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Abstract

Interest in characterizing the mechanical properties of porous materials at micro-/nanometer scales has increased due to recent development of
micro-/nanosystems. Depth-sensing indentation (DSI) systems, also referred to as nanoindentation, are strong tools for performing indentation
measurements. The load-displacement curves of SiAION-based porous ceramics were measured under different peak load (200-1800 mN). The
most commonly used Oliver—Pharr method was used to analyze the unloading segments of these curves. The experimental results revealed that
the dynamic hardness (H,) and reduced elastic modulus (E;) exhibit peak-load dependence, i.e., indentation size effect (ISE). Such peak-load
dependence requires calculation of the load-independent hardness (Hy;) and elastic modulus (E,). The experimental hardness data were analyzed
using Meyer’s law, Hays—Kendall’s model, the proportional specimen resistance (PSR) model, and the modified PSR (MPSR) model. As a result,
the modified PSR model is found to be the most effective one for Hy determination of these SiIAION ceramics.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon nitride-based materials or SiAION ceramics are
widely used in high-temperature applications due to their excel-
lent mechanical, physical, and chemical properties.! However,
because of the covalent bond character, oxide sintering aids or a
suitable mixture of oxides and nitrides are commonly used for
densification via a transient liquid phase; application of nitro-
gen overpressure or hot pressing technique is often necessary.
Because of the deterioration of the glassy phase at elevated tem-
perature, several methods were developed for the production
of silicon nitride-based or SiAION ceramics either without any
additives or with additives which are subjected to evaporation
during/after densification.>™8 On the other hand, the absence of

* Corresponding author. Tel.: +90 246 211 40 48; fax: +90 246 237 11 06.
E-mail addresses: sahin@fef.sdu.edu.tr, sduosman@gmail.com (O. Sahin).

0955-2219/$ — see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2007.09.052

the grain boundary liquid phase during sintering contributes to
the formation of porous ceramics. Such porous silicon nitride-
based or SiAION ceramics are of great technological interest
because of their excellent corrosion resistance both at room and
elevated temperatures.” They can be applied as ceramic bulk
filters in new power-generation systems, e.g. pressurized flu-
idized bed combustion or integrated coal gasification combined
cycle.!0 To date, little has been reported on the mechanical
properties of 3-SiAlON-based porous ceramics; the hardness
evaluation of these porous ceramics is challenging.

Indentation hardness as a principal parameter for the mechan-
ical characterization of materials has been commonly used as a
technique to measure the mechanical properties of materials.
Two methods of Vickers microindentation hardness measure-
ment are practically in use. In one method, a hard indenter (i.e.,
a Vickers diamond pyramid) penetrates into the solid with a con-
stant load. After unloading, the dimensions of the indentation in
the solid are measured and the hardness, defined as the ratio of
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the load to the facet contact area of the indentation determined.
This method is known as conventional indentation. One general
disadvantage of this method pertains to the facet contact area
measured after the load is removed. It has been argued that the
area may be susceptible to elastic recovery. Secondly, at loads of
afew grams the indentation dimensions are about a few microm-
eters and the penetration depths into the solid are about an order
of magnitude smaller. It is difficult to measure such dimensions
optically with a high degree of accuracy. Therefore, conventional
indentation hardness obtained from microscopic observation of
the indented cavity cannot give reliable mechanical properties
of materials. The second method for determining the mechani-
cal properties of solids is the depth-sensing indentation (DSI) or
dynamic indentation method. This method offers great advan-
tages over the conventional indentation test in two aspects. First,
apart from hardness (or strength), the method can provide well-
defined mechanical parameters such as the elastic modulus of
the interfacial zone. Second, the load and depth of an indentation
are continuously monitored (Fig. 1) and optical observation and
measurements of the diagonal lengths of the indent/impression,
which can be difficult and subjected to inaccuracy, are no longer
required.!'! In this study, therefore, the mechanical properties of
porous SiAlON-based ceramics prepared by pressureless sinter-
ing of the mechanically activated 3-SiAlON precursor powders
have been characterized by using the DSI method due to its many
advantages over the conventional method.

2. Theoretical background

Two mechanical properties, namely, dynamic hardness Hy
and reduced elastic modulus E; can be obtained with the
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Fig. 1. Typical load-indentation depth curve generated during a depth-sensing
indentation experiment, indicating key parameters needed for analysis.

peak indentation test load and penetration depth data. Various
models have been proposed by different authors to determine
the aforementioned parameters.'>!3 These models are gener-
ally based on the use of load—unload curves in the dynamic
indentation technique. Among these models, the Oliver—Pharr
model is the one that has been frequently used in hardness
test interpretation. The Oliver—Pharr data analysis procedure
begins with fitting an unloading curve to an empirical power-law
relation.

P =a(h — hp)" (0

where P is the indentation test load, % the penetration depth,
he the final unloading depth, @ a geometric constant, and m
is a power law exponent that is related to the geometry of
the indenter. Typical m values vary from 1 to 2 depending on
indenter geometry.'* The unloading contact stiffness, S, is then
established by differentiating Eq. (1) at the maximum depth of
penetration, & =hpyyx (i.e., Eq. (2))

dpP
S = () = am(fmax — he)™ ! 2)
h=hmax

dh
Then the contact depth, A, is calculated using the following
equation

P max

he = hmax —
C max ﬁdp/dh

3

where Ppyax is the peak indentation test load and § is a constant
dependent on indenter geometry. It has been shown that § has
an empirical value of 0.75 for the Vickers indenter. '3

The hardness is usually defined as the ratio of the peak inden-
tation test load, Pmax, to the projected area of the hardness
impression, A.. The dynamic hardness is thus calculated from

_ Pmax _ Pmax

H: = _ __max
1T TA. T 264312

“

On the other hand, the peak indentation test load—penetration

depth behavior can be effectively used in defining a reduced

elastic modulus, E; through the equation
I 1—vZ 17

E.  E * E;

®

where E and v are the Young’s modulus and Poisson’s ratio with
the subscripts s and i indicating sample and indenter, respec-
tively. E;, the reduced elastic modulus of a sample, is given
by

R ®)

26.43h,

It is clearly seen that the aforementioned computational pro-
cedure can be successfully used to calculate the Hq and E; of
SiAION ceramic by DSI experiments.

3. Experimental procedure

The initial powders were «-SizsNg (H.C. Starck-B7,
10-15wt.% of [-SizN4), AIN (H.C. Starck-C), and o-
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Al,O3 prepared from Al(OH); by firing at 1200°C
(total contaminants less than 0.2 wt.%, ds5p-16 pm, SSARBEgT,
0.8m?g~!). The mixture was batched according to z=0.5
in (-Sig_;Al;O;Ng_; solid solution (a-SizN4=91.5wt.%,
AIN=2.4wt.%, Al,03 =6.1 wt.%), activated in a MPP-1 plane-
tary mill (TTD, RU) with acceleration of the centrifugal field of
28 g, with silicon nitride balls for 45 min. The resultant powder
was dispersed in an isotropic mixture of 60 vol.% methylethylke-
tone (MEK) (Aldrich) and 40vol.% ethanol (POCH). Three
weight percent of Hypermer KD1 (Imperial Chemical Indus-
tries PLC, UK) was used as a dispersant. The suspension was
mixed on the roller bench for 24 h. After drying the powders
were crushed with a pestle and mortar, uniaxially cold pressed
and finally cold isostatically pressed with 200 MPa. Heating
in air at 600 °C for 2h was applied in order to remove the
residual polymer dispersant. Green density attained the value
of 66%. The pressed tablets were contained within a pow-
der bed of Si3zN4/BN powder within a BN crucible with a
lid. Sintering was carried out in a graphite furnace (Thermal
Technology) in flowing nitrogen at temperature of 1600 °C for
60 min. The size and mass of the specimens were controlled.
The density was determined by the Archimedes technique in
distilled water. XRD studies were performed on the polished
cross section of the tablets and Rietveld refinement method
was used for calculation of the phases present. To examine the
surfaces, investigations were performed by LEO Evo-40 VPX
scanning electron microscope (SEM). For SEM examinations,
the samples were coated with a gold thin layer to avoid charging
effects.

Hardness measurements of SiAION ceramic were performed
with a dynamic ultra-microhardness tester (Shimadzu, DUH-
W201S), having a maximum penetration depth 10 pm and an
indenter shift resolution of 1 nm, at room temperature. A load
cell and displacement-voltage dilatometer (LVDT) was used to
control the applied load and to measure the penetration depth of
indenter. For an easier interpretation of mechanical behavior
at various depths, the maximum load was changed at regu-
lar intervals; 200—-1800 mN under a loading/unloading rate of
4.4130 mN/s. For a particular load at least five indentation tests

10pm

Signal A= SE1 LEd)

WD= 21 mm

EHT = 2000 kV

bOE

were conducted on the sample surface to increase the reliability
of experimental results.

4. Results and discussion

4.1. Characterization of the resultant SIAION-based
ceramic

The resultant ceramic was a porous material (porosity,
19.9 vol.%; density, 2.47 g cm_3). The final phase composition
consisted of 39.4 wt.% of a-Si3Ny, 45.4 wt.% of B-SiAION with
z=0.8 and 15.2wt.% of O’-SiAION. Lack of eutectic liquid
phase during sintering at 1600 °C effected in an incomplete
conversion of a-Si3Ny to B-SiAION solid solution. Presence of
O’-SiAION and a slight mass increase (0.2 wt.%) after densifica-
tion showed a limited oxidation of the activated powders during
reaction sintering. SEM micrographs of SIALON ceramic have
been shown before (Fig. 2a) and after (Fig. 2b) the indenta-
tion tests. It was observed that the microstructure of the samples
reveals nearly homogenous porosity distribution. Moreover, any
additional cracks on the sample surface were not detected after
the tests.

4.2. Loading—unloading data analysis

The loading—unloading curves with increasing loads of the
SiAION ceramic are given in Fig. 3. It is clearly seen that
the sample exhibits elastoplastic behavior at room tempera-
ture. However, this characteristic cannot completely indicate
whether the specimen has brittle or ductile properties. In the
mean time, loading curves under different peak loads can be
accurately fitted by one curve due to their overlapping char-
acters. The unloading curves show the similar behavior if
they are shifted according to their final depths. Therefore, it
can be suggested that the SiAION sample has similar elastic
and plastic deformation mechanism for our experimental load
range.

DSI values at each imposed depth, Hy, was calculated using
Eq. (4). The peak indentation test load dependence of dynamic

EHT = 20.00 kv ]_E(b

WD= 24 mm

Fig. 2. (a) SEM image of SIALON ceramic before the indentation test and (b) SEM image of SIALON ceramic after the indentation test.
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Fig. 3. Peak indentation test load—penetration depth curve of SiAION sample at
room temperature.

hardness data obtained from the examined material is shown
in Fig. 4. The dynamic hardness values decrease with increas-
ing peak indentation test load. The apparent Hy is a function
of the applied load at low peak indentation test loads, where
there is no constant value for the hardness (Hy p; load-dependent
hardness). At high-peak indentation test loads, the hardness is
constant with respect to the indentation test load and a single,
well-defined hardness value exists (Hp 1; load-independent hard-
ness). Hy 1 has also been referred to as the “true” hardness in some
of the literature. This behavior is called indentation size effect
(ISE).16’17

The ISE has been examined extensively for different kind of
materials. In order to describe the ISE behavior of materials,
several relationships between the applied peak indentation test
load, Pmax, and the contact depth, %, have been pI‘OpOSGd.lS_zl
Below some selected models are first described and then applied
to analyze the experimental dynamic hardness data on porous
SiAION ceramic.
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Fig. 4. Variation of the dynamic hardness with the peak indentation test load.

4.3. Meyer’s law and present data

The simplest way for describing the ISE is Meyer’s law?>%3
which uses correlation technique between the peak indentation
test load and the contact depth using a simple power law (Eq.

()8
Pmax = Ahg (7)

where A and n are constants derived directly from curve fitting
of the experimental data. Especially, the exponent n, sometimes
referred to the Meyer index, is usually considered as a mea-
sure of ISE. For the normal ISE behavior, the exponent is n <2.
When n> 2, there is the reverse ISE behavior. Compared to the
definition of the apparent hardness (Eq. (7)), no ISE would be
observed for n=2. If hardness is load-independent (n =2) mod-
ified Meyer’s law called Kick’s Law?*202! given in Eq. (8) is
used:

Pmax = AOhg (8)

According to the Meyer law, the indentation data for the mate-
rial examined in the present study was plotted in Fig. 5. The data
showed linear relationship, implying that the traditional Meyer’s
law was suitable for describing the indentation data. The best-fit
values of the parameters A and n were 0.048, 0.541, respec-
tively, in terms of linear regression analyses. The calculated n
value pointed out higher apparent dynamic hardness values at
lower loads, due to the presence of an ISE. It is generally argued
that the exponent n characterizes the hardening characteristic of
a material. The lower value of n, the more difficult it is to deform
it. However, up to now neither the physical meaning of the Meyer
index n has been understood nor the physical explanation of the
interdependence between n and A has been given.?”

4.4. Hays—Kendall approach and present data
The Hq dependence of the experimental data at peak inden-

tation test load can be explained by Hays—Kendall approach,?
which is a modified Kick’s law.?* Kick’s law, Eq. (8), can be
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Fig. 5. Plot of In Py vs. In A according to the Meyer’s law.



O. Sahin et al. / Journal of the European Ceramic Society 28 (2008) 1235-1242 1239

rewritten as follow:
In[Pmpax] = InAg + nin [A¢] )

where Ay is the standard hardness constant and # is the Meyer’s
index (or work-hardening coefficient) which is proposed to be
equal to 2. Non-application of Kick’s law is reflected by the
observation that the slope of the graph of In[Ppax] versus In[A.]
does not come out to be 2 but is, in fact, less than 2 (n=0.541).
Hays and Kendall’s law explains this discrepancy by assuming
the following equation:

Peffective = Pmax -W= Alhg (10)

where W is the sample resistance pressure (or Newtonian resul-
tant pressure) and represents the minimum load that causes an
indentation, A1 is a constant, and n =2 is the logarithmic index.
(Pmax — W) is an effective indentation load. Replacing Ppax in
Eq. (4) by (Pmax — W), one gets an equation to calculate the
load-independent (or true) hardness as follows:

(Pmax - W)

h¢

Huk = 0.0378 = 0.0378 C, (11

From Eq. (10) a plot of Pyy,x versus hg would yield a straight line
where W and C; parameters can easily be calculated from the
intersection of the curve, respectively. Such a plot for SIAION
ceramic is shown in Fig. 6. The correlation coefficient for the
sample, 72, is 0.999, implying that Eq. (10) provides a satis-
factory description of the indentation data for the examined test
materials. Calculated load-independent hardness value using the
Hays—Kendall model, Hyx, is 0.163 MPa

On the other hand, Quinn and QuinnZ® have recently exam-
ined the variation of Vickers microhardness with indentation
load for a variety of ceramic materials. They observed that such
hardness—load curve exhibited distinct transition to a plateau
of constant hardness and claimed that such curve corresponded
to the intrinsic hardness value of the materials. In the present
study, Fig. 4 shows the transition point (about 1200 mN) and
corresponding intrinsic hardness is about 9 GPa. On the light of
Quinn and Quinn?® approximation, the load-independent hard-
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Fig. 6. Plot of Py Vvs. hz according to the Hays—Kendall model.

ness value calculated by Hays—Kendall model is far from the
intrinsic hardness value for SIAION sample. Therefore, it may
be concluded that the Hays—Kendall model may also be insuffi-
cient to explain the ISE behavior of the present porous SiAION
sample.

4.5. Proportional specimen resistance (PSR) model and
present data

Proportional specimen resistance (PSR) model is proposed
by Li et al.27 In this model, the peak indentation test load, Pyqx,
and the contact depth, A, are found to follow the relationship:

Prax = arhe + ath (12)

where the parameters a1 and a; are constants for a given material.
According to the analysis by Li and Bradt, the parameters a; and
ay can be related to the elastic and the plastic properties of the test
material, respectively. Especially, a; is suggested to be a measure
of the so called “true hardness; Hpsr”. For the indentation test
with a Vickers indenter, Hpsr can be determined directly from
a> with:

Pmax — aihe _ a
26.43h% 26.43

Hpsr =

13)

On the other hand, Eq. (12) can be rearranged as Eq. (14) to
determine both a; and a; from the plot of Ppyax/hc against hc:

P max

he

= ai + azhe (14)

According to the Eq. (14), a plot of Pmax/hc versus ke should
yield a straight line, theoretically. Fig. 7 shows such a plot where
the a; and ap parameters can easily be calculated from the inter-
section point and slope of the curve, respectively. The best-fit a;
and a, parameters and the corresponding load-independent hard-
ness values, Hpsg, are —0.242 mN/pm, 4.620 x 1073 mN/Mmz,
and 0.175 MPa, respectively. Load-independent hardness value
is far from the intrinsic hardness value for the SiIAION sample.
Therefore, the PSR model may also be insufficient to explain
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Fig. 7. Plot of Pmax/hc vs. he according to the PSR model.
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the ISE behavior of the present SIAION sample, same as the
Hays—Kendall model.

4.6. Modified proportional specimen resistance (MPSR)
model and present data

Recently, Modified PSR model has been proposed by Gong
et al.!8 to investigate the ISE behavior in various materials. The
model is given by Eq. (15):

Prax = ap +arhe + a2h§ (15)

where aq is a constant related to the surface residual stresses
associated with the surface machining and polishing and a; and
ay are the same parameters as given in Eq. (12).

Similar to the PSR model, Hyipsr can be determined directly
from a, with:

Prmax — ag — arhe as
Hypsg = = 16
VPSR 26.4312 26.43 (16)

The values of ag, a1, and a; parameters may be determined
by plotting the experimental P(h) data as Pyax versus ki plot.
Typical example of the plot of P,y versus ke with 72 =0.999
is shown in Fig. 8. The estimated best-fit values of ag, a;, a>
and Hypsr values are 5.533 x 10! mN, —2.109 x 10! mN/wm,
2.376 x 10> mN/pm?, and 8.981 GPa, respectively. The Hypsr
value is closer to the plateau value compared with the results of
the other models. Therefore, the MPSR model, calculation of
the Hi value, seems to be more reasonable than the others.

The response of materials to indentation is determined by
their fundamental mechanical properties, and therefore the
potential exists to extract certain basic mechanical properties
from hardness tests. For example, both the hardness test and
the tensile test measure the resistance of a metal to plastic flow,
and the results of these tests may closely parallel each other.
The hardness test is preferred because it is simple, easy, and rel-
atively nondestructive. The possibility of determination of the
yield strength or the tensile strength from a simple hardness
measurement is very appealing. The yield strength oy can be
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Fig. 8. Plot of Ppax vs. ke according to the MPSR model.

calculated from the load-independent hardness value.?

_ HL[ n—2 n=2

for Meyer’s index n > 2 (17)

If n<2, then this equation can be reduced to
oy= Hl\/[1>SR/?>.29’16 In the present case, i.e., n is not greater than
2, the equation oy =Hwpsr/3 can be applied. oy is found as
2.993 GPa for the examined SiAION sample.

On the other hand, reduced elastic modulus, E;, is obtained
from the analysis of the unloading curves using the Oliver and
Pharr method as mentioned previously. Eq. (6) can be rearranged
as follow:

dpP 2
=3 = ﬁEr«/ 26.43h, (18)

Eq. (18) is the basic equation for determination of reduced
elastic modulus by DSI technique. The key quantities are the
initial unloading contact stiffness, S=dP/dh (i.e., the slope of
the initial portion of the unloading curve) and the real contact
depth, A in order to determine E;. Using the experimentally
determined S and /4, the reduced elastic modulus by indentation
was calculated and the results are shown in Fig. 9. It is found
that the extracted reduced elastic modulus also exhibits a strong
peak-load dependency. Therefore, it is concluded that reduced
elastic modulus cannot be extracted from the peak indentation
test load—penetration depth curve in terms of only one peak
load.

As seen from Eq. (18), there is a linear relationship between
initial unloading stiffness, S, and the contact depth at peak load,
h.. Hence, the reduced elastic modulus can be obtained directly
from the slope of the best-fit lines for the SiAION ceramic. In
Fig. 10, the experimentally determined S is plotted as a function
of the contact depth at peak load, A, obviously, a good linearity
exist between these two quantities for the examined material.
The correlation coefficients obtained from the linear regression
analysis is 0.997.
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Fig. 9. Elastic modulus extracted from the analysis of the peak indentation test
load penetration depth curves as a function of the peak loads for SiAION sample.
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Fig. 10. Variation of the initial unloading stiffness with the contact depth at peak
load for SiAION ceramic.

The load-independent elastic modulus value obtained from
the slopes of the best-fit lines in Fig. 10. Calculated E; value is
88.3 GPa. The value is very close to the load-independent elastic
modulus area shown in Fig. 9.

5. Conclusion

Depth-sensing indentation technique has been used to
measure the mechanical properties of porous SiAION-based
ceramic. The dynamic hardness and reduced elastic modulus
of the sample was calculated by analyzing the unloading seg-
ments of the peak indentation test load—penetration depth curves
using the widely adopted Oliver and Pharr method. The results
can be summarized as follows:

1. The measured dynamic indentation hardness values of porous
SiAION sample is seem to be load-dependent.

2. The variation of Hy follows the normal ISE trend, i.e., a
decrease in Hg with an increase load in the low-load region
beyond where becomes relatively constant. This type of vari-
ation in Hy can be explained by Meyer’s relationship up to
a certain value of load. However, no useful knowledge of
the origin of the observed ISE is gained from this empirical
equation.

3. Calculated load-independent hardness values of Hyk (based
on the Hays—Kendal model) and Hpsr (based on the pro-
portional specimen resistance model) are obviously below
the plateau region. Therefore, the Hays—Kendall and PSR
model does not accurately describe the ISE behavior, which
observed in porous SiAION sample.

4. Calculated load-independent hardness values by Modified
PSR model are more convenient than those obtained by the
other models.

5. The load-independent reduced elastic modulus, E, extracted
directly using the conventional stiffness equation, Eq. (18),
also exhibits a peak-load dependency. Therefore, a rea-
sonable peak-load independent modulus can be determined
directly from the slope of the best-fit straight line between

initial unloading stiffness, S, and the contact depth at peak
load, .. The obtained value is 88.3 GPa.
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