causing

weight loss. The evolved free carbon could be char-

acterized by the prominent Raman peak appearances

of D, G, D,’’ 2D, D?G and 2D’ bands of oxidized

SiCN-1400 and SiZrCNO-1400 samples (Fig. 10). The

free C phase oxidizes to CO2, and creates pore

channels within the structure, which further exposes

the carbon and nitrogen sites, and accelerates oxygen

diffusion into the SiCN matrix. Additionally, the free

C phase may also react with trace amounts of Si3N4 in

the system to produce SiC and N2 (the latter of which

leaves the system causing mass loss). In dry air con-

dition, the SiC phase present may react with O2 to

form SiO2 which typically acts as a coating thus

preventing further oxidation. Moreover, materials

recession can also occur due to the direct contact of

free C with SiO2, resulting in dissociation of SiO2 into

gaseous SiO and CO.

Incorporation of Zr in the SiCN matrix, the mass

loss after oxidation of the SiZrCNO reduces by 3.0%.

The reduced mass loss may be attributed to the lower

amount of free carbon present in the SiZrCNO

ceramics than undoped SiCN system (Figs. 1, 7 and

10). Zr-doping in oxycarbide ceramic system has

been found to retard crystallization as well as phase

separation of the carbon phase and SiO2 from the

pyrolyzed PDCs system [27]. It can also be referred

from the XRD patterns (Fig. 4) that the corresponding

peak intensity of the a-Si3N4 phase is relatively

higher for the 1400 �C pyrolyzed SiZrCNO as com-

pared to SiCN indicating that the phase separation of

Si3N4 from the SiCN system is favored upon Zr

doping. Si3N4 shows slightly better oxidation resis-

tance than SiC and SiCN system, and hence, it also

retards the oxidation of SiZrCNO system [59]. Fur-

ther, the evolved ZrO2 phase throughout the SiCN

matrix acts as barrier and retards the diffusivity of

oxygen into the SiZrCNO ceramics. The mass loss of

SiZrCNO is less than the SiC, SiOC, SiTiOC, as well

as SiCN, systems in oxygen atmosphere, making it

robust against oxidation [25]. Also, comparison of

results of similar systems, in particular for SiCNO

and SiHfCNO reported by Sujith et al. [60], with

current results shows a clearly reduced materials

recession for pure SiCN and SiZrCNO (Table 1).

Figure 10 Raman spectra of pyrolyzed SiCN-1400 and

SiZrCNO-1400 samples before and after oxidation showing D,

G, D,’’ 2D, D?G and 2D’ peaks.

Table 1 Mass loss (%) upon annealing at various temperatures

between 1200 and 1500 �C in air

PDC 1200 �C 1400 �C 1500 �C References

SiCNO ? 16 - 6 – [60]

SiHfCNO - 5 - 11 - 15 [60]

SiCN - 2.5 - 5.3 - 9.5 Present Work

SiZrCNO - 1.1 - 3.4 - 6.5 Present Work

? and - point to mass gain, and mass loss respectively
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Summary

SiCN and SiZrCNO ceramics were prepared from

polyvinylsilazane-based preceramic polymers, with-

out and with Zr-doping, respectively. Presence of the

Zr-O-Si and Zr-O bands exhibited through FTIR

confirmed doping of Zr at molecular level and the

incorporation of Zr in the main polymer chain of

polyvinylsilazane precursor. An important outcome

of the work is that the Zr doping accelerates polymer

to ceramic transformation and shifts the ceramization

temperature to 700 �C from 800 �C. The pure SiCN

ceramic was stable and pseudo-amorphous up to the

pyrolysis temperature of 1400 �C. The Zr-doped

SiCN ceramic appeared as monophasic non-crys-

talline ceramic at 1000 �C and exhibited phase sepa-

ration of Zr into nanocrystals of t-ZrO2 at 1200 �C
onwards. For the SiCN and SiZrCNO sample pyr-

olyzed at 1400 �C, the presence of faint peaks of

residual graphitic carbon and nanocrystalline a-Si3N4

was observed in XRD analysis. The distribution of

t-ZrO2 crystallites in the 5–12 nm range appeared

exceptionally uniform throughout the SiZrCNO

matrix. From XRD, TEM, and intensity profiles, it

could be further understood that the retention of

SiCN matrix as well as tetragonal phase of

nanocrystalline ZrO2, even after prolonged heat

treatment at 1400 �C, provides a significant advan-

tage for the ceramic in high temperature structural

applications. Extremely fine size (less than the critical

size), spherical or ellipsoidal crystal shapes without

any sharp edges, low t-ZrO2/SiCN interface energy

and SiCN glassy matrix system were the reasons for

the exceptional stability of metastable t-ZrO2 in the

SiZrCNO ceramics. Constant heating rate oxidation

tests revealed improved oxidation behavior of SiCN-

ZrO2 ceramic system with 3% reduced mass loss as

compared to the pure SiCN ceramic. These findings

will allow the fabrication of a bond coat material with

better toughness, oxidation resistance, hot strength,

and tailorable thermal expansion coefficient, to match

between SiC-based ceramic matrix composite sub-

strates and oxide/silicate-based topcoats.
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