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Abstract
The inﬂuence of pulsed electric current sintering on the structural evolution and indentation response of hafnia incorporated silicon carbonitride
polymer derived ceramics was studied. Despite the absence of any sintering additives, appreciable sintering at 1400 1C with a density of ∼2.7 g/cc
was observed. Sintering beyond 1300 1C resulted in the phase separation and nano-crystallization of amorphous Si–Hf–C–N–O ceramic. The
crystallite coarsening was insigniﬁcant and thereby the tetragonal phase of hafnia was retained in the ceramic nanocomposite. A relatively high
indentation hardness and elastic modulus of ∼18 GPa and ∼313 GPa were determined by depth sensing nanoindentation technique.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
The development of transition metal oxide incorporated
polymer derived ceramics (PDC) has gained immense interest
in recent times [1–6]. In contrast to ternary Si- based PDCs
such as Si–O–C and Si–C–N ceramics, speciﬁc improvement
in the material properties can be achieved by the chemical
modiﬁcation of these ceramics by the incorporation of various
transition metal oxides such as titania [2], zirconia [4] and
hafnia [5,6]. Among these transition metal oxides, hafnia
incorporated Si based ceramic nanocomposites are of special
interest because of its technological potential, for instance, in
microelectronics industry [7]. However, the existing literature
is restricted to the synthesis, structural evolution and thermal
stability of HfO2/Si–C–N(O) ceramic nanocomposites. [5,6,8–12].
The potential of these nanocomposites for possible structural
applications necessitates a need to comprehensively understand
the mechanical behavior which was not explored till date.
The present study focuses on the evaluation of the indentation response of HfO2/Si–C–N(O) ceramic nanocomposites
n
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produced by pulsed electric current sintering (PECS). PECS
was adopted for the production of dense transition metal oxide
incorporated PDCs for the ﬁrst time. The technique serves as a
unique and efﬁcient sintering tool due to the possibility of
attaining high densiﬁcation rates. Upon sintering, signiﬁcant
densiﬁcation was observed for the HfO2/Si–C–N(O) ceramic
nanocomposites, unlike the unmodiﬁed Si–C–N ceramics.
Remarkably, tetragonal hafnia phase was retained as a stable
phase even after sintering at a temperature of 1500 1C. This
could be of potential interest in the development of materials
with high dielectric properties, due to higher dielectric constant
associated with the tetragonal phase in contrast to the monoclinic phase [7]. The hardness and elastic modulus determined
for these HfO2/Si–C–N(O) ceramic nanocomposites were also
among the highest reported for any ceramics produced by the
precursor route.
2. Experimental
Hafnium modiﬁed polysilazane was synthesized by the
chemical modiﬁcation of polysilazane (HTT1800, Clariant,
Germany). The polysilazane was modiﬁed by the addition of
30 vol% hafnium tetra n-butoxide (Sigma-Aldrich, India) and
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stirred for about 30 min in Ar atmosphere. The modiﬁed
polysilazane was crosslinked at 300 1C for 3 h and subsequently thermolysed in Ar atmosphere at 1300 1C for 2 h at a
constant heating rate of 5 1C/min [11]. The as-thermolysed
powder was ground and powder of particle size less than
125 μm was chosen for PECS (Sumitomo Coal Mining Co.
Ltd., Japan). The sintering was performed in vacuum at 1300,
1400 and 1500 1C and the sintered ceramic compacts hereafter
will be referred to as SiHfCNO1300, SiHfCNO1400 and
SiHfCNO1500, respectively. The pressure, holding time and
heating rate were maintained constant at 30 MPa, 30 min and
50 1C/min, respectively. For sintering, a pulse ratio of 12/2 ms
on/off was chosen. For comparison, unmodiﬁed Si–C–N
ceramic powder produced by the thermolysis of polysilazane
at 1300 1C in Ar atmosphere was sintered and will be hereafter
referred as SiCN1500.
The microstructure of the PECS ceramics was observed by
ﬁeld emission scanning electron microscopy (FE-SEM) using
FEI Quanta 400, USA. The elemental composition was
obtained from the energy dispersive X-ray spectroscopy
(EDX) using scanning electron microscopy (FEI Quanta 200,
USA). The apparent density of these ceramics was determined
by water displacement method. Furthermore the open porosity
(%) was calculated as per Eq. (1) [13].
pð%Þ ¼ ðmw −md Þ=ðmw −mww Þ

ð1Þ

where, mw is the weight of the wet sample (g), md is the weight
of the sample (g) and mww is the weight of the sample
immersed in water (g). The structural evolution upon sintering
was understood from X-ray diffraction (D8 Discover, Bruker
AXS X-ray Diffractometer, USA) using Cu Kα radiation
(λ¼ 0.15408 nm) in the 2θ range of 5–901. The crystallite
sizes were determined using the Scherrer equation. The
hardness and elastic modulus were measured by depth sensing
nanoindentation technique (Hysitron Inc., USA). A standard
Berkovich indenter was used and the area function was
calibrated by performing a set of 25 indents on fused quartz.
For nanoindentation, all the samples were polished as per
standard ceramographic practice. The indentations were performed at a maximum load (Pmax) of 10 mN. A trapezoidal
loading function was used maintaining a constant loading rate
of 1 mN/s, holding time of 10 s and unloading rate of 1 mN/s.
Further, micro-Vickers indentation (Wolpert Wilson 4325VA,
USA) was performed at a maximum load of 9.81 N and for a
holding time of 10 s. The Poisson's ratio of the samples was
determined by non-destructive resonant frequency testing
method.
3. Results and discussion
Fig. 1 shows the variation in displacement rate with time for
SiHfCNO1300, SiHfCNO1400, SiHfCNO1500 and SiCN1500
ceramics. A representative sintering temperature proﬁle at
1500 1C is shown. From the ﬁgure it can be inferred that the
sintering is insigniﬁcant until 1300 1C and is maximum beyond
1400 1C deducing that densiﬁcation of these highly covalent
bonded ceramics at temperature below 1300 1C was difﬁcult.

Fig. 1. Variation in densiﬁcation rate with temperature during PECS for
SiCN1500, SiHfCNO1300, SiHfCNO1400 and SiHfCNO1500. A representative temperature proﬁle of PECS at 1500 1C is also shown.

Moreover, SEM images of SiCN1300 and SiHfCNO1300 also
reveals to this and are depicted in Fig. 2(a) and (b). A representative micrograph of the sintered Si–Hf–C–N–O (SiHfCNO1500)
and its magniﬁed image are shown in Fig. 2(c) and (d)
respectively. The bright regions correspond to the hafnium rich
regions inferring localized variation in hafnium content (see
Fig. 2d). Similar microstructural features were reported in the
literature for the Si–Hf–C–N–O ceramics obtained from the same
polymeric precursor (HTT1800) [11]. In addition, the sintering of
Si–Hf–C–N–O ceramics seems to begin early in contrast to Si–C–
N ceramics. For instance, sintering started at the 20th min for
Si–Hf–C–N–O ceramics, in contrast to a couple of minutes later
for Si–C–N suggesting better sinterability of the former (Fig. 1).
The apparent density of SiHfCNO1300, SiHfCNO1400 and
SiHfCNO1500 were ∼2.04, 2.74 and 2.85 g/cc, respectively
while the density of SiCN1500 was ∼2.07 g/cc. Moreover, the
extent of open porosity in these ceramics was signiﬁcantly
reduced from ∼19% (SiHfCNO1300) to ∼4% (SiHfCNO1500)
with the increase in sintering temperature inferring substantial
densiﬁcation of the latter (Table 1). The higher densiﬁcation
achieved for Si–Hf–C–N–O ceramics can possibly be attributed to the presence of Si–O bonds in the Si–C–N(O) matrix
which may enhance the solid state diffusion capability of the
material. The reaction pathway suggested in the literature
reported for the synthesis of hafnium modiﬁed Si–C–N(O)
ceramic establishes the presence of Si–O bonds in the hafnium
alkoxide modiﬁed polysilazane [11]. Furthermore, it should be
noted that the phase separated HfO2 due to its ionic nature
could have also contributed to the enhanced solid state
sinterability [14].
From Fig. 3 it is inferred that the as-thermolysed Si–Hf–C–N–O
ceramic is X-ray amorphous. Upon PECS, SiHfCNO1300 retained
its amorphous nature in contrast to SiHfCNO1400 and
SiHfCNO1500 which exhibited phase separation and crystallization resulting in the formation of HfO2/Si–C–N(O) ceramic
nanocomposites. The high intensity peaks at 2θ¼ 30.1, 35.1,
50.3 and 59.71 were assigned to tetragonal hafnia and the relatively
low intense peak at 2θ¼ 28.31 was assigned to monoclinic hafnia
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Fig. 2. Backscattered electron micrographs of (a) unsintered Si–C–N (SiCN1500), (b) unsintered Si–Hf–C–N–O (SiHfCNO1300), (c) sintered Si–Hf–C–N–O
(SiHfCNO1500) and (d) magniﬁed backscattered image of SiHfCNO1500 (bright regions indicate localized enrichment of hafnium).

Table 1
Elemental composition and open porosity of PECS Si–C–N and Si–Hf–C–N–O.
Material system

Si
(wt%)

Hf
(wt%)

C
(wt%)

N
(wt%)

O
(wt%)

Porosity
(%)

SiCN1500
SiHfCNO1300
SiHfCNO1400
SiHfCNO1500

∼26
∼45
∼42
∼46

–
∼13
∼17
∼16

∼68
∼20
∼24
∼21

∼3
∼9
∼9
∼9

∼3
∼13
∼8
∼8

13.9
18.8
9.3
4.2

(Fig. 3). In addition, a peak at 2θ¼ 261 was observed and was
assigned to the presence of excess free carbon which is in
agreement with the literature [15]. The crystallite sizes of tetragonal
hafnia for SiHfCNO1400 and SiHfCNO1500 were ∼14 and
∼16 nm respectively, inferring insigniﬁcant coarsening. The stability of tetragonal hafnia phase at room temperature was attributed
to the crystallite size effect. In a previous study we reported that
below a critical crystallite radius of ∼4 nm, hafnia can exist only as
a tetragonal phase [8]. However, with coarsening the tetragonal
phase becomes unstable and transforms to a monoclinic phase,
which is the room temperature stable phase of hafnia. This suggests
that the coarsening has a signiﬁcant role to play as far as the
stability of the tetragonal phase of hafnia is concerned. However,
due to the extremely low diffusion time scales associated with
PECS, coarsening was considerably restricted aiding retention of

the tetragonal crystal structure. Moreover, it is interesting to notice
that under similar processing conditions SiCN1500 phase separated
and crystallized, which is evident by the presence of β-SiC as
exempliﬁed from the XRD (Fig. 3). The absence of Si3N4 in the
XRD suggests the unstable nature of Si3N4 in vacuum beyond
1300 1C. Upon sintering beyond 1300 1C a substantial drop in the
vacuum pressure was observed for the unmodiﬁed Si–C–N
ceramic. The thermodynamic calculations performed earlier on
Si–C–N indicated that at low N2 partial pressures the decomposition of Si3N4 to nitrogen gas and liquid or solid silicon could occur
as early as 1300 1C [16]. A similar trend in the sintering behavior
was reported for the PECS of Si–C–N with yttria as an additive
[17]. However, the equivalent carbo-thermal decomposition was
not observed in the case of Si–Hf–C–N–O ceramics. This could be
also inferred from the elemental composition wherein the weight
(%) remained similar for SiHfCNO1400 and SiHfCNO1500
(Table 1). These results suggest the possible inﬂuence of hafnia
nanocrystallites on the stabilization of Si–C–N(O) matrix preventing further thermal decomposition. A similar inference was
reported for the zirconia modiﬁed Si–O–C ceramic [4].
An exemplary illustration of the load-displacement curves of
SiCN1500, SiHfCNO1300, SiHfCNO1400 and SiHfCNO1500
are shown in Fig. 4. From the load-displacement curves, the
hardness and the reduced elastic modulus (Er) were determined
by the Oliver–Pharr method [18]. The validity of this method
for the determination of hardness and elastic modulus was
ensured by determining the elastic work ratio. The elastic work
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elastic work ratio for SiHfCNO1400 and for SiHfCNO1500
were estimated to be ∼0.73 and ∼0.65, respectively.
The reduced elastic modulus determined from nanoindentation is given by the following expression.
1=Er ¼ ð1−ν2 Þ=E þ ð1−νi 2 Þ=Ei

Fig. 3. XRD showing the structural evolution upon PECS of SiCN1500,
as-thermolysed SiHfCNO, SiHfCNO1300, SiHfCNO1400 and SiHfCNO1500
(t—tetragonal HfO2, m—monoclinic HfO2, ♯—graphite, n—β SiC).

ð2Þ

where, E and Ei are the elastic modulii of the sample and the
diamond Berkovich indenter respectively and ν and νi are their
respective Poisson's ratios. E and ν for the samples are provided in Table 2, whereas, Ei and νi are taken as 1140 GPa and
0.07, respectively. Table 2 provides the indentation hardness
and elastic modulus for SiCN1500, SiHfCNO1300,
SiHfCNO1400 and SiHfCNO1500. The hardness and elastic
modulus values of SiCN1500 were ∼15 GPa and ∼196 GPa
respectively. The hardness value was in close agreement with
that of Si–C–N ceramic produced by the cast route [20,21],
whereas the elastic modulus was ∼40% higher for the PECS
Si–C–N, possibly due to the rigid structure obtained by the
PECS technique. However, for Si–Hf–C–N–O ceramics, with
increase in sintering temperature from 1300 to 1500 1C, the
elastic modulus was increased by ∼85%. Similar behavior of
increase in elastic modulus with progressive increase in
sintering temperature was reported in the literature [21]. An
equivalent increase in the hardness value (∼20%) was also
observed for SiHfCNO1300 through SiHfCNO1400 (Table 2).
It should be noted that SiHfCNO1300 was X-ray amorphous
having weak Si–O–Hf bond in the ceramic network [11].
While SiHfCNO1400 was phase separated and existed in the
form of HfO2/Si–C–N(O) ceramic nanocomposite. The progressive removal of Hf–O bond from the initial ceramic network
would have contributed to the increased network rigidity and
resistance to deformation resulting in higher hardness and
elastic modulus values for SiHfCNO1400. However, with
further increase in sintering temperature to 1500 1C no further
densiﬁcation (Table 2) or change in elemental composition
was observed (Table 1). This could have attributed to the
similar hardness values for SiHfCNO1400 and SiHfCNO1500.
The hardness determined by micro-Vickers indentation for
SiHfCNO1400 and SiHfCNO1500 were also observed to be
constant of ∼16 GPa (Table 2). However, micro-indentation
experiments were not carried out for SiCN1500 and
SiHfCNO1300 because of the practical difﬁculty to locate
pore-free location.
4. Conclusions

Fig. 4. Representative load-displacement
SiHfCNO1500 and fused quartz.

curves

for

SiHfCNO1400,

ratio is deﬁned as the ratio of the work done in the elastic part
of the deformation (Wel) to the total work done (Wtot). It is
observed that for materials with low elastic work ratio,
typically less than 0.5, the calculated hardness overestimate
due to the signiﬁcant contribution from the pile-ups [19]. The

In the current study, PECS was adopted for the production
of SiHfCNO ceramics. The density, hardness and elastic modulus
of these ceramics were found to be among the highest reported in
the literature. The amorphous SiHfCNO1300 ceramic showed no
appreciable sintering, whereas the phase separated and crystallized ceramics sintered at 1400 and 1500 1C showed signiﬁcant
densiﬁcation. As a result of the short processing time scales
involved in the PECS and slow bulk diffusion rates due to the
covalent bonded Si–C–N(O) matrix, the crystallite growth of
hafnia was insigniﬁcant. Hence, the production of near dense
HfO2/Si–C–N(O) nanocomposites with retained tetragonal hafnia
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Table 2
Material properties of fused quartz, SiCN1500, SiHfCNO1300, SiHfCNO1400 and SiHfCNO1500.
Material
system

Density Poisson's
(g/cc)
ratio

Nanoindentation hardness
(GPa)

Elastic modulus
(GPa)

Micro-Vickers hardness
(GPa)

Fused quartz
SiCN1500
SiHfCNO1300
SiHfCNO1400
SiHfCNO1500

2.20
2.07
2.05
2.74
2.85

8.157 0.20
15.017 0.17
13.287 1.15
18.207 0.50
18.207 0.60

67 71
196 74
161 712
218 73
313 714

n

0.17
n
n

0.25
0.23

n
n

16.4071.30
15.3072.70

*—Not determined due to porosity.

phase microstructure could be of potential technological
importance.
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