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bstract

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

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Silicon nitride-based materials or SiAlON ceramics are
idely used in high-temperature applications due to their excel-

ent mechanical, physical, and chemical properties.1 However,
ecause of the covalent bond character, oxide sintering aids or a
uitable mixture of oxides and nitrides are commonly used for
ensification via a transient liquid phase; application of nitro-
en overpressure or hot pressing technique is often necessary.2–4

ecause of the deterioration of the glassy phase at elevated tem-
erature, several methods were developed for the production

f silicon nitride-based or SiAlON ceramics either without any
dditives or with additives which are subjected to evaporation
uring/after densification.5–8 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).
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hnique; Indentation

he grain boundary liquid phase during sintering contributes to
he formation of porous ceramics. Such porous silicon nitride-
ased or SiAlON ceramics are of great technological interest
ecause of their excellent corrosion resistance both at room and
levated temperatures.9 They can be applied as ceramic bulk
lters in new power-generation systems, e.g. pressurized flu-

dized bed combustion or integrated coal gasification combined
ycle.10 To date, little has been reported on the mechanical
roperties of �-SiAlON-based porous ceramics; the hardness
valuation of these porous ceramics is challenging.

Indentation hardness as a principal parameter for the mechan-
cal characterization of materials has been commonly used as a
echnique to measure the mechanical properties of materials.
wo methods of Vickers microindentation hardness measure-

ent are practically in use. In one method, a hard indenter (i.e.,
Vickers diamond pyramid) penetrates into the solid with a con-
tant load. After unloading, the dimensions of the indentation in
he solid are measured and the hardness, defined as the ratio of

mailto:sahin@fef.sdu.edu.tr
mailto:sduosman@gmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.052
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he load to the facet contact area of the indentation determined.
his method is known as conventional indentation. One general
isadvantage of this method pertains to the facet contact area
easured after the load is removed. It has been argued that the

rea may be susceptible to elastic recovery. Secondly, at loads of
few grams the indentation dimensions are about a few microm-
ters and the penetration depths into the solid are about an order
f magnitude smaller. It is difficult to measure such dimensions
ptically with a high degree of accuracy. Therefore, conventional
ndentation hardness obtained from microscopic observation of
he indented cavity cannot give reliable mechanical properties
f materials. The second method for determining the mechani-
al properties of solids is the depth-sensing indentation (DSI) or
ynamic indentation method. This method offers great advan-
ages over the conventional indentation test in two aspects. First,
part from hardness (or strength), the method can provide well-
efined mechanical parameters such as the elastic modulus of
he interfacial zone. Second, the load and depth of an indentation
re continuously monitored (Fig. 1) and optical observation and
easurements of the diagonal lengths of the indent/impression,
hich can be difficult and subjected to inaccuracy, are no longer

equired.11 In this study, therefore, the mechanical properties of
orous SiAlON-based ceramics prepared by pressureless sinter-
ng of the mechanically activated �-SiAlON precursor powders
ave been characterized by using the DSI method due to its many
dvantages over the conventional method.
. Theoretical background

Two mechanical properties, namely, dynamic hardness Hd
nd reduced elastic modulus Er can be obtained with the

ig. 1. Typical load-indentation depth curve generated during a depth-sensing
ndentation experiment, indicating key parameters needed for analysis.
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eak indentation test load and penetration depth data. Various
odels have been proposed by different authors to determine

he aforementioned parameters.12,13 These models are gener-
lly based on the use of load–unload curves in the dynamic
ndentation technique. Among these models, the Oliver–Pharr

odel is the one that has been frequently used in hardness
est interpretation. The Oliver–Pharr data analysis procedure
egins with fitting an unloading curve to an empirical power-law
elation.

= α(h − hf)
m (1)

here P is the indentation test load, h the penetration depth,
f the final unloading depth, α a geometric constant, and m
s a power law exponent that is related to the geometry of
he indenter. Typical m values vary from 1 to 2 depending on
ndenter geometry.14 The unloading contact stiffness, S, is then
stablished by differentiating Eq. (1) at the maximum depth of
enetration, h = hmax (i.e., Eq. (2))

=
(

dP

dh

)
h=hmax

= αm(hmax − hf)
m−1 (2)

hen the contact depth, hc, is calculated using the following
quation

c = hmax − β
Pmax

dP/dh
(3)

here Pmax is the peak indentation test load and β is a constant
ependent on indenter geometry. It has been shown that β has
n empirical value of 0.75 for the Vickers indenter.15

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

d = Pmax

Ac

= Pmax

26.43h2
c

(4)

n the other hand, the peak indentation test load–penetration
epth behavior can be effectively used in defining a reduced
lastic modulus, Er through the equation

1

Er
= 1 − ν2

s

Es
+ 1 − ν2

i

Ei
(5)

here E and ν are the Young’s modulus and Poisson’s ratio with
he subscripts s and i indicating sample and indenter, respec-
ively. Er, the reduced elastic modulus of a sample, is given
y

r = S

2

√
π√

26.43hc
(6)

It is clearly seen that the aforementioned computational pro-
edure can be successfully used to calculate the Hd and Er of
iAlON ceramic by DSI experiments.
. Experimental procedure

The initial powders were �-Si3N4 (H.C. Starck-B7,
0–15 wt.% of �-Si3N4), AlN (H.C. Starck-C), and �-
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l2O3 prepared from Al(OH)3 by firing at 1200 ◦C
total contaminants less than 0.2 wt.%, d50-16 �m, SSABET,
.8 m2 g−1). The mixture was batched according to z = 0.5
n �-Si6−zAlzOzN8−z solid solution (�-Si3N4 = 91.5 wt.%,
lN = 2.4 wt.%, Al2O3 = 6.1 wt.%), activated in a MPP-1 plane-

ary mill (TTD, RU) with acceleration of the centrifugal field of
8 g, with silicon nitride balls for 45 min. The resultant powder
as dispersed in an isotropic mixture of 60 vol.% methylethylke-

one (MEK) (Aldrich) and 40 vol.% ethanol (POCH). Three
eight percent of Hypermer KD1 (Imperial Chemical Indus-

ries PLC, UK) was used as a dispersant. The suspension was
ixed on the roller bench for 24 h. After drying the powders
ere crushed with a pestle and mortar, uniaxially cold pressed

nd finally cold isostatically pressed with 200 MPa. Heating
n air at 600 ◦C for 2 h was applied in order to remove the
esidual polymer dispersant. Green density attained the value
f 66%. The pressed tablets were contained within a pow-
er bed of Si3N4/BN powder within a BN crucible with a
id. Sintering was carried out in a graphite furnace (Thermal
echnology) in flowing nitrogen at temperature of 1600 ◦C for
0 min. The size and mass of the specimens were controlled.
he density was determined by the Archimedes technique in
istilled water. XRD studies were performed on the polished
ross section of the tablets and Rietveld refinement method
as used for calculation of the phases present. To examine the

urfaces, investigations were performed by LEO Evo-40 VPX
canning electron microscope (SEM). For SEM examinations,
he samples were coated with a gold thin layer to avoid charging
ffects.

Hardness measurements of SiAlON ceramic were performed
ith a dynamic ultra-microhardness tester (Shimadzu, DUH-
201S), having a maximum penetration depth 10 �m and an

ndenter shift resolution of 1 nm, at room temperature. A load
ell and displacement-voltage dilatometer (LVDT) was used to
ontrol the applied load and to measure the penetration depth of

ndenter. For an easier interpretation of mechanical behavior
t various depths, the maximum load was changed at regu-
ar intervals; 200–1800 mN under a loading/unloading rate of
.4130 mN/s. For a particular load at least five indentation tests

a
r

E

Fig. 2. (a) SEM image of SiALON ceramic before the indentation test a
eramic Society 28 (2008) 1235–1242 1237

ere conducted on the sample surface to increase the reliability
f experimental results.

. Results and discussion

.1. Characterization of the resultant SiAlON-based
eramic

The resultant ceramic was a porous material (porosity,
9.9 vol.%; density, 2.47 g cm−3). The final phase composition
onsisted of 39.4 wt.% of �-Si3N4, 45.4 wt.% of �-SiAlON with
= 0.8 and 15.2 wt.% of O’-SiAlON. Lack of eutectic liquid
hase during sintering at 1600 ◦C effected in an incomplete
onversion of �-Si3N4 to �-SiAlON solid solution. Presence of
’-SiAlON and a slight mass increase (0.2 wt.%) after densifica-

ion showed a limited oxidation of the activated powders during
eaction sintering. SEM micrographs of SiALON ceramic have
een shown before (Fig. 2a) and after (Fig. 2b) the indenta-
ion tests. It was observed that the microstructure of the samples
eveals nearly homogenous porosity distribution. Moreover, any
dditional cracks on the sample surface were not detected after
he tests.

.2. Loading–unloading data analysis

The loading–unloading curves with increasing loads of the
iAlON ceramic are given in Fig. 3. It is clearly seen that

he sample exhibits elastoplastic behavior at room tempera-
ure. However, this characteristic cannot completely indicate
hether the specimen has brittle or ductile properties. In the
ean time, loading curves under different peak loads can be

ccurately fitted by one curve due to their overlapping char-
cters. The unloading curves show the similar behavior if
hey are shifted according to their final depths. Therefore, it
an be suggested that the SiAlON sample has similar elastic

nd plastic deformation mechanism for our experimental load
ange.

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

nd (b) SEM image of SiALON ceramic after the indentation test.
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Fig. 3. Peak indentation test load–penetration depth curve of SiAlON sample at
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The Hd dependence of the experimental data at peak inden-
oom temperature.

ardness data obtained from the examined material is shown
n Fig. 4. The dynamic hardness values decrease with increas-
ng peak indentation test load. The apparent Hd is a function
f the applied load at low peak indentation test loads, where
here is no constant value for the hardness (HLD; load-dependent
ardness). At high-peak indentation test loads, the hardness is
onstant with respect to the indentation test load and a single,
ell-defined hardness value exists (HLI; load-independent hard-
ess). HLI has also been referred to as the “true” hardness in some
f the literature. This behavior is called indentation size effect
ISE).16,17

The ISE has been examined extensively for different kind of
aterials. In order to describe the ISE behavior of materials,

everal relationships between the applied peak indentation test
oad, Pmax, and the contact depth, hc, have been proposed.18–21

elow some selected models are first described and then applied
o analyze the experimental dynamic hardness data on porous

iAlON ceramic.

ig. 4. Variation of the dynamic hardness with the peak indentation test load.
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w
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.3. Meyer’s law and present data

The simplest way for describing the ISE is Meyer’s law22,23

hich uses correlation technique between the peak indentation
est load and the contact depth using a simple power law (Eq.
7)),

max = Ahn
c (7)

here A and n are constants derived directly from curve fitting
f the experimental data. Especially, the exponent n, sometimes
eferred to the Meyer index, is usually considered as a mea-
ure of ISE. For the normal ISE behavior, the exponent is n < 2.

hen n > 2, there is the reverse ISE behavior. Compared to the
efinition of the apparent hardness (Eq. (7)), no ISE would be
bserved for n = 2. If hardness is load-independent (n = 2) mod-
fied Meyer’s law called Kick’s Law24,20,21 given in Eq. (8) is
sed:

max = A0h
2
c (8)

According to the Meyer law, the indentation data for the mate-
ial examined in the present study was plotted in Fig. 5. The data
howed linear relationship, implying that the traditional Meyer’s
aw was suitable for describing the indentation data. The best-fit
alues of the parameters A and n were 0.048, 0.541, respec-
ively, in terms of linear regression analyses. The calculated n
alue pointed out higher apparent dynamic hardness values at
ower loads, due to the presence of an ISE. It is generally argued
hat the exponent n characterizes the hardening characteristic of
material. The lower value of n, the more difficult it is to deform

t. However, up to now neither the physical meaning of the Meyer
ndex n has been understood nor the physical explanation of the
nterdependence between n and A has been given.20

.4. Hays–Kendall approach and present data
ation test load can be explained by Hays–Kendall approach,25

hich is a modified Kick’s law.24 Kick’s law, Eq. (8), can be

Fig. 5. Plot of ln Pmax vs. ln hc according to the Meyer’s law.
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ewritten as follow:

n [Pmax] = ln A0 + nln [hc] (9)

here A0 is the standard hardness constant and n is the Meyer’s
ndex (or work-hardening coefficient) which is proposed to be
qual to 2. Non-application of Kick’s law is reflected by the
bservation that the slope of the graph of ln[Pmax] versus ln[hc]
oes not come out to be 2 but is, in fact, less than 2 (n = 0.541).
ays and Kendall’s law explains this discrepancy by assuming

he following equation:

effective = Pmax − W = A1h
2
c (10)

here W is the sample resistance pressure (or Newtonian resul-
ant pressure) and represents the minimum load that causes an
ndentation, A1 is a constant, and n = 2 is the logarithmic index.
Pmax − W) is an effective indentation load. Replacing Pmax in
q. (4) by (Pmax − W), one gets an equation to calculate the

oad-independent (or true) hardness as follows:

HK = 0.0378
(Pmax − W)

h2
c

= 0.0378 C1 (11)

rom Eq. (10) a plot of Pmax versus h2
c would yield a straight line

here W and C1 parameters can easily be calculated from the
ntersection of the curve, respectively. Such a plot for SiAlON
eramic is shown in Fig. 6. The correlation coefficient for the
ample, r2, is 0.999, implying that Eq. (10) provides a satis-
actory description of the indentation data for the examined test
aterials. Calculated load-independent hardness value using the
ays–Kendall model, HHK, is 0.163 MPa
On the other hand, Quinn and Quinn26 have recently exam-

ned the variation of Vickers microhardness with indentation
oad for a variety of ceramic materials. They observed that such
ardness–load curve exhibited distinct transition to a plateau
f constant hardness and claimed that such curve corresponded

o the intrinsic hardness value of the materials. In the present
tudy, Fig. 4 shows the transition point (about 1200 mN) and
orresponding intrinsic hardness is about 9 GPa. On the light of
uinn and Quinn26 approximation, the load-independent hard-

Fig. 6. Plot of Pmax vs. h2
c according to the Hays–Kendall model.

n
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i
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ess value calculated by Hays–Kendall model is far from the
ntrinsic hardness value for SiAlON sample. Therefore, it may
e concluded that the Hays–Kendall model may also be insuffi-
ient to explain the ISE behavior of the present porous SiAlON
ample.

.5. Proportional specimen resistance (PSR) model and
resent data

Proportional specimen resistance (PSR) model is proposed
y Li et al.27 In this model, the peak indentation test load, Pmax,
nd the contact depth, hc, are found to follow the relationship:

max = a1hc + a2h
2
c (12)

here the parameters a1 and a2 are constants for a given material.
ccording to the analysis by Li and Bradt, the parameters a1 and

2 can be related to the elastic and the plastic properties of the test
aterial, respectively. Especially, a2 is suggested to be a measure

f the so called “true hardness; HPSR”. For the indentation test
ith a Vickers indenter, HPSR can be determined directly from

2 with:

PSR = Pmax − a1hc

26.43h2
c

= a2

26.43
(13)

n the other hand, Eq. (12) can be rearranged as Eq. (14) to
etermine both a1 and a2 from the plot of Pmax/hc against hc:

Pmax

hc
= a1 + a2hc (14)

According to the Eq. (14), a plot of Pmax/hc versus hc should
ield a straight line, theoretically. Fig. 7 shows such a plot where
he a1 and a2 parameters can easily be calculated from the inter-
ection point and slope of the curve, respectively. The best-fit a1
nd a2 parameters and the corresponding load-independent hard-

ess values, HPSR, are −0.242 mN/�m, 4.620 × 10−3 mN/�m2,
nd 0.175 MPa, respectively. Load-independent hardness value
s far from the intrinsic hardness value for the SiAlON sample.
herefore, the PSR model may also be insufficient to explain

Fig. 7. Plot of Pmax/hc vs. hc according to the PSR model.
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of the contact depth at peak load, hc, obviously, a good linearity
exist between these two quantities for the examined material.
240 O. Sahin et al. / Journal of the Europe

he ISE behavior of the present SiAlON sample, same as the
ays–Kendall model.

.6. Modified proportional specimen resistance (MPSR)
odel and present data

Recently, Modified PSR model has been proposed by Gong
t al.18 to investigate the ISE behavior in various materials. The
odel is given by Eq. (15):

max = a0 + a1hc + a2h
2
c (15)

here a0 is a constant related to the surface residual stresses
ssociated with the surface machining and polishing and a1 and
2 are the same parameters as given in Eq. (12).

Similar to the PSR model, HMPSR can be determined directly
rom a2 with:

MPSR = Pmax − a0 − a1hc

26.43h2
c

= a2

26.43
(16)

The values of a0, a1, and a2 parameters may be determined
y plotting the experimental P(h) data as Pmax versus hc plot.
ypical example of the plot of Pmax versus hc with r2 = 0.999

s shown in Fig. 8. The estimated best-fit values of a0, a1, a2
nd HMPSR values are 5.533 × 101 mN, −2.109 × 101 mN/�m,
.376 × 102 mN/�m2, and 8.981 GPa, respectively. The HMPSR
alue is closer to the plateau value compared with the results of
he other models. Therefore, the MPSR model, calculation of
he HLI value, seems to be more reasonable than the others.

The response of materials to indentation is determined by
heir fundamental mechanical properties, and therefore the
otential exists to extract certain basic mechanical properties
rom hardness tests. For example, both the hardness test and
he tensile test measure the resistance of a metal to plastic flow,
nd the results of these tests may closely parallel each other.

he hardness test is preferred because it is simple, easy, and rel-
tively nondestructive. The possibility of determination of the
ield strength or the tensile strength from a simple hardness
easurement is very appealing. The yield strength σy can be

Fig. 8. Plot of Pmax vs. hc according to the MPSR model.

T
a

F
l

eramic Society 28 (2008) 1235–1242

alculated from the load-independent hardness value.28

y =
(

HLI

2.9

)
[1 − (n − 2)]

{
12.5

n − 2

1 − (n − 2)

}n−2

,

for Meyer’s index n > 2 (17)

If n ≤ 2, then this equation can be reduced to
y = HMPSR/3.29,16 In the present case, i.e., n is not greater than
, the equation σy = HMPSR/3 can be applied. σy is found as
.993 GPa for the examined SiAlON sample.

On the other hand, reduced elastic modulus, Er, is obtained
rom the analysis of the unloading curves using the Oliver and
harr method as mentioned previously. Eq. (6) can be rearranged
s follow:

= dP

dh
= 2√

π
Er

√
26.43hc (18)

Eq. (18) is the basic equation for determination of reduced
lastic modulus by DSI technique. The key quantities are the
nitial unloading contact stiffness, S = dP/dh (i.e., the slope of
he initial portion of the unloading curve) and the real contact
epth, hc in order to determine Er. Using the experimentally
etermined S and hc, the reduced elastic modulus by indentation
as calculated and the results are shown in Fig. 9. It is found

hat the extracted reduced elastic modulus also exhibits a strong
eak-load dependency. Therefore, it is concluded that reduced
lastic modulus cannot be extracted from the peak indentation
est load–penetration depth curve in terms of only one peak
oad.

As seen from Eq. (18), there is a linear relationship between
nitial unloading stiffness, S, and the contact depth at peak load,
c. Hence, the reduced elastic modulus can be obtained directly
rom the slope of the best-fit lines for the SiAlON ceramic. In
ig. 10, the experimentally determined S is plotted as a function
he correlation coefficients obtained from the linear regression
nalysis is 0.997.

ig. 9. Elastic modulus extracted from the analysis of the peak indentation test
oad penetration depth curves as a function of the peak loads for SiAlON sample.
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ig. 10. Variation of the initial unloading stiffness with the contact depth at peak
oad for SiAlON ceramic.

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

. Conclusion

Depth-sensing indentation technique has been used to
easure the mechanical properties of porous SiAlON-based

eramic. The dynamic hardness and reduced elastic modulus
f the sample was calculated by analyzing the unloading seg-
ents of the peak indentation test load–penetration depth curves

sing the widely adopted Oliver and Pharr method. The results
an be summarized as follows:

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

. The variation of Hd follows the normal ISE trend, i.e., a
decrease in Hd with an increase load in the low-load region
beyond where becomes relatively constant. This type of vari-
ation in Hd 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.

. Calculated load-independent hardness values of HHK (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 SiAlON sample.

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

. The load-independent reduced elastic modulus, Er, 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

1

eramic Society 28 (2008) 1235–1242 1241

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