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Abstract

Contact deformation behaviour and mechanical properties of two SizN4/SiC nanocomposites with different SiC content were
investigated by nanoindentation with spherical diamond indenter (radius 5 pm) at low loads (1-300 mN) using depth sensing
techniques. From the measurement of the tip displacement depending on the load and the tip geometry, the total and the remnant
depth of penetration were found. Based on the results we were able to study elastic, yield and plastic behaviour. Using the method
of partial unloading, the contact stress-strain curves, hardness, and modulus of elasticity were explored. The results were compared
to the values obtained by the same method for the reference Si;N4 material.

© 2003 Elsevier Ltd. All rights reserved.

Keywords: Nanocomposites; Mechanical properties; Si;Ny; SiC; Spherical indenters

1. Introduction

Recently, there has been a great world-wide interest in
developing and characterizing new nano-structured
materials. These newly developed materials are often
prepared in limited quantities and shapes unsuitable for
extensive mechanical testing. The development of depth
sensing indentation methods have introduced the
advantage of load and depth measurement during the
indentation cycle. This enables, using simple and fast
measurement, to evaluate not only hardness, for which
the indentation is traditionally used, but also elastic
properties, as well as time dependent phenomena such
as creep and recovery and the energy absorbed during
indentation. Furthermore, when spherical rather then
pointed indenters are used, it is possible to investigate
also elastic-to-plastic transition, yield, as well as the
onset of other irreversible deformation processes such as
cracking or pressure induced phase transformations.!
These problems can be studied on very small samples,
with high spatial resolution, and non-destructively, if
necessary. A comparative study of instrumented inden-
tation with spherical and pyramidal indenters with
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traditional Vickers indentation was published in our
previous work.?

Since Niihara published his seminal work on ceramic
nanocomposites® various ways of production such
materials have been used:*> mechanical mixing of sub-
micron crystalline SiC and SisN4 powders, CVD, using
plasma-chemically or polymer derived amorphous
starting powder of Si-C-N type as precursors to SiC
particles formation. Sajgalik et al.® recently developed a
cost-effective method in which Si—-C-N amorphous
powder is substituted by a cheaper mixture of silica and
carbon black. In this method, the SiC nanoparticles are
formed during sintering by carbothermic reduction of
SiO, by elemental C. The motivation for the present
work was the quality assessment of the obtained mate-
rial by comparison with another, compositionally analo-
gous, nanocomposite prepared by a different, more
traditional, way. The main aim was then to investigate
some basic mechanical properties of two newly developed
nanocomposites using depth-sensing indentation and to
relate them to the reference monolithic silicon nitride.

2. Theoretical background: indentation with spheres
Indentation of an infinite half space by a sphere is

initially elastic and was first considered by Hertz,” who
suggested that the critical transition force for the onset
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Fig. 1. Schematic illustration of indentation of flat surface by spherical indenter.

of plastic deformation then can be used for material
characterization. The elastic penetration, /., of a sphere
(indenter) of radius R; into a flat surface (tested material)
under force Fis given®

he = (9/16)'2(F/E*Y/*(1/Ri)'/. (1

Here E* is the composed (indenter/material) elastic
modulus

VE* = (1= v)/En + (1 = v})/ B )

where v,, and E,, are Poisson’s ratio and elastic modulus
of the material, v; and E; are Poisson’s ratio and elastic
modulus of the indenter.

The mean pressure (P,,,= F/A, where A is the area of
contact) over the elastic footprint increases with the
loading force until it reaches a limiting value set by yield
stress of the undeformed material. From this point on
any increase in the load is accompanied by plastic yield-
ing to limit the mean pressure to a value consistent with
the yield stress of the deforming material. A plastic zone
forms beneath the indenter and after unloading a residual
impression is left in the surface. The total depth of pene-
tration (/,) is then a sum of the elastic (4,) and plastic (4,
components, as it is illustrated also in Figs. 1 and 2:

hy=he + hy,. &)

Assuming that the elastic deformation is equally dis-
tributed above and below the circle of contact, the
depth of penetration in contact (%.), which also contains
plastic and elastic components, is given as'

he = hy — he/2. 4)
The radius of circle of contact (a) is then given by

geometry as

a* =2Rih, — I’ (5)

Because unloading in quasi-static regime is entirely
elastic, the unloading curve can be analysed using
Hertzian elastic contact mechanics and the Eq. (1)
becomes

300 by
Indentation by Sphere
partial unloading method

0 100 200 300 400 500 600
penetration [nm]

Fig. 2. Example of force-penetration data (SNSC nanocomposite)
from multiple partial unloading method (fully loaded (@) and
partially unloaded (QO) points), illustrating separation of elastic and
plastic parts from total depth of penetration.

he = (9/16)'3(F/E*Y(1/R; — 1/R,)'", (6)

where R, is the curvature radius of the residual sphe-
rical depression, which can be found as

R, =:(a24-h§)/2hp. 7

The elastic modulus can be calculated directly from the
unloading curve.

The critical stress condition, where transition from
elastic to elastic/plastic behaviour occurs, exists when
the mean pressure equals the hardness of the tested
surface. Therefore, at loads above the critical value, the
hardness can be calculated as

H = F/nd*. (®)

3. Experimental material

The investigation was carried out on two nanocompo-
sites prepared by different processing routes which, how-
ever, were to yield similar final compositions—silicon
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Table 1
Compositions of the starting powder mixtures

Material SisNy (Wt.%) Y,0; (Wt.%) Si0, (Wt.%) C (wt.%) SiC (wt.%)
SNYC2B 84.12 443 7.39 4.05 -
SNSC 90.25 475 - - 5

nitride matrix with ~5% of SiC nanoparticles. The
experimental materials were prepared in the Institute of
Inorganic Chemistry in Bratislava. The starting compo-
sitions of the studied materials are given in Table 1.

The SNYC2B was prepared by adding carbon black
and SiO, into the starting mixture. The SNSC material
was prepared by direct adding of SiC nanoparticles into
the SizN4+ Y>,05; powder mixture.

In both cases the starting powder mixtures were
homogenized by attrition in a polyethylene bottle with
Si3Ny spheres in isopropanol for 24 h. Subsequently, the
dried mixtures were sieved through 25 pum sieve in order
to climinate the large agglomerates. Green discs with
the diameter of 48 and 8§ mm thick were die pressed.
Then they were embedded into a BN powder bed and
hot-pressed in nitrogen atmosphere under pressure of 30
MPa at 1750 °C for 2 h. The desired SiC nanoparticles
in the SNYC2B were formed during sintering by
carbothermic reduction.®

The reference silicon nitride was a commercial
material SL200 fabricated by CeramTech, Plochingen,
Germany, which was recently an object of extensive
study in the European Structural Integrity Society’s
(ESIS) testing program for a silicon nitride reference
material.® It is a gas pressure sintered silicon nitride
with additives Al,O; (3 wt.%) and Y,03 (3 wt.%). The
material was provided by the manufacturer in form
plates with dimensions of 47x11x102 mm.

For the indentation studies pieces of all materials with
dimensions of 3x4x4 mm? were used. Their surfaces
were polished to the 0.25 pm final finish.

4. Experimental methods

The nanoindentation tests, using the depth sensing
technique (DST), were carried out on UMIS 2000
(made by CSIRO Australia) ultramicroindentation
system at room temperature in ambient air.

In the case of the spherical indenter the multiple
partial unloading method, developed by Field and
Swain!®!! and recently studied in detail by Bushby,!
was used. In this method a single indentation is partially
unloaded at each force step by a specific fraction (from
10 to 90%) of the load step. Each force step then provides
two pieces of information: the total depth of elastic/
plastic penetration and a measure of the recovery from
that load.

When the unloading part of the load cycle can be
completely modelled analytically, such as the case of
indentation with sphere, two points at each load are
sufficient to fully characterise unloading from each
loading step. The residual unrecovered indentation depth
(), the elastic deflection of surface (/,), the depth below
the circle of contact (h.) were then calculated for each
load step.

In the present study the spherical diamond indenter
with nominal radius R;—5 pm was used. Its modulus of
elasticity was 1150 GPa and the Poisson’s ratio 0.07.
Loading force up to 300 mN in 30 incremental steps was
applied, each step was followed by 25% unloading. On
each specimen at least 20 tests were perfomed, randomly
distributed on the polished surfaces.

The modulus of elasticity of the material was calcu-
lated using Eq. (6) for each step’s penetration depth,
assuming v,,=0.2 (value for SizN,).!?> The hardness
was calculated from Eq. (8) at loads from 270 to
300 mN which induced stresses well above the tran-
sition point. The partial unloading procedure also
allows an indentation stress-strain curves to be gen-
erated, where the mean pressure (P,,) is taken as
indentation stress, and indentation strain is expressed
as the ratio of a/R;.

5. Results and discussion

Microstructures of the studied materials were descri-
bed in details in®!3~13 The SiC nanoparticles were loca-
lized both inside the matrix gains and along grain
boundaries in the intergranular glassy phase. Their pre-
sence hinders the Siz;Ny4 grain growth and results in finer
microstrucure of the nanocomposites. Average matrix
grain size was 150-200 nm for the SNSC, 150-180 nm
for the SNYC2B, while that for the monolithic Siz;Ny4
was ~790 nm.

Fig. 2 shows typical result (SNSC composite) of one
partial unloading test in form of the force-penetration
data for extreme points at each step. When the material
deforms elastically, the data for fully loaded and par-
tially unloaded states lie on the same line. After exceed-
ing the yielding point of the material, the recovery is not
longer complete and two branches diverge. Each parti-
cular data pair lies on a curve equivalent to single load-
ing-unloading, and allows to find elastic and plastic
portion of penetration for each particular load, as it is



3348 P. Hvizdos et al. | Journal of the European Ceramic Society 24 (2004) 3345-3350

Table 2
Mechanical properties measured by nanoindentation
Material Young’s modulus (GPa) Hardness (GPa) Yielding point (GPa)
SNYC2B 320.2+4.6 28.3+0.3 17.06+0.87
SNSC 304.2+14.9 23.2+0.8 14.70+1.36
SizNy 313.0+£3.8 23.7£0.5 14.44+0.58
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Fig. 3. Indentation stress—strain curves in the mean pressure (P,,) vs
normalized contract radius (a/R) representation for all studied mate-
rials. The straight lines illustrate the initial elastic portion of indenta-
tion and the arrows mark the yielding points.

illustrated in the Fig. 2 for the maximum load by the
solid line.

The results of the measurements are summarized in
Table 2. The Young’s modulus of the reference mono-
lithic material agrees within the scatter very well with
literature data (310 GPa in!'®). The value for the com-
posite can be estimated using the law of mixtures,
E=E,V,+ E,V,, where V, and V}, are the volume frac-
tions of the constituents. For our materials containing
5% of SiC with modulus of elasticity 440 GPa!® this law
gives E=316.5 GPa. This is in an excellent agreement
with the value for the SNYC2B (320.24+4.6 GPa). The
other nanocomposite exhibited comparably lower value
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Fig. 4. (a) Microstructure of the SNSC composite showing a cluster of
intergranular SiC grains. Area to the left contains numerous SiC
inclusions, whereas to the right their content is much lower. (b) Arrays
of microvoids around the SiC particles and between the matrix grains
in the SNSC composite.

but much higher scatter, which suggests that on some
places of the tested surface the influence of the SiC
grains was much stronger than on others.

The hardness values generally seem to be a little
overestimated. This can be partly due to the size of the
stress field. The sizes of contact areas and also the stress
fields dimensions at relatively low loads used in our tests
were typically in range of 0.1 to 2 um, that is the values
comparable with the size of single matrix grain or a few
nanosized grains, which means that the influence of the
porosity was negligible. The hardness of SNSC and
SizN, corresponds very well to the hardness data'? for
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Fig. 5. Microstructure of the SNYC2B. The white arrows point to a
couple of intergranular SiC particles, the black arrows show some of
many intragranular globular nanoparticles, integrated inside the
silicon nitride grains.

pure high density HPSN (22 GPa). In the SNYC2B the
influence of SiC (hardness 27-33 GPa) is significant.

Fig. 3 shows the indentation stress-strain curves for
all studied materials obtained from the force-penetra-
tion data. At the very low loads, the readings are
accompanied by considerable errors due to relatively
large scatter in measurement of penetration depth which
is frequently less than 20 nm and thus close to the
instrument resolution limits. However, at higher loads
the linear initial portion corresponding to purely elastic
deformation can be identified. Yielding point then can
be found as the deviation from this elastic behaviour.
The obtained values are introduced in Table 2. It is dif-
ficult to relate them to other results due to the lack of
such data in literature, but they are similar to the onset
of plastic deformation for pure polycrystalline alumina
(~14 GPa).' Such information for ceramics and glasses
is unique because conventional tensile or compressive
tests normally result in catastrophic failure at much
lower stresses.

General tendency to higher scatter of mechanical
properties in the SNSC nanocomposite, as it can be seen
in Fig. 3 over the whole load interval, and also in
Table 2, suggests that mechanical homogenization of
Si3Ny grains and SiC nanopowder produced less regular
microstructure than was that of SNYC2B. The average
values were usually close to that of the monolithic SizNy4
which means that in most cases only Siz;N,4 grains were
probed.

In order to clarify these findings, microstructure fea-
tures of both nanocomposites were investigated on sub-
micron scale using transmission electron microscopy of
thin foils and scanning electron microscopy of plasma
etched surfaces with main focus on the size, shape, and
distribution of SiC nanoparticles. These studies showed
that in both cases the microstructures were character-

ized by submicron matrix grains with occasional occur-
rence of larger rod-like B-Siz;Ny crystals. Both SNYC2B
and SNSC contained SiC nanoparticles placed inter-
and intra-granularly, randomly distributed in micro-
structure. The intergranular particles were more fre-
quent in SNSC, they had size usually about 100 nm, had
irregular elongated shape and often contained systems
of stacking faults. They reinforced the grain boundaries
but tended to form clusters (Fig. 4a). Another feature
observed in the SNSC were arrays of microvoids and
micropores, also showed in Fig. 4b. Morphologically,
the intragranular particles were similar to the inter-
granular ones in this material. In the SNYC2B the par-
ticles were located mostly inside the Siz;N4 grains, they
were usually almost globular and smaller than 50 nm
(Fig. 5). They were dispersed in the microstructure more
regularly.

According to these observations, occasional higher
values of mechanical properties in the SNSC can be
attributed to the influence of SiC grains integrated well
inside the matrix grains, whereas the lower ones to the
influence of microvoids and pores which remained in the
microstructure. Among all tested materials the carbon-
derived nanocomposite performed best in all tests.

6. Conclusions

The mechanical properties and deformation beha-
viour of two SizNy4/SiC nanocomposites and a reference
monolithic silicon nitride were investigated by instru-
mented indentation. The method provided reliable
results, which were in very good agreement with the lit-
erature data and enabled to investigate the elastic-to-
elastic/plastic transition phenomena that are extremely
difficult to study by using other methods.

The carbon-derived nanocomposite exhibited the best
mechanical properties showing that introducing the SiC
grains enhanced performance of the material and that
the new cost-effective method of fabrication resulted in
a suitable microstructure. The results of the nano-
composite with admixed SiC nanograins were similar to
that of the monolithic material, however, they had the
largest scatter which points to the less regular micro-
structure with respect to the SiC grains distribution.
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