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Abstract
The elasto-plastic response of the precursor derived Si–B–C–N ceramics upon contact loading was determined by depth sensing nanoindentation
technique. The indentation response of as-thermolyzed Si–B–C–N ceramic was compared with the heat-treated counterpart. The as-thermolyzed
ceramic was X-ray amorphous and the heat-treated ceramic was phase separated and crystallized. The hardness and reduced elastic modulus values
of the as-thermolyzed ceramic were ∼16 GPa and ∼172 GPa, respectively. The reduction in hardness to ∼9 GPa in the heat-treated ceramic was
attributed to phase separation and crystallization of SiC and Si3 N4 . Furthermore, high elastic recovery with a plastic work ratio of ∼0.3 was
observed and ascribed to volume controlled deformation mechanism.
© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Boron modified silicon carbonitrides (Si–B–C–N) produced by the solid state thermolysis (SST) of polymeric
precursors have gained immense interest in recent years due
to its remarkable thermo-mechanical properties at exceedingly high temperatures.1–5 These ceramics are considered
in recent times for sustaining contact loads in the form of
coatings for high temperature tribological applications and in
micro-electromechanical systems (MEMS).6–8 Hence, a critical understanding of the elasto-plastic behavior upon contact
loading will be of scientific and technological interest.
Conventional techniques such as tensile testing seldom assist
in understanding the elasto-plastic behavior due to the brittle
nature of these materials under tension. However, under contact loading they tend to exhibit limited plastic deformation and
the flow stress upon deformation was observed to depend on
the hydrostatic pressure.9 Hence, depth sensing nanoindentation could be considered as an effective tool in understanding
the deformation behavior. Moreover, the ceramics produced
through polymer derived ceramic (PDC) route often resulted in
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a porous microstructure and probing the material properties in
small volumes via nanoindentation will be more appropriate for
the aforementioned class of materials. The micro- and nanoindentation hardness of binary and ternary PDCs were reported
earlier in the literature.10–17 Moreover, the ultra-high hardness
for Si–B–C–N ceramics produced by techniques such as sol-gel
was also reported.18 However, systematic studies on understanding the elasto-plastic response of Si–B–C–N ceramics derived
via PDC route is lacking. Hence, the purpose of the current study
is to comprehensively evaluate the influence of phase separation and crystallization on the elasto-plastic response of these
materials. The elasto-plastic behavior was examined from the
respective plastic work ratios. The hardness and reduced elastic
modulus were determined for both the as-thermolyzed and heattreated Si–B–C–N ceramics. Furthermore, the influence of boron
and the effect of indentation load on the indentation response
were also explored.
2. Experimental
Boron modified polyvinylsilazane was used as the polymeric
precursor for the processing of Si–B–C–N ceramics. The details
of the precursor synthesis can be found elsewhere.19 The synthesized polymer was ground to fine powder using tungsten carbide
ball mill. The powder particles were sieved and warm pressed
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Fig. 1. X-ray diffraction patterns of SiBCN1300 and SiBCN1800.

in a graphite die at a uniaxial pressure of 48 MPa at 320 ◦ C
in Ar atmosphere. The green compact was subjected to SST
in Ar atmosphere at 1300 ◦ C for 2 h and the as-thermolyzed
sample is hereafter referred to as SiBCN1300. Furthermore,
the as-thermolyzed ceramic was subjected to heat-treatment at
1800 ◦ C for 10 h at 1 MPa nitrogen pressure (hereafter referred to
as SiBCN1800).The phase evolution and crystallite sizes were
characterized by X-ray diffraction (XRD) using X’Pert PRO
PANalytical X-ray diffractometer (The Netherlands) with Cu
K␣ in the 2θ range, 5–90◦ . Further, the crystallite sizes were
determined using the Scherrer equation. Transmission electron
microscopy (TEM) was carried out using Zeiss EM 912 microscope operated at 120 kV. For room temperature nanoindentation
studies on SiBCN1300 and SiBCN1800 ceramics, a Hysitron
Triboindenter (USA) was used. For all the indentations, a
standard Berkovich indenter was used. The area function calibration was achieved by taking 25 indentations on a standard fused
quartz sample. All the samples were polished as per standard
ceramographic practice. For both SiBCN1300 and SiBCN1800
ceramics, indentation loads in the range 2–10 mN were chosen.
At each load ten indentations were taken and average values with
standard deviation were reported. The loading time, dwell time
at maximum load and unloading time were held constant for
10 s maintaining a trapezoidal load function. The images of the
indentations were taken using an in situ scanning probe microscope (SPM). Furthermore, microindentation on SiBCN1300
and SiBCN1800 ceramics using a Vickers microhardness tester
(Model 420 MVD, Wolpert Wilson Instruments, USA) at three
indentation loads: 980, 1960 and 2940 mN were performed. The
average of ten indentations at each load along with standard
deviation was reported.

Fig. 2. Transmission electron micrograph of SiBCN1800 showing the presence
of SiC and Si3 N4 nanocrystallites.

observed, indicating phase separation and crystallization. The
crystallite size for SiC and Si3 N4 crystallites were ∼18 and
∼16 nm, respectively. For the determination of the crystallite
size of SiC, the peaks positioned at 2θ = 60.6◦ and 72.4◦ and
for Si3 N4 crystallites, peaks positioned at 2θ = 13.9◦ , 23.9◦
and 27.6◦ were considered. The presence of SiC and Si3 N4
nanocrystallites can also be inferred from the TEM (Fig. 2).
The load–displacement curves of SiBCN1300, SiBCN1800 and
fused quartz are shown in Fig. 3 and the analyses was done
using Oliver–Pharr method.20,21 For visual clarity, only the data
corresponding to the maximum indentation load of 10 mN is
shown. The final indentation depth (hf ) and the maximum indentation depth (hmax ) were deduced from the curves. From Fig. 3,
it is inferred that the hf values for SiBCN1300 and SiBCN1800
are similar. However, the latter exhibited considerable elastic

3. Results
The room temperature XRD of SiBCN1300 and SiBCN1800
are shown in Fig. 1. The broad diffraction humps observed for
SiBCN1300 indicated the amorphous nature of the material.
However, for SiBCN1800 the peaks corresponding to thermodynamically stable phases of ␣/␤-SiC and ␤-Si3 N4 were

Fig. 3. Exemplary illustration of the load vs. displacement curves of
SiBCN1300, SiBCN1800 and fused quartz at Pmax = 10 mN.
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Fig. 5. Schematic of the load-displacement curve showing Wel , Wpl and Wtot .

√
π
Er = √ × S
2 A

(4)

where A is the contact area in nm2 and is given by Eq. (5)
8 1/4
A = 24.50h2c − 1.0108e5 hc + 1.1062e7 h1/2
c − 1.3482e hc
8 1/16
+ 3.7233e8 h1/8
c − 2.5182e hc

Fig. 4. (a) Variation in indentation hardness and (b) reduced elastic modulus
with indentation load for SiBCN1300 and SiBCN1800.

recovery in contrast to the former. The unloading segment of
the curve was fitted by a power law relation (see Eq. (1))
P = A(h − hf )m

(1)

where P is the load in mN, h is the displacement in nm and
A and m are the fitting parameters. The power law index (m)
determined was ∼1.6 which is in agreement with the reported
literature values which vary between 1.2 and 1.6 inferring that
the indenter tends to behave like a paraboloid of revolution.22
The contact stiffness (S) at the maximum load was determined
from the derivative of the power law relation with respect to h
(dP/dh). From the contact stiffness, the contact depth (the depth
over which the indenter is in actual contact) was calculated using
Eq. (2).
hc = hmax − 0.75 ×

Pmax
S

(2)

The evolution of indentation hardness (H) and reduced elastic
modulus (Er ) with increase in load (Pmax ) for both SiBCN1300
and SiBCN1800 ceramics are shown in Fig. 4(a) and (b). The
hardness and reduced elastic modulus were determined using
Eqs. (3) and (4).
H=

Pmax
A

(3)

(5)

For all practical purposes Er can be considered equivalent to
the elastic modulus of the samples, since Er given by Eq. (6) is
dominated by the elastic properties of the sample.
(1 − θ 2 ) (1 − θi2 )
1
=
+
Er
E
Ei

(6)

where E and Ei are the elastic modulii of the sample and indenter,
and ν and νi are the respective Poisson’s ratios. The H and Er at
maximum load of 10 mN for SiBCN1300 were 16.7 ± 0.53 GPa
and 172.57 ± 4.02 GPa, respectively, while for SiBCN1800, H
and Er were 8.82 ± 0.74 GPa and 91.86 ± 4.5 GPa, respectively.
Hence, it can be inferred that H and Er for SiBCN1300 is almost
twice that of SiBCN1800. Furthermore, with decrease in load,
hardness is observed to decrease from ∼16.7 to 12 GPa and
∼8.8 to 5.4 GPa for SiBCN1300 and SiBCN1800, respectively
(Fig. 4(a)). Moreover, the scatter in the hardness values is higher
for SiBCN1800 in contrast to SiBCN1300.
The deformation behavior of SiBCN1300 and SiBCN1800
upon contact loading was understood by determining the plastic
work ratio. The plastic work ratio is defined as the ratio of the
work done during plastic deformation (Wpl ) to the total work
done (Wtot ) during the deformation. The total work done is
the sum of the work done for plastic and elastic deformation
(Wel ), which is determined by considering the area enclosed
between the loading and unloading curve, and under the unloading curve, respectively (Fig. 5). This characteristic ratio provides
useful information on the extent of plastic deformation undergone by the sample and was extensively used in several previous
studies.10,21–24 For example, plastic work ratio of 1and 0 implies
that the deformation is completely plastic and elastic, respectively. The variation in plastic work ratio with indentation load
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of SiBCN1800 (∼9 GPa) exemplifying similar trends observed
in nanoindentation.
4. Discussion
4.1. Inﬂuence of pile-ups and the extent of elastic recovery

Fig. 6. Variation in plastic work ratio to indentation load for SiBCN1300 and
SiBCN1800.
Table 1
Vickers hardness for the as-thermolyzed and heat-treated Si–B–C–N ceramics.
Material system

Load (mN)

Vickers hardness (GPa)

SiBCN1300

980
1960
2940

13 ± 0.78
12.95 ± 0.44
12.43 ± 0.46

SiBCN1800

980
1960
2940

9.05 ± 1.49
9.57 ± 1.01
9.74 ± 0.42

is shown in Fig. 6.The plastic work ratio increased (0.24–0.36)
with increase in indentation load (2–10 mN) for SiBCN1300 in
contrast to SiBCN1800, which remained constant at ∼0.35.
Concomitant to depth sensing nanoindentation, Vickers microindentation was performed on SiBCN1300 and
SiBCN1800. The Vickers indentation hardness at different loads
for SiBCN1300 and SiBCN1800 are provided in Table 1. The
microhardness of SiBCN1300 (∼13 GPa) was higher than that

For materials with very high ductility (Wpl /Wtot > 0.5) and/or
low pressure sensitivity, choosing Oliver–Pharr method may
lead to errors.25 Such materials undergo deformation through
pushing the material up along the indenter surface resulting in
pile-ups around the indentation. However, the plastic work ratio
for the Si–B–C–N ceramics produced by PECS was observed to
be less than 0.5 (Fig. 6) suggesting that the extent of pile-ups is
insignificant. This could be inferred from the SPM images and
height to lateral displacement plots (Fig. 7(a) and (b)).
The presence of elastic recovery in these ceramics during
unloading (Fig. 3) which refers to the recovered displacement
upon unloading is given by Eq. (7).26
%R =

hmax − hf
hmax

(7)

The variation in elastic recovery with indentation load for
SiBCN1300 and SiBCN1800 is shown in Fig. 8. Accordingly,
it can be inferred that these materials exhibited high elastic recovery of ∼64%. Similar elastic recovery of ∼68% was
observed for fused silica and comparable values were also
reported in the literature.23 Moreover, Si–C–N ceramics produced via PDC route also exhibited high elastic recovery.10
Interestingly, these materials were reported to undergo pronounced densification under the indenter during indentation,
which could be attributed to volume controlled deformation.
Furthermore, SiBCN1800 ceramic showed higher elastic recovery than SiBCN1300 ceramic (Fig. 8). Solid state nuclear
magnetic resonance studies performed on these heat-treated
ceramics have reported the existence of hexagonal BN and

Fig. 7. Scanning probe micrographs with their respective height to lateral displacement plot of (a) SiBCN1300 and (b) SiBCN1800.
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Fig. 8. Variation in elastic recovery with indentation load for SiBCN1300 and
SiBCN1800. Dotted line is the guide line to the eye.

Fig. 9. Evolution of H/Er with respect to Wpl /Wtot . The linear fit corresponds to
Cheng’s model and the scatter point corresponds to the experimental data.

graphite like structures.27 Besides, the inter-phase boundaries
existing between the nanocrystalline domains are predominantly
turbostratic possessing a layered structure similar to that of
graphite.28–30 Hence, the high elastic recovery observed in these
heat-treated Si–B–C–N ceramics could be attributed to the existence of these distorted inter-phase boundaries which is likely to
relax upon unloading.

A comparable explanation can be considered reasonable for
the lower elastic modulus for SiBCN1800 ceramic since, the
phase separation has resulted in lower network connectivity and
thereby affecting the rigidity between the bonds. Moreover, the
presence of turbostratic phases such as B–N–C and graphite
could possibly attribute to the deterioration of the mechanical
properties.

4.2. Effect of the presence of boron and phase separation

4.3. Effect of indentation load

The indentation hardness reported for the various PDCs produced through different processing routes are shown in Table 2.
For instance, the reported hardness values for Si–O–C ceramics
ranged between 4 and 9 GPa,31 whereas, for Si–C–N ceramics
the reported values ranged between 6 and 16 GPa.10,14 Moreover, for pressure cast Si–C–N PDCs microhardness value of
27 GPa was reported.16 The discrepancy in the reported hardness
values could be possibly due to the difference in the precursors
used and the varied processing routes adopted. The hardness
of ∼16 GPa determined for SiBCN1300 was comparable to
the indentation hardness reported for Si–B–C–N ceramics produced by other methods such as by ion beam sputtering.18 This
high hardness could be assigned to the increased three dimensional network connectivity of covalent bonds obtained by the
incorporation of B into the Si–C–N network. The influence of
one fold coordinated atoms on the indentation hardness was
reported in the literature.32 However, the presence of turbostratic
graphitic carbon may weaken the mechanical properties.33 Concomitantly, the incorporation of boron was observed to reduce
the activity of carbon by the formation of B–N–C networks in
Si–B–C–N.34 Moreover, the presence of covalent B C and B N
bonds in the system helps in increasing the structural rigidity of
the network, resulting in high hardness of SiBCN1300.
Phase separation and crystallization upon heat-treatment at
1800 ◦ C have eventually resulted in the depletion of Si, C and
N in the glassy matrix, thereby affecting the rigidity of the
initial amorphous phase which resulted in the lower hardness
for SiBCN1800. A similar trend in the reduction of hardness
with phase separation was reported for other PDCs also.10

From Fig. 4(a) it is revealed that at low indentation loads, the
hardness determined was low. This could be due to the overestimation of the indenter area function at lower loads. At lower
indentation depths, the radius of curvature of the indenter begin
to play an important role and the depth probed may not be that
of an ideal Berkovich shape. This is the characteristic feature
of the materials with high H/Er ratios.23 The variation in H/Er
plotted as a function of Wpl /Wtot (See Fig. 9) exemplifies that at
low plastic work ratios the experimentally determined H/Er values tend to deviate significantly from the finite element model
proposed by Cheng (Eq. (8))35 suggesting the possible influence
of indenter tip bluntness.
 
Wpl
H
+1
=B
(8)
Er
Wtot
where B = −5.68, and is a constant independent of material
properties and indentation depths.34 Moreover, as inferred from
Fig. 6, at a Pmax of 10 mN, both SiBCN1300 and SiBCN1800
showed similar plastic work ratios. However, with decrease
in load the plastic work ratio tends to drop to lower values,
suggesting the indentation behavior is more elastic than plastic. It is important to note that this phenomenon was more
noticeable for SiBCN1300 ceramic which was the harder of
the both. For this reason, it can be considered reasonable that at
lower loads the mechanisms responsible for permanent deformation was not fully activated. Such a behavior was reported
for certain glassy materials wherein loads below a threshold
value a full recovery was observed.36 Furthermore, in comparison to nanoindentation hardness, micro-Vickers hardness was
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Table 2
Indentation hardness reported for the various PDCs in the literature.
Material system studied

Load applied

Si–B–C–N
Si–C
Si–O–C
Si–C–N
Si–C–N
Si–C–N
Si–C–N
Si–C–N
Si–C–N

0.5 mN
10 N
10 N
50–250 mN
25–500 mN
2–10 N
0.98–9.8 N
Up to indentation depth of 1 m
50 and 100 mN

lower which is in agreement with reported literature.10,37 Nevertheless, microindentation hardness for both SiBCN1300 and
SiBCN1800 ceramics have not exhibited any significant load
dependency.
5. Conclusions
The analysis of the deformation behavior upon contact
loading for the Si–B–C–N PDCs was examined by performing depth sensing nanoindentation. The results indicated that
the indentation hardness and the reduced elastic modulus for
the SiBCN1300 ceramics were higher than the SiBCN1800
ceramics. The weakening of chains and lower network connectivity could be the possible reason for lower hardness for
SiBCN1800. However, in all the cases significant elastic recovery was observed which could be considered as the characteristic
feature of the PDCs undergoing volume densification. With the
reduction in indentation load, the hardness was observed to
decrease. This behavior was correlated to the lower plastic work
ratio, suggesting at lower indentation loads, the plastic zone was
not fully developed.
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