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Abstract
Boron modiﬁed polyvinylsilazane was thermolyzed at 1300 1C under argon atmosphere and subsequently spark plasma sintered at 1600 1C in
vacuum. The material was subjected to highly saline and constant vapor pressure environments individually to understand the inﬂuence of
chemistry in propagating the subcritical cracks. The failure behavior in chloride environment was compared against humid environment using the
data extracted from Raman spectroscopy, the thermodynamic characteristics of the environment and the micro-sized pore concentrations. The
implications of the subcritical crack growth were derived by plotting ν–KI graphs for each of the samples to clearly distinguish between the
effects of the surrounding mediums. The impulse to crack propagation was found to be resistive with variations in degree of crack growth
alternating directly with the changes in porosity, surrounding atmosphere and defect density. The rate of energy dissipation and its hindrance at
the crack tip were found to be a major player, among others, in reducing the crack propagation rate.
& 2016 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction
Polymer derived SiBCN ceramics have favorable thermomechanical properties namely excellent mechanical strength
[1–3], high thermal stability [1,3], phase stability [1,3] and
good creep resistance [4,5]. In recent years, polymer derived
SiBCN ceramics have shown potential for use as coatings,
incorporated as ﬁbers, as matrix in ceramic matrix composites,
membrane protection systems and as energy storage systems
[1–6]. In recent studies [6,7], SiBCN compacts were processed
by spark plasma sintering with relatively low porosity. An
added advantage in spark plasma sintering mode is that the
material can be produced with a highly reduced sintering rate.
Bernard et al. [6] observed that the crystallization of the
SiBCN could be realized at a much lower temperature through
spark plasma sintering in contrast to conventional sintering.

n

Corresponding author. Tel./fax: þ 91 44 22574777.
E-mail address: nvrk@iitm.ac.in (R. Kumar).
1
Present address: Department of Automotive Engineering, Clemson University, 4 Research Drive, Green Ville SC 29607, USA.
http://dx.doi.org/10.1016/j.ceramint.2016.01.028
0272-8842/& 2016 Published by Elsevier Ltd and Techna Group S.r.l.

The inﬂuence of the environmental conditions (water,
humidity changes in air) in accelerating the SCG in ceramics was studied to a decent extent [8–10]. Very early
investigations by Lawn [11,12] on SCG in glasses indicated
the role of humidity in opening up the crack, initially, by
surface diffusion to the order of a few micrometers. Yoda–
Nagao [13] later observed the increase in subcritical crack
propagation of short cracks occurring as a result of the residual
stress after exposure to air (1 atm). But, Freiman et al. [9] and
Bruce et al. [10] explained the increase in the subcritical crack
propagation in integrated microstructures, for instance, PZT,
wherein actual increase in crack propagation rates was
observed due to the impact of relative humidity.
However, the subcritical crack growth phenomenon in
polymer derived ceramics was never investigated with little
to no literature available for SiBCN ceramics in particular,
albeit some work was done in conventional ceramics [9–13].
The current research intends to comprehend the SCG behavior
of SiBCN ceramics expediting the process by indentation
followed by exposure to both ambient and non-ambient
conditions, for the ﬁrst time. The impact of chemistry on
residual stress has been explained by comparing the disorder at

J. Sudagar et al. / Ceramics International 42 (2016) 6692–6700

6693

Fig. 1. FE-SEM image (SE mode) of the indentation and a non-disturbed crack-tip in the as-sintered SiBCN. The mode of measurement for crack length calculation
for a general Vickers' indentation is illustrated (inset image); c – length of the indent and a – length of the crack. Only the length of the crack was used for
calculation. The densiﬁcation after indentation can be noticed near the center of the indent.

the crack-tip induced by the different environmental conditions
using the path followed by their respective ν–KI curves. The
authors intend that this work can serve as a starting point for
future work on the crack growth in SiBCN ceramics under the
inﬂuence of chemical environment.
2. Experimental method
2.1. Processing
Boron modiﬁed polyvinylsilazane was used as the polymeric precursor for the SiBCN ceramic preparation. The
polymer synthesis was described elsewhere [14]. The assynthesized polymer was ﬁrst ground to a ﬁne powder with
tungsten carbide in a ball mill with ball:powder ratio 10:1 in
toluene medium for  10 h. The powder was dried and sieved
and subsequently subjected to spark plasma sintering (SPS)
carried out using a Dr. Sinter SPS-625 (Fuji Electronic Co.
Ltd., Japan) at 1600 1C at a heating rate of 100 1C/min at a
pressure of 30 MPa for 5 min in vacuum. The sintered sample
was polished according to standard ceramographic procedures
to remove the residual carbon foil on the surface and the
surface was prepared for subsequent measurements. The
density of the material was measured using the water-boiling
technique to be 2.21 g/cm3. The total porosity was also
measured by the same technique. The bulk Vickers' hardness
of the material was measured using a Wolpert Wilson Bulk
Vickers' Indentation tester for a constant load of 10 kg. The
sintered pellet was 10 mm in diameter and 5 mm thick.
2.2. Indentation
The pellet was cut into two pieces using a ﬁne diamond
blade before environmental exposure. A load of 98 N was used
to indent the individual pieces in a Wolpert Wilson Bulk
Vickers' hardness tester, with a dwell time of 15 s. The
conﬂuence of independent stress ﬁelds impacting the crack

propagation was minimized by placing three different indents
spaciously from each other to allow for undisturbed crack
growth. For each sample, the average of the crack length
values for every indent was taken and the ﬁnal average of the
three indents was reported for crack velocity calculation. At
some points during the period of experiment, the cracks may
get deﬂected from their initial path due to the presence of pores
or crystals. In such cases, the crack lengths of the nondisturbed cracks were measured and the average of their
values was taken as the crack length [Fig. 1]. Since the cracks
were formed by the same indentation load, the crack length
values differed only in the range of a few sub-mm. The crack
length measurement from the microscopic images was done
using Image-J processing software. The crack lengths were
measured at the end of every 10 days from the time of
indentation till 6 months to generate sufﬁcient points for the ν–
KI plot.
The analysis of crack growth of SiBCN was premised on the
power law equation (Eq. (1)):
v¼

da
¼ AðΔK Þm
dt

ð1Þ

The values of A and m are characteristics of the material and
the environment, respectively, and are computed to establish
the standard for the material by the log da
dt vs: log K I graph.
The standard values for A and m can be veriﬁed by
mathematical models. Owing to the regressive crack propagation rate for ceramics in static loading condition, the crack
velocity was taken cumulatively.
The stress intensity factor formula for ceramics like SiBCN
employing Vickers' indentation is represented by Eq. (2) [15–17].
pﬃﬃﬃﬃﬃ
K I ¼ s  α  πa
ð2Þ
where s ¼ applied stress value, a¼ length of the crack, and
α¼ 0.1897 for Vickers' indentation and a representative impression
of the indent can be seen in Fig. 1.
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2.3. Environmental exposure
A simulated seawater medium and a relative humidity
atmosphere were used, separately, to inﬂuence the SCG and
the samples along with the corresponding environment were
left undisturbed in room temperature conditions. The sample
which was immersed in salt solution consisted of 3.5 parts of
NaCl to 100 parts of water (simulating seawater environment).
Another sample was kept in an air-tight humidity chamber
with relative humidity being maintained at 55–60%. The
samples were weighed before and after the tests and no
signiﬁcant weight loss was observed.

2.4. Characterization
The indented samples were periodically taken for examination
under a high resolution Inspect-F Scanning Electron Microscope
(FEI SEM, Eindhoven, Netherlands) in both secondary electron
(SE) and back scattered electron (BSE) modes and also Energy
Dispersive Spectroscopy (EDS) was used for elemental identiﬁcation. Due to their non-conductive nature, the samples were
sputtered with a conductive layer of gold ions before examination.
After sputtering, the thickness of the coating was not to be more
than 5 nm. Such small magnitude sputtering will not affect the
measured crack length through the period of the experiment. The
samples were characterized by X-ray diffraction (XRD) using D8
Discover, Bruker AXS X-ray diffractometer with Cu Kα radiation
(λ¼ 0.15408 nm), 2θ scan range of 10–901, step size of 0.151, a
voltage of 30 kV and current of 20 mA. The peaks were identiﬁed
with reference to powder diffraction ﬁles from the International
center for diffraction database (ICDD). Also, supportive characterization was done using the Philips CM-20 Transmission Electron
Microscope (TEM), with an accelerating voltage of 200 kV.
Varying tilt angles were maintained to get quality images for ease
of comparison. Raman spectroscopy of both the samples was done
using a Witec Confocal Raman (CRM) 200 equipped with an Arion laser (excitation wavelength of 514.5 nm). The instrument was
calibrated using silicon standard prior to measurement. The
measurements were performed with a grating size of 600 grooves

per mm and the confocal microscope has a magniﬁcation of 100 
giving a 5 μm resolution image. For the calculation of the Raman
parameters, the Gaussian curve ﬁtting was employed on the Raman
bands (Origin Pro 9 software).

3. Results and discussion
3.1. ν–KI curves
The crack length of the as-indented sample was taken as the
zeroth position [Fig. 2]. The samples were indented only once
during the whole process of experimentation to study the effect
of subcritical crack growth due to impact of indentation and no
fatigue or constant stress was applied at any point in the
experimentation. In order make the crack propagate purely
under the action of the residual stress ﬁeld, the sample was not
annealed to relieve the stresses created by indentation. This
mode of crack growth measurement makes it possible for the
residual stress to act as the only driving force in propagating
the crack, and to be modiﬁed by the ambient/non-ambient
environment. The ν–KI curves of both samples are presented in
Fig. 3. The slope (m) value for the sample exposed to NaCl
was calculated to be 6 and the m value for the sample exposed
to humidity was calculated as 8. The higher the m values the
more the inclination towards crack propagation for a particular
environment [18]. The bulk hardness value of the sample was
measured to be 4.67 0.2 GPa.

3.2. Structural characterization
XRD peaks corresponding to SiO2 at 26.411, Si3N4 at
53.411 and SiC at 36.61 were observed to be in common for
all of the samples under consideration [Fig. 4]. The presence of
the amorphous hump at around 251 revealed the materials'
semi-crystalline nature, with a sporadic distribution of crystals
in the turbostatic BCN matrix. Also, the peaks obtained were
quite broad indicating the crystallite size of the SiBCN to be
nano-sized. Clear visual of the crystal arrangement was visible

Fig. 2. The representation (BSE mode) of crack deﬂection and continued propagation in SiBCN exposed to humidity at different points of time during the
experimentation. The diameters of the open pores are marked beside the dotted circles. (For interpretation of the references to color in this ﬁgure, the reader is
referred to the web version of this article.)
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under TEM and the lattice parameter was calculated.TEM
pictures in Fig. 4 correspond well with XRD results.
Preliminary characterization studies [6,19] have shown that
in SiBCN, crystals of silicon carbide and silicon nitride fully
crystallize only when annealed at temperatures above 1800 1C.
But, the aforementioned peaks clearly denote that nanocrystallization occurs at temperatures well-below the annealing
temperature. This can be attributed to the processing by pulsed
sintering. Even though the SiBCN has a semi-crystalline
conﬁguration, the overwhelming presence of the amorphous
state in the turbostatic BCN matrix cannot be argued against.

Fig. 3. Illustration of ν–KI curves for both SiBCN samples.

6695

Hence, for convenient discussion of the crack propagation
phenomenon, the SiBCN – for most part of this study – has
been assumed to be amorphous with a sparse distribution of
crystals [Fig. 5] that may or may not affect crack growth
depending on their location and distribution.
3.3. Raman spectroscopic analysis
Raman spectroscopic behavior of both the samples was
observed with the laser focus on the tip of the crack for an
acquisition time of 30 s. The features of free-carbon in the
SiBCN samples are presented in Fig. 6 as the disorder-induced
D-peak (A1g) at around 1335 cm  1 and the graphitic G-peak
(E2g) in the vicinity of 1575 cm  1 along with the G0 band
(overtone at 2673 cm  1) in Fig. 7(b) which is observed mostly
in low-defect to zero-defect samples [20]. Analysis of the
peaks from the micro-Raman spectra indicated multiple peaks
of broad intensity which decreased with time in the samples
exposed to NaCl but there were no temporal changes observed
in the Raman spectra of the samples exposed to humidity.
The small G-peak shift in the sample exposed to NaCl [Fig.
6] usually happens due to the opening up of the bonds from the
previous sp2 orientation to the sp3 type. But any hybridization
change can occur only due to reactional or thermal modiﬁcations on the SiBCN brought about by external sources and
always accompanies with a large change in the position of the

Fig. 4. (a) XRD pattern of SiBCN samples for each environment at the end of the experimentation. Comparative representation with the as-sintered SiBCN was
done to indicate that there were no signiﬁcant phase changes; (b) Diffraction pattern of SiC in SiBCN; (c) The lattice planes of a Si3N4 crystal.

Fig. 5. TEM Images of as-sintered SiBCN detailing the presence of SiC and Si3N4 crystals dispersed in the BCN matrix.
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Fig. 6. Raman spectra of SiBCN (only NaCl sample) done at the tip of the
crack showing the varying G-peak and D-peak wave numbers with time. No
split peaks were considered for the analysis of the Raman parameters.

Fig. 7. (a) Change in the full width at half-maxima of SiBCN samples; (b) The
G0 band in both samples exposed to NaCl before testing.

G-peak [21]. Since the samples were not exposed to high
temperature or pressure conditions, the latter aspect of thermally
induced changes can be ruled out. Hence it is clear that the
change in the peak position must be accounted for by the

environment. The splitting of the G-peak at 1615 cm  1 is
mainly due to the ionic charges of NaCl present on the surface
and also due to the decrease in the structural disorder in the area
of study. This contributes to the increase in the number of atoms
per unit cell which increases substantially the magnitude of the
available vibrational modes [22]. The applied stress provided by
indentation may also produce a hybridization change up to a
certain time period; but the possibility of a relatively low
indentation load altering the G-band position and structurally
modifying the arrangement of the elements of the matrix even
after six months of relaxation of stresses is highly unlikely.
The change in the position of the G-peak, with time, can be
explained by the presence of Cl  ions in the NaCl. In the
presence of a halogen, graphite has a tendency to redistribute its
electrons to the outer orbitals of the halogen due to the heavy
electronegative charge on the other side which subsequently
causes the shortening of C–C bonds due to the electron transfer
from the nano-graphite to the halogen [23]. But this electron
transfer is very weak due to the chemical stability of chlorine in
NaCl and also due to the reduced size of carbon in SiBCN
owing to spark plasma sintering. These factors cause the
reaction to proceed to a very limited extent causing a minute
shortening of the C–C bonds. Hence, the G-band increases only
by  5–7 cm  1 in the samples exposed to NaCl, considering
the extended period of exposure (six months) to the medium.
Hence, there was no change in hybridization involved with the
change in the G-peak position and the observed change was
only due to the charge density redistribution of the electropositive graphite to the electronegative chlorine in NaCl. Obviously, this phenomenon was not observed in the sample
exposed to humidity. This means that the difference in SCG
propagation implied by the experimentation [Fig. 3] must be a
result of the alterations in the structural conﬁguration at the tip
of the crack. In simple terms, the environment brings about a
decreased structural disorder or increased structural organization
at the tip of the crack.
One important aspect of Raman spectroscopy is its ability to
analyze the degree of disorder created by extraneous change
(s). Therefore to quantify the SCG propagation in terms of the
disorder created by the environment, factor-driven analysis
using parameters such as the FWHM of the G-bands [Fig. 7(a)]
and the calculation of cluster size of sp2 carbon (La) and the
inter-defect distance (Ld) [Table 1] were carried out and
analyzed collectively to indicate the tendency towards crack
propagation. The estimation of the ratio of intensity of the
diamond and graphitic bands facilitates the calculation of the
cluster size of the sp2 carbon, which has a tendency to group.
For this purpose, the modiﬁed Tuinstra–Koenig evaluation
Table 1
Inter-defect distance (Ld) and the cluster size (La) for both samples. Changes in
all the Raman parameters are congruent with the change in the stress intensity
factor of the corresponding samples.
Specimens

Ld (nm)

La (nm)

SiBCN NaCl
SiBCN humidity

11.77
11.32

5.508
5.415
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reported by Ferrari and Robertson was utilized [24]:
0

La ¼ C ðλÞ 

ID
IG

ð3Þ

0

where C ðλÞ ¼ C 0 þ λL C 1
In this equation (Eq. (3)), La is the lateral or cluster size of
the carbon atoms, CðλÞ¼ 0.033 is the coefﬁcient of wavelength
for the laser light of wavelength 514.5 nm. The variables in
Eqs. (3) and (4) were identiﬁed by ﬁtting the Raman spectra to
a Gaussian curve. The curve ﬁtting was done only to the major
bands and not to the minor or split bands since the high power
laser may have caused previously inactive vibrational modes to
be Raman active [Fig. 6]. The disorder increase or decrease
can be indicated by measuring the inter-defect distance (Ld)
[25–28].
ID
C ðλÞ
¼ 2
IG
Ld

ð4Þ

This equation (Eq. (4)) is only valid for application in
materials with a low defect ratio ( 46 nm). The defect density
of the SiBCN is supposedly at a minimum due to the use of
spark plasma sintering. This is evidenced by the presence of G0
overtone band at 2673 cm  1 [Fig. 7(b)] for both the samples
under study. The intensity ratios in (Eqs. (3) and (4)) were
taken from the average of all calculated values for the sample
exposed to NaCl and were a constant in the sample exposed to
humidity. The decrease in cluster size or an increase in the
inter-defect distance is a marker of a decreased disorder or
increased organization in the graphene layers of SiBCN that
contribute the peaks. Decrease in FWHM [Fig. 7(a)] of G-peak
was also a pointer of the decrease in disorder is being
undergone by the sample [25].
From the values, it can be clearly observed that the SCG
propagation of the samples is directly related to the ratio of
defects as well as the slope (m) calculated [Fig. 3]. For a low
defect density material (defect density 46 nm), the degree of
disorder with time (or the inter-defect distance) can be
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quantiﬁed as depending on point-like defects [25]. The
increase in inter-defect distance [Table 1] for the sample
exposed to NaCl against the sample exposed to humidity
makes true that the decreased disorder was effective in the area
understudy to increase the fracture propagation resistance at
the crack tip. From Fig. 3, the resistance to SCG is seen to be
highest of the specimens in the sample exposed to NaCl which,
not coincidentally, showed a lower defect density [Table 1]
than the sample exposed to humidity. If the Ld value reported
for the sample exposed to humidity is assumed to be the
standard value (since it doesn't change with time) for the
particular type of material in normal atmospheric conditions,
subject to subcritical crack growth, the change in Ld with the
presence of the NaCl medium can be explained as a result of
the change occurred due to the environment.
From Fig. 3, the increased resistance to SCG was found to
be 23% greater in the sample exposed to humidity than that
exposed to NaCl. In simple terms, the material exposed to
atmospheric air was 1.23 times more prone to failure due to
subcritical crack growth than in a 3.5 wt% NaCl medium. In
concordance with the results derived from Fig. 7(a) and (b) and
Table 1, the sample exposed to NaCl showed a decreased
disorder than the sample exposed to humidity. Here a direct
relation can be observed between the disorder analysis
perspective of the Raman parameters and the ν–KI curves
plotted after an experimentation schedule of six months.
Hence, this provides a case for utilizing Raman spectra of a
material to compare the crack growth behavior in different
environments.
3.4. Pore concentrations
A rudimentary concept of crack growth kinetics involves the
role of a pore, pre-present in the material that helps in forming a
crack front after the application of a large stress, from which the
crack grows until it reaches its critical size [28]. The presence of
the smaller B in the BCN matrix compared to almost equal sized
elements (C and N) causes some of the free spaces between C
and N to be taken up by the B during sintering [25]. But this
means that the addition of B brings about a decrease in the pore
concentrations of an otherwise highly porous CN matrix even
though a particularly high concentration of porosity seemed to
exist throughout [Figs. 2 and 8].
From Table 2, it can be noted that the sample exposed to NaCl
had a decrease in porosity at different stages of the experiment
whereas the porosity change in the sample exposed to humidity
Table 2
Total porosity values for the SiBCN at different time periods.
Material Total porosity (%)

Fig. 8. Scanning electron microscopic image (SE mode) of some of the larger
open pore concentrations near the crack in the SiBCN. The largest open pores
play a role in deﬂecting the crack whereas the smallest pores represent the
point-like defects that contribute to the total porosity. (For interpretation of the
references to color in this ﬁgure, the reader is referred to the web version of
this article.)

Humidity

SiBCN

NaCl

Initial
position

After
6 months

Initial
position

After
3 months

After
6 months

26

26

26

18

10
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Fig. 9. Elemental identiﬁcation of the samples done using EDS clearly illustrating the presence of the Na and Cl at the indented area. The presence of 3.5 wt% NaCl
on the surface helps in decelerating the crack propagation.

remained the same. This may be simply due to the formation of a
layer of NaCl [Fig. 9] which causes the masking (ﬁlling up) of
some pores on the surface. The porosity value mentioned here
(Table 2) is additive of both the closed and open pores. The
reduced value of porosity is reﬂective of the reduced number of
open pores since the sample was used as a whole for measuring
crack propagation and porosity. This brings to the fore the fact
that the SiBCN has an increased open porosity than the number
of closed pores. This can be attributed partly due to the spark
plasma sintering itself wherein the pulsed sintering mode brings
about a denser core than the surface and partly due to the
chemistry of the elements sintered. With SiBCN, the high number
of open pores is but an indicator of the presence of an extremely
large number of microsized pores with the largest ones in the
order of a few micrometers [Fig. 2]. From Figs. 2 and 8 (marked
as red circles), the size of the open pores and their distribution on
the surface can be observed. The cracks in the samples were
found to be either away from the distribution of the pores or
overriding the energy absorbing effect of the pores from the
driving force. This is attributed to the load exerted during
indentation which was sufﬁcient enough to create the way for a
higher driving force, the residual stress ﬁeld. Also, the width of
the crack-tip was found to be often larger than most of the smaller
micropores. Even on the account of a comparable pore width with
the crack-tip such that the cracks lose energy, the cracks can also
get deﬂected due to the contact with the crystals.
It should be noted that the whole understanding about
porosity vs. SCG is based on the fact that the spark plasma
sintered SiBCN is un-reactive to NaCl at atmospheric conditions. That is to mention that there was no observed structural
rearrangement due to the effect of the environment with the

pore concentrations or with the material itself. But with
considerable masking of the open pores with time due to
NaCl immersion (Table 2), the decreased porosity of the
sample exposed to NaCl (with time) against the sample
exposed to humidity theoretically means that the subcritical
crack propagation in the former must increase with time. This
is not the case here as, in reality, there is no decrease in the
total porosity of the material and only the open pores have
been masked out by the simulated seawater environment. This
could also mean that, when the crack comes in contact with
such a masked open pore the common result for the crack is to
lose more energy by dissipation into the open pore ﬁlled by the
NaCl than in an un-masked open pore, thereby exhibiting an
increased crack propagation resistance. This is the only logical
explanation that can equate the decreased porosity against
subcritical crack growth reduction. Hence, absorption of
energy from the driving force by the open pores in SiBCN
has been found to be a player in reducing the crack
propagation rate.
3.5. Crack propagation
The difference in propagation resistance between the samples
exposed to NaCl and humidity can be explained by the
characteristic behavior of the material in presence of water. In
amorphous ceramics, the residual stress ﬁeld near the crack front
is moderated by water present in the environment [29]. In this
segment, the subcritical crack propagation is driven by the
internal stresses which are formed around the region. The
presence of molecules of water (in 3.5 wt% NaCl) around this
zone [Fig. 9] brings about a change in the atmospheric
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interaction of the material by depriving the contact area of
oxygen atoms by the formation of a slim adhesive layer of water
between the crack walls by the action of H þ adsorption onto the
walls of the crack. The adsorption increases the wall–wall
interactions at the crack front and the primary inclination of the
crack is to close since, in the absence of a corrosive environment
or a pronounced load, there are no breaking forces strong
enough to overcome this adhesive force [29,30]. This increased
interaction between the crack walls, which are the surface of the
BCN, due to the adhesive effect of water shows up as increased
organization or decreased disorder in Raman spectroscopy
[Fig. 6]. Hence with continuous exposure (up to six months),
a decreased crack propagation rate is observed in the samples
exposed to NaCl against those exposed to humidity. Thus in the
absence of large breaking forces, the exposure of the SiBCN to
a non-ambient atmosphere (for instance water, NaCl and
Na2SO4 etc.,) will increase the resistance to SCG propagation,
if the value at atmospheric humidity is considered to be the
normal rate of crack growth.
This behavior is observed in the near-threshold region
(Regime I) for most amorphous structures, such as polymers
and their derivatives to lighter ceramics [30]. It should be noted
that the SCG resistance of this type is caused only due to the
chemical interaction at the crack walls or the surface of the
amorphous part of the turbostatic BCN matrix that results in the
decreased disorder and not at the SiC and Si3N4 crystals
[Fig. 5]. This is because the crystals, in general, do not absorb
the energy released after indentation (emanating as the relaxing
stresses that drive the crack) but merely deﬂect the cracks in
another direction and obviously the crystals are not inﬂuenced
by the weak environmental conditions [29]. Hence, these
crystals take no part in the crack propagation resistance except
from deﬂecting the cracks. Now, it can be categorically stated
the decreased disorder observed in the Raman spectroscopy was
only due to the graphite in the BCN matrix. Hence, the velocity
characteristic of a subcritical crack is chemically related to the
amount of energy dissipated around the crack front.
In concordance with the above explanation on reduced crack
propagation or crack healing, it can be roughly stated that the
behavior of the SiBCN in simulated seawater will not be much
different than in distilled water because of the low percentage
of the halogen. If the halogen content is increased, the
increased electronegative nature can have the potential to
make drastic changes to the structural arrangement of the
turbostatic BCN matrix so as to have a reactional change (a
common example is mild hydroﬂuoric acid with ceramics) and
push the crack propagation towards failure.
4. Summary





We have successfully demonstrated how disorder analysis
at the crack tip using Raman spectroscopy can be used as a
key indicator in distinguishing the degree of crack propagation rate in Raman active materials.
The change in the SCG resistance in SiBCN subjected to
the different atmospheres (NaCl and 55–60% humidity) is
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related to the action of water at the crack-tip and the
electronegative effect of the halogen, but is restricted to a
minimal extent due to the absence of heavy structural
rearrangement to effect a change in the residual stress ﬁeld.
Decreased crack propagation rate was observed in SiBCN
that causes a very small healing/closure of the crack,
overtime, in the presence of a non-ambient atmosphere
for crack propagation.
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