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Both pressureless-sintered and dense, fine-grained silicon nitride ceramics were produced from mechanochem-
ically activated nitride-based precursors. Scanning Electron Microscopy (SEM), Transmition Electron Microscopy
(TEM), X-Ray Diffraction (XRD) and an ultra-low load microhardness tester were used to characterize these ce-
ramics. Depth-sensing indentation (DSI) tests in the range of 200–1800 mN were performed on the silicon nitride
ceramic to determine dynamic hardness (Hd) and reduced elastic modulus (Er) values. These values were deduced
by analyzing the unloading segments of the DSI curves. It was found that both Hd and Er exhibits a significant
indentation load dependence. Nix-Gao (NG) model was used to analyze the dynamic hardness data in the calcu-
lation of the load independent hardness value.
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1. Introduction

Silicon nitride ceramics have been studied for the last
four decades due to their excellent thermo-mechanical
properties. These properties are the result of their
composite microstructure and creep resistance. Conse-
quently, several works have been devoted the manufac-
turing of silicon nitride ceramics and to the investigation
of their microstructure-related properties [1–5]. Recently,
nano-ceramic materials with expected increase in hard-
ness, wear resistance and super plasticity have been re-
ported [6–9]. These improved properties can be achieved
by nano-powders [8] or by mechanochemical process-
ing [9]. However, densification of samples requires high
heating rates to suppress grain growth [6]. Pressureless-
sintered silicon nitride ceramics from a mechanochemi-
cally processed precursor have been developed either as
an economically, functionally superior alternative to hot-
pressed silicon nitride (HPSN) or as a substitute for the
fine-grained ceramics obtained by spark plasma sintering
technique.

Mechanochemically processed silicon nitride powders
have high densification and compaction at relatively low
temperatures [10–11]. However, the microstructure of sil-
icon nitride sintered at low temperatures differs from the
one produced by hot-pressing, because the grain growth
is substantially suppressed in the former. Nevertheless,
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new silicon nitride ceramics with limited grain growth,
whose microstructure differs from the standard silicon
nitride-based ceramics, are of interest for application pur-
poses where both high hardness and good wear resistance
are required. Therefore, it is necessary to investigate the
microstructure-related mechanical properties of the new
class of fine-grained silicon nitride ceramics.

Surface deformation by the depth-sensing indentation
technique outside the indenter can be considered to be
inelastic due to cracking. This cracking is typical for
many ceramics. It affects the slopes of the loading and
the unloading curves in different ways. The DSI tech-
nique allows to evaluating the elastic response in the
micro-range after indention from the initial slope of the
unloading curve. Therefore, depth-sensing indentation
measurements are more appropriate than the traditional
methods to study the characteristic indentation response
of the fine-grained ceramics. The aim of this work is to
investigate fine-grained silicon nitride ceramics fabricated
from the mechanochemically processed precursor by the
depth-sensing indentation technique at several peak loads
ranging from 200 to 1800 mN, and to determine the in-
dentation hardness and the reduced elastic modulus by
the Oliver-Pharr (OP) model [12].

2. Experimental procedure

The initial batch of the precursor is consists of 89.3
wt.% of β-Si3N4 (Aldrich–325 mesh, containing traces
of Si2N2O and 4–5 wt.% of α-Si3N4), 5.7 wt.% of AlN
(H.C. Starck-C) and 5 wt.% of Y2O3 (H.C. Starck-
grade C). Alumina was eliminated from the batch
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composition as some oxidation during mechanochemical
processing could occur. The mechanochemical processing
of the batch was performed in an innovative MPP-1 plan-
etary mill (TTD, Russia), in an argon atmosphere, with
a ball-to-powder ratio 6:1, for 30 min acceleration of the
centrifugal field of 50 g (g is the gravitational accelera-
tion). The resultant powder showed high specific surface
area as determined by BET (27.9 m2/g, ASAP 2010),
significant crystal lattice damage, as confirmed by XRD
(X’PERT), and increased oxygen content (5.8 wt.%, EL-
TRA ON). Both the Si:Al ratio as well as the measured
content of oxygen were sufficient to produce a β-sialon
solid solution with a z value of 0.3. The mechanochem-
ically processed powder was uniaxially pressed into the
form of tablets with 20 mm diameter and between 5 and
6 mm height. Subsequently, it was cold isostaticaly and
pressed at 250 MPa. The pressed tablets were contained
within a powder bed of Si3N4/BN in a BN crucible with
a lid. Densification was carried out in a graphite furnace
(Thermal Technology) at 1600 ◦C for 1 hour under nitro-
gen flow. Density was determined in distilled water by
the Archimedes technique. XRD measurements were per-
formed with both Cu Kα radiation and an incident beam
monochromator (X’pert, Philips-Panalytical) on the pol-
ished cross section of the tablets. Rietveld refinement was
used for calculation of the unit cell parameters. Z-value
of the resultant β-sialon solid solution was determined
from the unit cell parameters according to the Ekström
formula [13].

Thin foils for the transmission observations were cut
with a Ga+ focused ion beam (FIB) technique. The mi-
crostructure studies were completed using a TECNAI G2

FEG 20 (200 kV) equipped with an EDAX integrated X-
Ray energy dispersive spectroscopy (EDS) microanalysis
system. The scanning-transmission images were acquired
using an HAADF detector.

Hardness measurements were performed on the pol-
ished cross section of the tablet using a dynamic ultra mi-
crohardness tester (Shimadzu, DUH-W201S) with Vick-
ers indenter attached to its tip. This tester had a max-
imum penetration depth upto10 µm and indenter shift
resolution of 1 nm at room temperature. A load cell and
displacement-voltage dilatometer (LVDT) was used both
to control the applied load and to measure the penetra-
tion depth of the indenter. The maximum load for an eas-
ier interpretation of mechanical behavior at various depth
was changed at regular intervals, such as 200−1800 mN,
under a loading/unloading rate of 14.126 mN/s. At least
five indentation tests were conducted on a sample sur-
face to increase reliability of the experimental results.
The benefit of simultaneously measuring the loads and
the penetration depth during indentation is that both
the indentation hardness and reduced elastic modulus,
as determined by the OP method [12]. The hardness is
given by:

Hd =
Pmax

Ac
, (1)

where Pmax and Ac are denoted as the maximum inden-
tation load and the projected contact area, respectively.
Because the real contact area of the indenter generally de-
viated from the ideal relation under a small indentation
depth because of the shape imperfection of the indenter
tip, a precise correction function for the real contact area
of the indenter tip was established in advance by calibra-
tion using a standard fused silica. On the other hand,
the peak indentation test load-penetration depth behav-
ior can be effectively used in defining a reduced elastic
modulus (Er) through the equation:

1

Er
=

1− ν2s
Es

+
1− ν2i
Ei

, (2)

where νis the Poisson ratio, with the subscripts s and
iindicating sample and indenter, respectively. Er value
of the sample is given by:

Er =

√
π

2

S√
Ac
, (3)

where S is the contact stiffness and Ac is the projected
contact area (26.43h2c) of the sample.

3. Results and discussion

Resultant ceramic specimens were characterized ac-
cording to the mono-phase composition β-Si3N4, (Fig. 1).
However, the lattice parameters derived from Rietved re-
finement of XRD data revealed the formation of a solid
solution (β-sialon) with a z value of 0.3. Density of
the specimens was calculated to be 3.19 ± 0.01 g cm−3.
Assuming that the density of β-sialon (z = 0.3) is
3.188 as calculated from the XRD data and density of
Y-Si-Al-O-N glass with high yttria content is close to
4.1 g cm−3 [14]. We could estimate the relative density
of the resultant specimens approaches to 99%. The speci-
men fracture surface observed in SEM (Fig. 2a) indicates
well-crystallized grains with both a low aspect ratio and
diameter well below 1 µm.

Fig. 1. XRD pattern of sintered material.
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Fig. 2. SEM micrograph of the silicon nitride fractured
surface. (b) TEM micrographs; showing greater β-
sialon grains and smaller α-Si3N4 crystals; 1 — basal
plane of β-sialon crystal; 2 — one of α-Si3N4 crystals.

Typical applied test load-penetration depth curves as
a function of the indentation load during DSI tests are
shown in Fig. 3. This figure indicates nine different load-
unload indentation cycle tests and elastoplastic behav-
ior at room temperature for the sample. The loading
segments of curves interlink with each other, indicating
a similar deformation mechanism for the nine cycles of
each indentation experiment. The distance between un-
loading curves decreases, however, with increasing ap-
plied test loads. The area of resulting hysteresis loops is
a measure of the energy dissipation of irreversible pro-
cesses occurred during loading-unloading. Such a spec-
imen response is closely related to its microstructure as
shown in Fig. 2b. Two populations of grains exist: larger
well-crystallized β-sialon grains with diameter up to 1 µm
and smaller grains below 200 nm with rounded edges of α-
Si3N4, as detected by EDS studies. The former originates
from mechanochemically deformed primary particles of
β-Si3N4 after densification and moderate grain growth.
The latter are residuals of the primary α-Si3N4 parti-
cles before they were dissolved in the Y-Si-Al-O-N liquid.
Consequently, the smaller α-Si3N4 grains are embedded
in the surrounding Y-Si-Al-O-N glass with much smaller
elastic modulus in comparison to the β-sialon grains.

The observed ultrasonic wave velocity anisotropy sug-
gests preferred orientation of elongated β-sialon grains
mostly at the small angle to the direction of the ap-
plied load i.e. the β-sialon grains with the basal plane
(0001) parallel to the sample surface (Fig. 2b). Be-
cause the penetration depth of the smallest applied load
(0.8 µm) is within the range of the β-sialon crystals size,
the resultant material response must be related to both
the elastic-plastic deformation of the individual β-sialon

Fig. 3. Applied test load-penetration depth curves of
tested ceramic.

grain itself and the surrounding glassy phase. Over the
given value of the applied load, the effect of the glassy
phase in the specimen response becomes less dominant
in the specimen response due to its limited amount.

Fig. 4. Variation of the dynamic microhardness with
the applied indentation test load.

DSI values at each imposed depth (Hd) were calcu-
lated using Eq. (1). The peak indentation test load
dependence of the dynamic hardness data is obtained
from the examined material and is displayed in Fig. 4.
The dynamic hardness values decrease with increase in
the applied indentation test load. The apparent Hd is a
function of the applied load at low peak indentation test
loads where there is no constant value for the hardness
(HLD; load-dependent hardness). At high-applied inden-
tation test loads, the hardness is constant with respect to
the indentation test load and a single, well-defined hard-
ness value exists (HLI ; load-independent hardness also
known as the true hardness). This behavior is known
as indentation size effect (ISE) [15].Similar results have
been obtained for the porous SiAlON ceramics [16] as the
individual β-sialon grains could deform elastically at low
loads in the porous environment. Furthermore, the latest
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results show ISE for both basal and prismatic planes
of β-Si3N4 individual crystals in the polycrystalline ce-
ramic [17]. The ISE has been examined extensively for
different kinds of materials. In this study, The NG model
is presented in the next section and it is applied to ana-
lyze the DSI data of fine grained silicon-nitride ceramics.

3.1. NG model and present data

Nix and Gao [18] developed a mechanism based on
strain gradient (MSG) model to explain the indentation
size effect. The MSG theory assumes that the indenta-
tion is accommodated by circular loops of geometrically
necessary dislocations (GNDs) with Burgers vectors nor-
mal to the plane surface. The model combines the Taylor
relation [19], the Mises flow rule, and the Tabor rela-
tion [20] to obtain the following characteristic expression
for the depth dependence of hardness:

H

H0
=

√
1 +

h∗

h
. (4)

Variable H is the nominal hardness for a given depth;
both h and h∗ are characteristic depths which depend
on both the shape of the indenter and the material. Fi-
nally, H0 can be defined as the hardness arising from the
storing the statistically dislocations alone/equivalently.
The hardness is obtained in the limit for an infinite depth
(size independent hardness).

Fig. 5. The relationship between H2 and 1/h of ce-
ramic sample.

In Fig. 5, the square of the dynamic hardness obtained
in the indentation tests is plotted as a function of the
reciprocal of the indentation depth. As can be seen from
Fig. 5, a linear relationship exists between H2 and 1/h,
in agreement with Eq. (4). This relationship indicates
that the dynamic hardness decreases due to the indenta-
tion size effect. From Fig. 5, the value of both H0 and
h∗ (h∗ = 0.489) can easily be determined from the in-
tersection point and the slope of the curve, respectively.
The data can then be displayed as a plot of (H/H0)

2 vs
1/h, as shown for the silicon nitride sample in Fig. 6.
It is almost linear and also consistent well with refer-
ence [18]. The NG model was used to determine the size

Fig. 6. Application of NG model to ceramic sample.

independent (load-independent) dynamic hardness val-
ues, HNG, of the silicon nitride sample. The obtained
value was 20.550 GPa. The Nix and Gao derived HNG

value which is in good agreement with the microhardness
of the β-Si3N4 crystals measured at basal plane inside
the polycrystalline gas pressure sintered silicon nitride
ceramics (2117 ±145 kgmm−2) [21].

On the contrary, reduced elastic modulus Er is ob-
tained from the analysis of the unloading curves using the
Oliver and Pharr method. Eq. (3) can be rearranged as:

S =
2√
π

√
26.43hcEr. (5)

Eq. (5) is the basic equation for determination of re-
duced elastic modulus by DSI technique. The key quan-
tities in this equation are the initial unloading contact
stiffness, S = dP/dh (i.e., the slope of the initial por-
tion of the unloading curve) and the real contact depth,
hc in order to determine Er. Using the experimentally
determined S and hc, the reduced elastic modulus by in-
dentation was calculated. The results are illustrated in
Fig. 7. The extracted reduced elastic modulus also ex-
hibits a strong peak-load dependency. Therefore, the re-
duced elastic modulus can not be extracted from the peak
indentation test load-penetration depth curve in terms of
only one peak load.

As seen from Eq. (5), there is a linear relationship
between initial unloading stiffness (S) and the contact
depth at peak load (hc) Hence, the reduced elastic mod-
ulus can be obtained directly from the slope of the best-fit
lines for the silicon nitride ceramic. In Fig. 8, the ex-
perimentally determined S is plotted as a function of the
contact depth at peak load (hc) A good linearity between
these two quantities for the examined material is clearly
seen from the figure. The correlation coefficient obtained
from the linear regression analysis is 0.976. The load-
independent elastic modulus is obtained from the slope
of the best-fit line in Fig. 8. The calculated (Er) value
is 116.856 GPa. This value is in the load-independent
elastic modulus area, shown in Fig. 7.
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Fig. 7. Elastic modulus extracted from the analysis of
the peak indentation test load penetration depth curves
as a function of the peak loads for the tested sample.

Fig. 8. Variation of initial unloading stiffness with the
contact depth at peak load for silicon nitride ceramic.

4. Conclusion

Both pressureless-sintered and dense, fine-grained
silicon nitride ceramics were produced from the
mechanochemical activated nitride-based precursors.
DSI tests are used to determine mechanical properties
of the ceramics. Both the dynamic hardness and the re-
duced elastic modulus of fine-grained silicon nitride sam-
ple are load-dependent. The calculated value of load-
independent hardness using NG model was 20.550 GPa.
The load-independent reduced elastic modulus (Er) also
exhibits a peak-load dependency. Thus, we determined
load independent modulus using the slope of the best-fit
straight line between initial unloading stiffness, S, and
the contact depth at peak load, hc. The obtained value
is 116.8 GPa.
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