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Abstract

Elastic and plastic deformation behavior of precursor-derived Si-C—N ceramics at room temperature under contact loading was investigated using
nano- and microindentation experiments. The observed behavior showed striking similarities to that of anomalous silicate glasses and amorphous
carbon based films. The elastic deformation was controlled by the overall rigidity of the material microstructure, that evolved with the increase in the
network connectivity due to progressive dehydrogenation in the amorphous materials, and the formation and organization of turbostratic graphite
and nanocrystalline SiC in the phase-separated materials. The plastic deformation of the amorphous materials displayed anomalous densification
inducing appreciable strain hardening, which reduced with progressive phase separation in the materials. The contrasting evolution of elastic and
plastic deformation work quantities in amorphous and phase-separated materials indicate that the plastic deformation in former materials was

volume deformation-controlled whereas that in the latter materials was interface deformation-controlled.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Precursor-derived silicon based non-oxide ceramics are a new
class of materials investigated for room- and high-temperature
structural applications.! By virtue of their synthetic route, these
materials are predominantly amorphous or nanocrystalline at
the end of the precursor-to-ceramic transformation depending
on the precursor chemistry and processing conditions,? and dis-
play brittle fracture behavior under remote loading, comparable
to inorganic silicate glasses.>~ In a previous paper the fracture
mechanical characterization of the title materials under remote
loading was reported, where the crack-tip toughness (Kjp) was
evaluated for a range of Si—C-N ceramics encompassing hydro-
genated amorphous to nanocrystalline structures.® While the
gross fracture behavior of amorphous ceramics is evidently brit-
tle at the macro- and micro-scale regimes, the possibility of
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inelastic permanent deformation at crack tips preceding frac-
ture in the nano-scale regime is currently under intense study.”
This possibility was investigated with respect to amorphous
Si—C-N ceramics and was found that the fracture proceeds by
brittle cleavage even at length scales of the order of few tens of
nanometers at the employed crack velocities.® In contrast to the
deformation behavior under remote loading, permanent plastic
deformation in inorganic glasses and amorphous ceramics under
contact loading, e.g., by sharp indenters is well documented, and
is known to arise due to the tri-axial compressive stress state
in the contact zone.'%1! As precursor-derived ceramics (PDC)
are envisaged for tribological applications!? and in MEM device
components'3 where contact loading is prevalent, understanding
of the elastic and plastic deformation behavior of these materials
under contact loading is important.

Previous studies have revealed that the deformation behavior
of PDC under indentation is also comparable to that of silicate
network glasses.!*!> Specifically, the permanent deformation
in amorphous Si—~C-O and Si—C-N PDC under the indenter has
been identified to display anomalous behavior, occurring pre-
dominantly by the non-volume conserving densification rather
than the volume conserving shear flow, commensurate with the
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estimated low values of (elastic modulus normalized) resid-
ual stresses.!*!> Evaluation of the nanoindentation hardness
and elastic modulus of an amorphous Si—-C—N ceramic was
reported by Galusek et al.,'® although the results were influ-
enced by porosity in the samples. Apart from this work and
a few microhardness evaluations of Si—C,> Si—~O-C!*17 and
Si-C-N'® PDC, no systematic quantitative investigations on
the indentation deformation of PDC have been carried out until
now, partly due to the unavailability of fully dense homoge-
neous test specimens. Additionally, it is obvious that the relative
extent of densification and shear flow during plastic deformation
cannot be distinguished from the measured values of indenta-
tion hardness. This distinction can be important in controlling
the evolution of material resistance to deformation beyond the
elastic limit.

In this paper, a detailed investigation of the elastic and plastic
deformation in precursor-derived Si—~C—N ceramics by spheri-
cal and Berkovich indentation is presented, using depth-sensing
nanoindentation measurements. Adopting the well established
Oliver—Pharr method,!® the evolution of indentation hardness
and elastic modulus are evaluated for a series of Si—-C-N
PDC varying in material structures, from partly hydrogenated
amorphous to phase-separated nanocrystalline states. From the
analysis of reversible and irreversible energies evaluated from
the indentation load—unload cycle, contributions from the elas-
tic and plastic deformation during indentation are discussed in
correlation with hardness and elastic modulus. The effect of
applied load on hardness is examined from the measurement of
Meyer hardness using Vickers microindentation at loads rang-
ing from 0.245 to 49.05 N. The pile-up and sink-in behavior is
probed by atomic force microscopy (AFM) imaging of residual
impressions from Vickers indentation.

2. Experimental procedure
2.1. Materials

Fully dense monolithic Si—C—N ceramics were prepared from
the liquid poly(ureamethylvinyl)silazane precursor through a
casting route. Details of the processing as well as the struc-
tural and phase characterization of the resultant materials are
described elsewhere.?? In brief, the process involves the thermal
cross-linking of the liquid precursor, cast and sealed in PTFE
molds, followed by pyrolysis of the obtained pore-free trans-
parent green bodies in flowing argon atmosphere, up to various
final pyrolysis temperatures between 800 and 1300 °C. By this
way, a range of material structures of the final ceramic prod-
ucts were realized, varying from partly hydrogenated amorphous
to nanocrystalline microstructures. The materials are denoted
here, code-named according to their thermal treatment, viz.,
SiCN-080001, SiCN-090001, SiCN-100001, SiCN-110001,
SiCN-120012 and SiCN-130012, the first four digits denoting
the temperature and the last two digits, the hold time of the final
pyrolysis or annealing treatment in hours. The materials SiCN-
080001 through SiCN-110001 are electron-amorphous, whereas
the remaining two possess phase-separated microstructures. The
resultant ceramic bodies were subsequently ground and polished

in the form of thin (200-400 wm) rectangular plates with dimen-
sions 8 mm x 4 mm, with the final surface finishing performed
with a 0.25 wm diamond suspension.

2.2. Indentation

Nanoindentation experiments were performed using a Nano
Indenter® XP nanoindentation system (MTS Nano Instruments,
Oak Ridge, TN, USA), located in a temperature and atmosphere
controlled laboratory. Two sets of nanoindentation measure-
ments were made using a Berkovich indenter. In the first set, P—h
curves were recorded with five different maximum loads (Pjyx)
of 25, 50, 100, 200 and 500 mN, using the following schedule:
30 s loading to Pygx; 10s hold at Py,4y; and 30 s to full unload.
In the second set, P—h curves were recorded in the continuous
stiffness measurement (CSM) mode under the following param-
eters: load cycle depth limit target ~1500 to 1950 nm (leading
to Ppax & 450 to 490 mN); strain rate target: 0.05 s~L super-
imposed harmonic amplitude limit: 2 nm; harmonic frequency:
45 Hz; 10s hold at P,,4x; 20 s to 90% unload; and 50 s hold at
0.1P;,4, for drift correction followed by full unload. For both
the above measurements, ten indentations were made for each
sample-load combination for statistical evaluation. Nanoinden-
tation P—h curves using a spherical tipped indenter (tip radius
(Rspn) =150 um) were recorded with Py, =500 mN using the
following schedule: 60 s loading to P,,,; 10s hold at Py,,,; and
60s to full unload. A minimum of thirty measurements were
made for each material, and the data that showed significant
deviation from the spherical contact exponent of 1.5, arising
from imperfect initial contact were discarded. Prior to actual
measurements, the nanoindentation system was calibrated for
frame compliance and tip shape imperfection using a fused silica
standard specimen.

Vickers microindentation was performed using a Micromet
1 microhardness tester (Buehler Ltd., Lake Bluff, IL, USA) for
indentation loads 0.245, 0.490, 0.981, 1.962, 4.905 and 9.81 N,
and using a Zwick indentation instrument (Zwick & Co. KG, Ein-
swingen, Germany) for loads 19.62 and 49.05N with a dwell
time of 15s at maximum load. Four to six indentations were
made at each load. AFM topographic imaging of the residual
Vickers impressions was carried out in taping mode using a
Multimode Nanoscope Illa AFM (Digital Instruments, Veeco
Metrology Group, Santa Barbara) and standard Si probe tips.
The images were recorded in height and amplitude contrasts
simultaneously. The former contrast served to dimensionally
quantify the topography via section analysis, while the latter
enabled to resolve the finer variations or features in topography.

3. Results

3.1. Analysis of loading curves and tip imperfection —
Berkovich indentation

The representative P—h curves recorded from Berkovich
nanoindentation of specimens SiCN-080001 through SiCN-
130012 are shown in Fig. 1. For visual clarity, only the data
from the 500 mN load is included. In order to examine the
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Fig. 1. Representative P—h curves from Berkovich nanoindentation of Si-C-N
ceramics with P,,;, =500 mN.

square dependence of displacement (%) to the load (P) in the
loading curve as expected from ideal self-similar indenters,?!
least square fitting of the loading curve data from loads 25
through 500 mN was performed according to the general power
expression:

P = AhY/. (D

The loading curve exponent x;=x; from the curve fits varied
from 1.81 to 1.97 for loading curves from Py, =25 mN through
500 mN, while showing negligible dependence to the mate-
rial being indented. Accordingly, the deviation from the square
dependence can be ascribed to the indenter tip imperfection.
Assuming that the actual tip has worn to a spherical shape, the
tip radius Rp,,« was estimated following the procedure described
by Cheng and Cheng?? by least square fitting of the measured
loading curves according to the quadratic polynomial expression

P = coh® + c1h + c2, )

from which Rp,,; was estimated as

c1
2co((1/siny) — 1)’

where 1 =70.3° for Berkovich indenter. The derived values
showed wide scatter with Rp,x =~ 360 4+ 160 nm. As the load-
ing curves from 500 mN loading are the least influenced with
respect to the tip imperfection, the evolution of material param-
eters across different materials will be discussed in the following,
mainly based on the analysis of these P—h curves, except where
load dependence of the material behavior is observed.

3)

RBerk =

3.2. Oliver—Pharr analysis — Berkovich indentation

Towards evaluating elastic modulus and hardness of the mate-
rials, the Oliver—Pharr analysis'® was applied, along with the
recent refinements presented by the same authors in Ref. 23.
Accordingly, the unloading curves were least square fitted to the

expression:
P = B(h — hrex)xu[a (€]

where & is the residual depth at full unload, and x,; is the
unloading curve exponent. The derived values of x,; increased
from 1.39 to 1.49 in materials SiCN-080001 through SiCN-
130012 respectively, while a smaller increase was also observed
with increasing maximum load, P,,,. The unloading slope (S)
was evaluated from the derivative of Eq. (4) at Py,,y. The true
contact depth (h.) was evaluated from the relation

P
he = hmax — X< I;dx) , (5)

where the geometric parameter x was explicitly evaluated from
Eq. (17) in Ref. 23 using the value of x,; for each unloading
curve. The value of x showed only a marginal variation in the
range 0.76 < x <0.75. The true contact area (A.) was evalu-
ated taking into account the tip imperfection via the use of an
area function calibrated using fused silica standard. Further, the
elastic modulus (E) and hardness (H) were evaluated from the
relations:

1

B iYT S ©)
B 2 VA

1_1—v2+1—vi2_ D

E, E E;

and
P,

H = Anax (8)

c

A value of B=1.05 was used in Eq. (6).2* The values
E;=1141GPa and v;=0.07 were used as the elastic modulus
and poisons ratio of the diamond indenter. The poisons ratios
of the investigated Si—~C-N materials were 0.245, 0.24, 0.22,
0.21, 0.22 and 0.23 for materials SICN-080001 through SiCN-
130012, respectively, obtained from the resonance frequency
testing using circular disk specimens.?’ The evolution of elastic
modulus and hardness in materials SICN-080001 through SiCN-
130012 evaluated from the unloading curve analysis as above
is presented in Fig. 2(a) and (b), respectively. The elastic mod-
ulus increased in amorphous materials SiCN-080001 through
SiCN-110001 from 95 through 140 GPa, and decreased in the
phase-separated materials SICN-120012 and SiCN-130012 to
129 GPa and 105 GPa, respectively. Elastic moduli of these
materials have been determined independently by resonance
frequency testing (82, 106, 117, 127, 140, and 117 GPa for mate-
rials SiCN-080001 through SiCN-130012, respectively)®? and
represent the mean behavior from the whole specimen bulk.
Compared to these values, the elastic moduli from the unloading
curve analysis were higher by 10 to 15% for the amorphous mate-
rials and by 8 to 10% lower for the phase-separated materials.
The nanoindentation hardness increased from 12.4 to 15.7 GPa
in materials SICN-080001 through SiCN-100001 and decreased
from 14.5 to 9.3 GPa in materials SICN-110001 through SiCN-
130012. On the other hand, the variations of £ and H with
increasing maximum indentation loads from 50 through 500 mN
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Fig. 2. Elastic modulus (a) and hardness (b) of Si—-C-N ceramics determined from Oliver—Pharr analysis of Berkovich nanoindentation data obtained at
25 mN < P <500mN. (c) and (d) show the evolution of elastic modulus and hardness determined from CSM analysis. Lines connecting data points serve

as guide to the eye.

were comparatively small. The above results are in excellent
agreement with those from the CSM analysis, Fig. 2(c) and (d),
where the evolution of respectively E and H, with progressively
increasing load is plotted.

3.3. Oliver—Pharr analysis — spherical indentation

Plastic deformation invariably accompanies elastic deforma-
tion during sharp indentation and has been recently supposed
to affect elastic modulus measurements in PDC.?* In order to
verify this possibility on the elastic moduli determined as above,
the moduli of three materials, SICN-080001, SiCN-110001 and
SiCN-130012 that cover the entire range of the investigated
Si—C-N material structures, were independently evaluated by
spherical indentation within the elastic contact regime. The rep-
resentative P—h curves recorded from these measurements with
Pax=500mN are presented in Fig. 3. The respective load-
ing and unloading curves overlap with each other for all the
three materials, indicating that the deformation was completely
elastic during the experiments. Least square fitting of the unload-
ing curves according to Eq. (1) also showed that the unloading
curve exponents x,; =x varied in the range 1.49 <x,; <1.53,
closely comparing with the theoretical value of 1.5 expected

for elastic spherical contact loading. The elastic moduli of the
materials were evaluated by applying the Oliver—Pharr method
of unloading curve analysis for spherical indentation.> The con-
tact depth i was evaluated from Eq. (5) with x =0.75 verified as

500 Af
o SiCN-080001 load |
= SiCN-080001 unload -
o SiCN-110001 load & &
400! & SicN-110001 unload
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A SiCN-130012 unload
= 300 -
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Fig. 3. Representative P—h curves from spherical nanoindentation of Si—-C-N
ceramics with P,,,, =500 mN.
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described earlier. That the contact loading was elastic was also
verified from the ratio h./hy,,, yielding a value of 0.507 £ 0.02,
comparing well with the theoretically expected value of 0.5.%
The contact radius (a.), contact area (A.) and the mean contact
pressure (p,,) at maximum load P,,,, were evaluated from the
relations:

a=/2h.R— h2; )

Ac = ma?; (10
and
P,
Pm=—5%. (11)
Ta;

E, and E were evaluated respectively from Eqgs. (6) and (7)
with =1 in accordance with spherical indentation.>> The
values of E were found to be 96.8 +=1.4 GPa, 141 +£4.7 GPa
and 113 4.2 GPa for materials SiICN-080001, SiCN-110001
and SiCN-130012 respectively, in good agreement with those
derived from the Berkovich indentation analysis. This shows
that the elastic moduli determined by the latter analysis were not
drastically influenced by plastic deformation. Specifically, the
measurements were unaffected by errors due to pile-up or sink-
in effects. However, as mentioned in the previous section, small
variations were indeed observed at increasing applied loads for
Berkovich indentation. This load effect will be further described
in Section 3.5. The mean contact pressures (p;;) at Ppq, were
2.18£0.07GPa, 2.77+0.17 GPa and 2.41 +0.18 GPa in the
respective materials. Evidently, these values are far less than the
contact pressures (hardness) realized in the Berkovich indenta-
tion experiments.

3.4. Analysis of the load—unload cycle

While the elastic modulus and nanoindentation hardness eval-
uated as above quantify the overall variations in the elastic
and plastic deformation in the materials during contact loading,
they do not completely describe the nature of the deformation
process. Previous studies have shown that more insight into
such processes is gained by the analysis of the load—unload
cycle.21-23.26 The widely studied parameters in this approach
are the residual depth of penetration (/,.;), total work of con-
tact deformation (W;,,), work from elastic recovery (W) and
the work of inelastic deformation (Wy;). The numerical val-
ues of the quantities Wy,,, W,; and W), can be directly obtained
from the load—unload P-# cycle, as the area under the loading
curve, under the unloading curve and the area enclosed by the
two curves, respectively. A schematic of the nanoindentation
load—unload cycle illustrating the above parameters is shown
in Fig. 4. For efficient analysis the depth quantities are usually
normalized with the depth at maximum load 4, and the work
quantities are normalized with the total work W,,, leading to the
characteristic ratios, €.g., fres/hmaxs Wpi/ Wiot, Wer/ Wior, etc. The
residual depth ratio Ayes/hmax and plastic work ratio Wy,i/ Wiy,
characterize the extent of plastic deformation during contact
loading and thus were examined with respect to the deformation
behavior of the present Si—~C—N materials.

} o)

unloading curve
P =B(h-hy)"

Load, P

loading curve
P=dKr

=W+ W;ﬂ

Y

©, 0) hT

Displacement, /2

Fig. 4. Schematic of the nanoindentation loading—unloading cycle illustrating
key experimental parameters.

The evolutions of the ratios Aes/hmay and Wy,)/Wi,, in mate-
rials SiCN-080001 through SiCN-130012 are presented in
Fig. 5(a) and (b), respectively. The residual depth ratio decreased
slightly from 0.46 to 0.44 in materials SiCN-080001 through
SiCN-100001 and increased from 0.50 to 0.56 in materials
SiCN-110001 through SiCN-130012. This variation correlates
well with the evolution of hardness in the corresponding mate-
rials. In comparison, the plastic work ratio increased from 0.41
to 0.49 in materials SiCN-110001 through SiCN-130012, but
remained nearly constant at 0.34 in materials SiCN-080001
through SiCN-100001. The correlation between the residual
depth ratio and plastic work ratio is presented in Fig. 5(c). The
increase in the residual depth ratio and plastic work ratio in
materials SICN-110001 through SiCN-130012 displayed a lin-
ear correlation, indicating the progressively increasing extent
of plastic deformation in these materials. The slope of this lin-
ear correlation was identical with that reported by Cheng and
Cheng?! (dotted line in Fig. 5(c)), expressed by the relation

hres

Wi
W =0+y

(12)
Wior Imax

for hyes/hmax >0.4 and y=0.27. However, the overall residual
depth ratios were shifted towards lower values by 0.02-0.04,
the higher shift corresponding to lower indentation load, or in
other words, lower probing depth (further described in the next
section). In contrast, the materials SiCN-090001 and SiCN-
080001 did not follow the above linear correlation, due to
the invariance in plastic work ratio even at increasing resid-
ual depth ratios. Relative to the linear trend observed for the
other materials, this deviation can be translated into enhanced
elastic recovery in these materials. For comparison, the correla-
tion data for fused silica evaluated from the P—h curve reported
in Ref. 23 is included in Fig. 5(c), which showed a larger
residual depth ratio, while the plastic work ratio was nearly
equal to that of materials SiCN-080001 through SiCN-100001.
This means that the elastic recovery in fused silica was even
higher than in SiCN-080001. Interpretation of these variations
is further facilitated by comparing with the corresponding vari-
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Fig. 5. Evolution of the ratios Aes/hmax (a), Wi/ Wi, (b) and the correlation between the ratios Ayes/imax and Wy /W, (c) evaluated from the load—unload cycle data
from Berkovich nanoindentation. The dotted line in (c) is the linear correlation reported in Ref. 21. The data point of fused silica (full circle) is derived from the P-h
curve reported in Ref. 23. The region covering the amorphous ceramics SiCN-080001 through SiCN-100001 is magnified in the inset for clarity.

ations in the elastic modulus and hardness. For this purpose the
ratio between the hardness and plane-strain elastic modulus,
viz., HIE* (where E*=E/(1 —v?)) is useful.?! The evolution
of H/E* in materials SiCN-080001 through SiCN-130012 is
presented in Fig. 6(a). The H/E* ratio decreased from 0.123
to 0.114 in materials SiCN-080001 through SiCN-100001 and
further more rapidly from 0.099 to 0.083 in materials SiCN-
110001 through SiCN-130012. The decrease of H/E* in the
former materials was dominated by the increase in E* whereas
in the latter materials it was controlled by the reduction in hard-
ness. The correlation between the plastic work ratio and H/E*
is presented in Fig. 6(b). For materials SiCN-110001 through
SiCN-130012, a linear correlation was observed, reinforcing the
result in Fig. 5(c). The slope of this linear correlation was also
in agreement with the finite element analysis (FEA) simulated
correlation data in Ref. 21, while the overall data were relatively
shifted towards lower H/E* values. Again, the materials SICN-
090001 and SiCN-080001 showed deviation from this linear
correlation, with progressively higher H/E* ratios (due to the
higher elastic recovery, leading to lower contact stiffness S and
thereby, lower E*) at constant plastic work ratio equal to that
of SiCN-100001. A still higher H/E* ratio at comparable plas-
tic work ratio was observed in fused silica (shown as full circle

in Fig. 6(b)) confirming its further enhanced elastic recovery.
For completion, the absolute and normalized indentation work
of elastic, plastic and total deformations, derived from the P—h
curves at 500 mN loading are presented in Fig. 7. Normalization
was performed with the work quantities of SICN-100001 mate-
rial. The work quantities of fused silica were derived from the
P-h curve from Ref. 23, duly accounting for the difference in
the applied maximum loads. The normalized elastic and plas-
tic work data for amorphous materials SiCN-100001 through
SiCN-080001 and fused silica nearly overlapped on a single
curve, showing that the progressively increasing plastic defor-
mation is matched by a concomitant equi-proportional increase
in the elastic recovery, manifested in the invariance of plastic
work ratio. The same behavior was observed for indentation
at lower loads down to 25 mN. These results are suggestive of
a common deformation mechanism operative in these materi-
als. As fused silica is known to plastically deform primarily
by densification,?’ it can be reasoned that the invariance of
plastic work ratio in materials SiCN-080001 through SiCN-
100001 arised due to the prevalence of the same mechanism
in these materials. On the other hand, the elastic and plastic
work data for materials SICN-110001 through SiCN-130012
predominantly showed an anti-correlation, indicating that their
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SiCN-100001 is magnified in the inset for clarity.

deformation mechanism is different from that in the former
materials.

3.5. Load/size effect on hardness

A significant influence of the applied load was noted
in all the measured elastic and plastic deformation param-
eters. The following observations were made, pertaining to
the increase of load from 25 to 500 mN: (i) residual depth
ratio increased uniformly in all the materials; (ii) plastic work
ratio remained practically constant in materials SiCN-080001
through SiCN-100001, but increased in materials SiCN-110001
through SiCN-1300012, the increase in SiCN-110001 being
appreciable; (iii) hardness increased in materials SICN-080001
through SiCN-100001, but decreased in materials SICN-110001

through SiCN-1300012, with a highest decrement in SiCN-
110001 correlating with the increase in plastic work ratio; (iv)
elastic modulus increased in samples SiCN-080001 through
SiCN-120012, with a highest increment in SiCN-100001. These
variations are relatively small compared to the inter-material
variations describing material properties. However, they merit
consideration from the view point of indentation size effect
(ISE). From the uniform increase in the residual depth ratios, it is
clear that the increase in load enhances plastic deformation in all
the materials, commonly observed as the manifestation of ISE.
Even so, the evolution of hardness proceeded in different direc-
tions in the amorphous (SiCN-080001 through SiCN-100001)
and phase-separated materials, as observed above. It is to be
noted that if the observations (i)—(iv) were to be due to the tip
imperfection, it should affect the behavior of all the materials
in the same direction. The invariance of plastic work ratio jux-
taposed with the increase in residual depth ratio at increasing
loads in the former materials revealed that the increased plas-
tic deformation was matched by increased elastic recovery as
described in the previous section. Identification of this behavior
with the densification type of plastic deformation further sug-
gests that the increase in hardness in these materials is related
to densification of the material under the indenter. The decrease
of hardness in the latter materials by corollary can be related to
either a change or emergence of an additional plastic deforma-
tion mechanism, also indicated by the increase in plastic work
ratios.

Traditionally, ISE is studied in the load range extending
from nano- to microindentation regimes. To further examine
the deformation behavior in the latter regime, microindenta-
tion experiments were performed using Vickers indentation at
loads ranging from 0.245 to 49.05 N, and the Meyer hardness
(Hypy) of the materials SICN-080001 through SiCN-130012 was
evaluated according to the relation
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Fig. 7. The evolution of elastic, plastic and total work of indentation in amor-
phous and phase-separated Si—-C—N ceramics; crossed symbols are indentation

work normalized with those from SiCN-100001. Filled and half-filled symbols
show respectively absolute and normalized work data from fused silica.
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Fig. 8. (a) Evolution of Meyers hardness in Si-C—N ceramics, determined from
Vickers microindentation at loads ranging from 0.245 N to 49.05 N; (b) Meyers
hardness data in (a) normalized by the values measured at the lowest load of
0.245 N. The low load region is highlighted in the insets for visual clarity.

where P is the indentation load and d is the half of the indenta-
tion impression diagonal. The results are presented in Fig. 8(a).
The Meyer hardness values were significantly lower than the
nanoindentation hardness values as has been usually observed
for various materials in the literature.”® On the other hand, a
continuous increase in Hys was observed for all the materials
with increasing load in the range 0.245 <P <4.905 N (inset in
Fig. 8(a)), followed by a continuous drop at further increasing
load up to 49.05 N. For effective comparison of the variations
across different materials, the Hyy values at each load were nor-
malized with the value measured at the lowest load, viz., 0.245 N.
The normalized data are plotted in Fig. 8(b). From these plots
it was seen that hardness increased by a factor of 1.15, 1.19,
1.27, 1.39, 1.14 and 1.17 in the load range 0.245 <P <2N
for materials SICN-080001 through SiCN-130012, respectively.
(This increase was nearly nullified at still higher loads, except
for SICN-110001.) Comparing the effect of load on hardness in
the nano- and microindentation experiments, two prominent dif-

ferences were noted: (i) the factor of increase was appreciably
higher in the latter experiments, even in the load range com-
parable in both nano- and microindentation, viz., between 250
and 500 mN (inset in Fig. 8(b)); (ii) increase in microindentation
hardness was also observed in materials SICN-110001 through
SiCN-130012, in contrast to nanoindentation experiments where
a decrease in hardness was registered. However, it should also
be noted that the two experiments differ with respect to the load
regimes as well as the employed loading rates. The evolution
of material resistance to plastic deformation depends on both of
the above factors, viz., load (transformed into indentation size
and strain) via strain hardening and loading rate (transformed
into strain rate) via strain rate sensitivity.

3.6. Pile-up and sink-in behavior

In order to examine the manifestation of plastic deforma-
tion and the strain hardening characteristics on the transport
of the deformed material around the indenter, AFM topo-
graphic imaging of the residual indentation impressions were
carried out. The residual impressions from Vickers indentation
at P=4.905N were chosen for this purpose as they have the
potential of exhibiting the maximum effect due to the high loads
employed. Note that the increase in Meyer hardness reached sat-
uration at this load (see Fig. 8). The recorded images of indents
from materials SICN-080001, SiCN-110001, SiCN-120012 and
SiCN-130012 are depicted in Fig. 9. The images showed pile-
up of deformed material around the indent impressions in the
amorphous materials SICN-080001 and SiCN-110001, with the
magnitude being appreciably higher in the former as evident
from the section analysis. Except at the inner core, the impres-
sion surfaces were nearly smooth, devoid of any shear faults.
(The smaller irregular features were due to artifacts replicat-
ing the surface imperfections on the indenter surface.) Fine
symmetrical steps resembling shear faults were observed at the
impression core for both materials, which were well defined in
SiCN-080001 than in SiCN-110001. While no pile-up at the
impression edge was observed in the phase-separated mate-
rials SICN-120012 and SiCN-130012, irregular shaped shear
faults appeared at the impression surface, their number den-
sity increasing from SiCN-120012 to SiCN-130012. From the
height contrast images, it is evident that the edge curvature
of the impression cavities progressively decreased (leading
to the transition from a pin-cushion shape towards a regu-
lar square) in materials SiCN-080001 through SiCN-130012.
This shape change is irrespective of piling up but indicates
that the elastic recovery in the materials decreased in the same
order. This is also in agreement with the progressive increase
in the ratio A5/l from the nanoindentation measurements
of these materials. On the other hand, the appearance of pile-
up in materials SICN-080001 and SiCN-110001 is suggestive
of perfect-plastic deformation behavior, at least at the moment
when the pile-ups were formed. The absence of pile-up for mate-
rials SiCN-120012 and SiCN-130012 implies either a change
in yielding and strain hardening character in these materials,
or a change in the friction character of the indenter-impression
interface.
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SiCN-080001

SICN-110001

SICN-120012 SICN-130012

Fig. 9. Tapping mode AFM topographic images of Vickers micro-indents obtained at P=4.905 N in SiCN-080001, SiCN-110001, SiCN-120012 and SiCN-130012
showing features of plastic deformation. Illustrations in the first, second and third rows are from amplitude contrast imaging, height contrast imaging and sectional

analysis of height contrast images respectively. Width of the images =50 wm.

4. Discussion

A first hand comparison of the determined elastic moduli and
hardness from the present nanoindentation analysis shows that
the quantities are in agreement with the range of E and H values
reported for precursor-derived Si—C-O (50 GPa < E < 130 GPa;
4GPa<H<9GPa),? Si-C (H~12GPa)? Si-C-N
(E~120GPa, H=~13GPa)'® and a-CNg:H materials
(110GPa<E<170GPa; 6GPa<H <12GPa),?>30  deter-
mined from various experimental techniques. The evolution of
E and H also correlate well with the structural evolution across
the range of investigated materials. As mentioned in Section
2, the latter was effected by changing the degree of polymer-
to-ceramic transformation by progressively increasing the final
pyrolysis temperature from 800 to 1300 °C. Accordingly, while
the materials SiCN-080001 through SiCN-100001 possess
an electron-amorphous structure, progressively increasing
network connectivity in the amorphous structure is realized due
to the progressive stripping of one-fold coordinated hydrogen
from the initial Si-C—N—H network in these materials.?”
This transformation leads to an increase in the network
density and rigidity! and thereby, an increased resistance to
deformation manifested in the E and H values. The effect of
dehydrogenation in improving the mechanical properties of
tetrahedrally coordinated amorphous carbon has been well

documented,?*3% and has also been reported with respect to
precursor-derived Si—C—O ceramics.? With the further increase
in pyrolysis temperature above 1100 °C, a progressive phase
separation and organization of turbostratic graphite (TG)
is realized in the present Si—~C-N ceramics, the materials
SiCN-120012 and SiCN-130012 falling in this category.?’ Due
to the lower density and deformation resistance intrinsic to the
TG phase, combined with a weakening effect in disrupting the
continuous Si—-C-N tetrahedral network, the latter materials
display a progressive drop in the mechanical properties, again
reflected in the presently determined E and H values. The
effect of the precipitation of sp” graphitic carbon within a
sp> tetrahedral carbon network in lowering the mechanical
properties has also been shown in the literature.3%3% The
material SICN-110001 — although being electron-amorphous?’
— lies in the borderline between the electron-amorphous and
phase-separated material categories, which is responsible for
the peculiar inflexions in its mechanical behavior observed
in Sections 3.1-3.5. In fact, nucleation and organization of
sp?-hybridized carbon is observed in the present materials
pyrolyzed at 800°C upwards.”’® Thus, it is clear that the
influence of the graphitic phase becomes effective only
above a critical size of its organization within the Si—-C-N
matrix, which is presumably just reached in the material
SiCN-110001.
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The elastic moduli derived from nanoindentation show sig-
nificant deviations from the mean elastic moduli of the whole
specimens determined from the resonance frequency testing.
However, as the moduli determined independently from spher-
ical and Berkovich indentation analyses agree well with each
other, it can be reasoned that the elastic properties of the material
volume probed by the nanoindentation measurements are truly
determined and representative of the local material behavior. The
observed deviation of the local properties from the bulk elastic
behavior can originate from (i) a gradient in structure, compo-
sition or residual stresses across the specimen cross-section, or
(i1) the inherent difference in the material response to the two
experimental techniques. The observation of the above devia-
tions in different directions for amorphous and phase-separated
materials additionally suggests that the evolution of either the
gradients or the material response showed an inflexion. Devel-
opment of structural and stress gradients can be expected from
the special nature of the PDC synthesis, where a differential
precursor-to-ceramic transformation across the material bulk
inevitably occurs due to the constraints imposed by the sam-
ple dimensions on the pyrolytic effluents and transformation
induced shrinkage.>*° Evaluation of the nature and magnitude of
these gradients is an involving task in itself and offers scope for
future investigation. However, since the individual deviations are
limited to ~10% spread over the entire specimen bulk, and as the
nanoindentation measurements offer the advantage of probing
the local mechanical properties (%, << 0.01w, w=specimen
thickness), the present efforts are restricted to the understanding
of the properties from the local material behavior.

From the analysis of P—h load—unload cycle, it is found
that the elastic and plastic deformations in amorphous materials
SiCN-080001 through SiCN-100001 evolve in a fixed propor-
tion, approximately equal to that in fused silica. This proportion,
quantified in terms of the plastic work ratio (Wy/Wy,,) dis-
plays an approximately constant value of 0.34 for all the above
four materials. This value represents one of the lowest among
the experimentally recorded plastic work ratios for fully devel-
oped plastic contacts, and signifies the high elastic recovery
observed in these materials. Along with the anomalous densifi-
cation behavior,'-27-33 the high elastic recovery in fused silica
is well documented.'%213% On the other hand, the anomalous
character of materials SICN-080001 through SiCN-110001 has
been recently confirmed from the typical indentation crack pat-
terns and the evaluated low residual contact stresses.!> Thus, it
seems that a low plastic work ratio is characteristic of materi-
als that undergo pronounced densification under the indenter. In
other words, the elastic as well as plastic deformation in these
materials can be understood as a volume deformation-controlled
process.

A significant increase in the hardness of the amorphous
materials SICN-080001 through SiCN-100001 is also found at
increasing indentation load, while the plastic work ratio remains
constant at the above low value, even when the residual depth
ratio increases. Notably, a similar invariance of the plastic work
ratio atincreasing residual depth ratio has been reported for fused
silica (Fig. 7in Ref. 34). Recently, Perriot et al. showed using dia-
mond anvil cell (DAC) experiments, Raman microspectroscopy

and FE calculations that indentation induced densification in
fused silica leads to strain halrdening.35 Thus, it is evident that the
observed indentation deformation behavior of materials SiCN-
080001 through SiCN-100001 and fused silica has implications
on ISE and strain hardening, and is related to their densifying
type of plastic deformation. In materials capable of densification,
the enhancement of plastic deformation at increasing applied
loads (or ISE, tending to lower hardness) and the concomitant
evolution of strain hardening compete with each other in deter-
mining the material resistance to deformation. This can explain
the near invariance of hardness of fused silica and the small but
significant increase of nanoindentation hardness in the above
amorphous Si—C-N materials. Yoshida et al. experimentally
evaluated the relative fractions of densification and shear flow
during nanoindentation of silicate glasses including fused silica,
where a decrease in the fraction of densification was observed
at increasing loads.3> Noting that fused silica strain-hardens
during densification, it is understandable that a progressive plas-
tic deformation by densification at increasing loads will also
simultaneously reduce the capability of the deformed material
for further densification. At saturation density this deformed
material will be expected to behave in a ‘normal’ manner, i.e.,
deform further by shear flow. This is indeed observed at the core
of the indentations in the case of materials SiCN-080001 and
SiCN-110001, evident in Fig. 9.

While strain hardening explains the evolution of hardness in
the amorphous materials SICN-080001 through SiCN-100001,
the decrease of hardness at higher loads in the phase-separated
materials SiCN-120012 and SiCN-130012 reveals that the
enhanced plastic deformation at higher loads leading to ISE
dominates over the strain hardening effect, due to the emergence
of additional plastic deformation mechanisms. A microstruc-
tural examination shows that the latter is effected by the shear
deformation of the graphitic phase in these materials. A similar
influence of the graphitic precipitation on the strain hardening
characteristics of glass-like carbons was reported by Iwashita
et al.’2 Thus, in contrast to the amorphous Si—~C-N materials,
the plastic deformation in phase-separated materials is predom-
inantly an interface deformation-controlled process. However,
the persistence of densification deformation in promoting strain
hardening in these materials is revealed in the microindenta-
tion analysis, in spite of the effect of the graphitic precipitation.
Evidently, this contribution arises from the amorphous Si—-C-N
matrix phase.

5. Conclusions

The elastic and plastic deformation behavior of precursor-
derived Si—~C-N ceramics was investigated using depth-sensing
nanoindentation. The elastic moduli and nanoindentation hard-
ness evaluated from the analysis of the load—displacement curves
correlated well with the evolution of material resistance to elas-
tic and plastic deformation, commensurate with the structural
and microstructural evolution in the materials. Analysis of the
work of indentation during the load—unload cycle highlighted the
characteristics of anomalous plastic deformation in the electron-
amorphous Si—~C-N materials. The contrasting evolution of
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elastic and plastic deformation work quantities in amorphous
and phase-separated materials indicate that the plastic defor-
mation in former materials was volume deformation-controlled
whereas that in the latter materials was interface deformation-
controlled. The consequence of the densifying type of plastic
deformation in promoting strain hardening behavior in these
materials was identified from the load dependant increase in
hardness, to a measurable extent in the nanoindentation load
regime and to an appreciable extent in the microindentation load
regime. The capacity of the phase-separated materials for strain
hardening was relatively lower than the amorphous materials.
The pile-up and sink-in behavior was in agreement with the
strain hardening capability of the materials.
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