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Abstract

In this work, microindentation tests under different conditions were performed to determine the influence of indentation load on

Young’s modulus and microhardness of ZrO2 reinforced with Al2O3 particles (ATZ) and Al2O3 reinforced with ZrO2 particles (ZTA).

Microhardness of ATZ and ZTA materials was measured using traditional Vickers and instrumented microhardness methods at 500,

1000, 1500 and 2000 mN loads. As for the instrumented method, Vickers microhardness was calculated from the force-indentation depth

curves by analyzing the unloading segments, according to the Oliver–Pharr method. In this way the possible differences between the two

methods were calculated. Furthermore, Young’s modulus at each load was calculated using the instrumental method.

The main differences between the two methods were analyzed, and the influence of the load on the definition of Young’s modulus in

the case of the instrumental method was studied. The results indicated an indentation load effect for both materials, as hardness and

Young’s modulus increase by decreasing the indentation load.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In previous years there was an increasing use for oxidic
materials within biomedical fields, especially in dentistry and
prosthetic, e.g. for load bearing and wear resistance applica-
tions. However the results have not always met the expecta-
tions because of their fragility, causing sometimes the
prosthesis failure. For example, Linkevicius et al. [1] have
shown how particular ceramic materials exhibit a tendency to
fracture when subjected to high compression conditions. For
this reason, the need for ceramics showing a good balance
between hardness and toughness has increased.

This balance can be achieved by using zirconia-based
ceramic, as the tetragonal form of zirconia has excellent
mechanical properties. However since the thermodynami-
cally stable form of pure zirconia is monoclinic at room
temperature, tetragonal zirconia is subjected to phase
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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transformation during cooling, causing an increase in
volume sufficient to cause a failure [2,3].
For this reason, pure zirconia is stabilized by oxides such

as Y2O3, which allows the maintenance of the tetragonal
structure at room temperature. In spite of the stabilization,
zirconia is subjected to aging in the presence of water [4]
which leads to the degradation of the surface.
A good compromise is to use the alumina–zirconia

composites as an alternative to pure zirconia. Two types
of ceramic composites can be prepared: the first consisting
of a matrix of ZrO2 reinforced with alumina particles,
called ATZ (developed for its excellent value hardness–
toughness), and the second consisting of a matrix of Al2O3

reinforced with particles of zirconium oxide, known as
ZTA (developed to substitute alumina ceramics in applica-
tions where a higher fracture resistance was required).
De Aza et al. [5] have shown that in both cases, the

fracture toughness of the ceramic material has increased
with respect to the monolithic form. Based on the impor-
tance of such composites, the study of their properties is
very important for a proper application. For this reason,
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an analysis of the methods to measure hardness and
Young’s modulus is needed.

The definition of hardness, as already known, is the
resistance of a material to permanent penetration by
another harder material. As for microhardness, the proce-
dure involves the application of a fixed load on a diamond
indenter and the measurement, with the help of a micro-
scope, of the size of the indentation on the material surface
after unloading, so that the elastic deformation of the
material is ignored.

In the past, the microhardness of a material was
evaluated by different methods, the most common of
which is the traditional Vickers. By this test the measured
microhardness depends on the test load and dwell times.
However, this method involves some uncertainties due to
the inaccuracy of the optical measurements and the
perception of the operator [6].

A further contribution to the uncertainty in the mea-
surement of microhardness on ceramics are cracking and
chipping of the samples. The characteristics of ceramic
materials, such as surface roughness due to the porosity in
the volume and to the presence of multiple phases with
different hardness, affect the shape of the indentation so
that the normal procedure of analysis can lead to some
uncertainty in the hardness values [7].

For these reasons, in recent years a more modern
approach has gained considerable interest, especially when
the optical evaluation is extremely difficult as in the case of
hard materials. This method, formerly known as the
universal microhardness test, is now called the Martens
test and it is suitable for testing the microhardness of most
hard materials [8]. In this case the microhardness value
comes from the indentation depth under working load and
it is therefore less affected by the material’s visco-elastic
and optical properties [9].

The Martens test, also called instrumented test, unlike
traditional tests, provides the ability to continuously
measure the indenter penetration under the applied load
during the test cycle. Martens hardness data is the one
indentation parameter which gives one number that char-
acterizes the material’s complex resistance to the total
elastic–plastic deformation. In this way it is possible to
measure the elastic and plastic deformation of materials
using the initial slope of the unloading curve. For this
reason, the so determined hardness is not equivalent to the
hardness previously defined as the resistance to the
permanent deformation.

Depth-sensing indentation method has become a very
useful technique for measuring Young’s moduli and hard-
ness of sintered ceramics and materials of small volume
[10].

Krell et al. [11] noted that the microhardness varies with
the indentation load in the case of alumina, where micro-
hardness generally presents an indentation size effect. This
effect is considered to be dependent on a variety of
phenomena, including work hardening during indentation
and the load at which plastic deformation begins [10].
Based on the growing interest in the use of ceramic
materials, the aim of this paper is to provide an assessment
of the influence, if any, of the indentation load on
microhardness and Young’s modulus of sintered ATZ
and ZTA ceramics using a microindentation technique at
small indentation loads (500–2000 mN).
In order to compare the values, the microhardness of the

samples was obtained by two methods, i.e. the traditional
Vickers and the instrumented one. In the last case, Vickers
hardness was calculated by the force-indentation depth
curves, recorded during Martens hardness measurements,
using the Oliver and Pharr method [12].
In both the cases, the geometry of the indenter is the

same but the testing process is different and when you have
to evaluate the surface properties of a material, one may be
more appropriate than the other.
According to the standards that govern the universal

and traditional microhardness test, the results must be
expressed in GPa, with regard to the instrumented hard-
ness, and in N/mm2, for optically determined hardness
values [11]. However, for an easier comparison of the
results, in this paper both will be expressed in GPa.

2. Experimental procedure

2.1. Samples preparation for the analysis

Two kinds of ceramic composites were considered:
�
 An yttria stabilized zirconia matrix reinforced with
alumina particles, alumina toughened zirconia (ATZ);

�
 an alumina matrix reinforced with zirconia particles,

zirconia toughened alumina (ZTA).

The overall production process of these ceramic materi-

als consists of the following steps:
�
 forming of a green specimen;

�
 sintering of the green sample.
The following raw powders ‘‘ready to press’’ were used:
�
 for ZTA the granulated powder was an alumina compo-
site (pure at 99.99%), with 84% in weight of alumina and
16% of zirconia, (Taimei Chemicals: Al2O3–16%ZrO2

Taimicron)

�
 for ATZ the powder was a composite of zirconia with

20% in weight of alumina (Tosoh Corporation: ZrO2–
20%Al2O3, TZ-3Y20AB).

In both cases, the zirconia powders contain 3 mol% of

yttria (�4 wt%), required to stabilize the tetragonal zirconia
during the sintering, and traces of other compounds.
Green samples were produced using the following pressing

procedure:
1.
 Uniaxial Pressing at low pressure, around 49 MPa; at
this step the powders were pressed in a stiff die, by
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means of a piston which applies the pressure only in one
axial direction;
2.
 afterwards, the samples were subjected to Cold Isostatic
Pressing (CIP) at a pressure of 245 MPa for 1–2 min; in
the CIP the pressure is applied through a fluid on a gum
mould filled up with the powder and is therefore
uniformly distributed in all the directions of the green
body to obtain uniform density distribution

The forming phase was carried out in moulds of proper

dimensions to obtain final green compacts of 33� 33 mm2,
thickness 11 mm with parallel surfaces as for ISO guide-
lines for Martens microhardness test [13]. The green
compacts have been then sintered. For the sintering
process, the following cycle was used: heating up to
700 1C with a ramp rate of 50 1C/h, permanence at
700 1C for 2 h; then a heating up at a rate of 100 1C/h
up to the final sintering temperature (1500 1C), perma-
nence at 1500 1C for 2 h. Table 1 shows the values of
resulting absolute density, relative density and average
grain size of Al2O3 and ZrO2 phases. For the evaluation of
average grain sizes, the samples were thermal etched and
analyzed by SEM. The linear intercept method was used
and 100 measurements were made by using SEM images,
by means of which it has managed to calculate a suffi-
ciently accurate average. Average grain sizes were deter-
mined using the following equation:

G¼ (�6.6457 log10 Lm)�3.298 where Lm is the mean
linear intercept [14].

Sintered specimens were then mirror polished using
different diamond suspensions and proper disks. Different
disks were used (using diamond pastes of 9, 3, and 1 mm
particle size) in order to progressively reduce the roughness
up to 0.025 mm, so that the sample surface was polished at
a roughness suitable for the analyses. At this step the
sample was ready for microhardness tests.

2.2. Roughness

In order to improve the accuracy of microhardness test
measurements, according to ISO 14577, the roughness of
the sample has to be below the limit of 5% of the
maximum penetration depth.

The average roughness (Ra) value was calculated using a
Form Talysurf 120 profilometer (IMAMOTER-CNR,
Turin, Italy) under the following conditions:
Cut off length¼0.8 mm
Cut off number¼3
Length of measurement¼2.4 mm
Table 1

Density and grain size of ATZ and ZTA.

Absolute density (g/cm3) Relative densit

ATZ 5.478 99.9

ZTA 4.183 100
The tests were performed within an air-conditioned labora-

The stylus type was conical, with a radius tip of 2 mm.

tory, where the temperature is kept at 20 1C. Twenty
measurements were made for each sample, randomly,
within an area whose sides were at a distance of 4 mm
from the edges of the specimen.
The surface preparation was considered appropriate when

the arithmetic mean roughness Ra was less than 0.08 mm. To
perform the high quality of reference blocks the arithmetic
mean roughness Ra was minimized down to 0.02 mm.
2.3. Martens and Vickers microhardness by depth-sensing

measurements

Martens microhardness was determined by a FISCHER-
SCOPE HM 2000 XYm (Fischer, NIS-University of Turin,
Turin, Italy) with the WIN-HCU software. It is a computer-
controlled measuring system for microhardness testing and
determination of material parameters according to the
standard ISO 14577 [13]. The main technical parameters of
this instrument are:
y (%
Operation control mode: Force
Test load range: 0.4–2000 mN
Load resolution: 4� 10�2 mN
Distance resolution: 0.1 nm
Martens microhardness test consists to force the vertex
of a diamond indenter into the surface of a sample and to
measure the indentation depth under a testing force
maintained for 20 s.
The indenter used has a pyramid shape, with a square

base (vertex angle equal to 1361). The test may be
conducted by controlling the test force or by controlling
the indentation depth h. In both cases the force and depth
are measured and recorded continuously, both during
increasing load as well as during decreasing test load.
The indenter displacement represents the sum of the

elastic displacement of the sample surface at the perimeter
of the contact and the plastic depth of the impression [9]. A
distance at least 100 times greater than the indentation
depth was kept between the edge of the sample and the
center of each indentation.
After the head touches the specimen, the approach speed

of the indenter until zero-point is r2 mm/s. For the
Fischerscope HM 2000 XYm, the zero point was auto-
matically detected during the indentation process by the
software belonging to the instrument.
) Average grain size (mm)

Al2O3�ZrO2-0.46970.174

Al2O3-0.88170.297 ZrO2-0.31770.103
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Before any test, calibration was performed onto an
acrylic plate to ensure that the results were within the
normal range of reproducibility.

The tests were carried out at loads of 500, 1000, 1500
and 2000 mN. Ten indentations for each load were made
to account for the scatter caused by residual porosity or
foreign particles. Each test was performed to give a cycle
with the same rates on loading and unloading, using the
following conditions:
�
 Peak load of 500 mN, loading rate of 25 mN s�1
�
 Peak load of 1000 mN, loading rate of 50 mN s�1
�
 Peak load of 1500 mN, loading rate of 75 mN s�1
�
 Peak load of 2000 mN, loading rate of 100 mN s�1
These loading rates allow reaching the final peak within
20 s. A dwell time of 5 s at maximum load was used to
check for residual creep.

The Martens microhardness was measured automati-
cally by the software as test force F divided by the surface
area of the indenter A(h) penetrating beyond the zero-
point (point of the first contact of the indenter with the
test-piece surface) and expressed as N/mm2:

HM ¼
F

AðhÞ

Oliver et al. [12] showed that the A(h) is determined
from the so-called area function of the indenter tip,
A(h)¼ f(hc) where hc is the contact depth, i.e. the distance,
measured along the indenter axis, of the indenter in
contact with the sample. The indentation depth hc is
related to the maximum indentation depth, hmax, by the
equation:hc ¼ hmax�e Fmax=S

� �
, where e is a constant

depending on the geometry of the indenter and S is the
contact stiffness, defined as an increment in load divided
by the resulting increment in displacement in the absence
of plastic deformation.

The unloading curve fit is analytically differentiated to
determine the slope at maximum load:

S¼
dF

dh
at F ¼ Fmax

After determining the depth of contact you can obtain
the contact area by the geometry of the pyramid:

AðhÞ ¼
4 sin a=2
cos2a=2

h2
c

where a is the angle between opposite faces of vertex of the
pyramid.

For a perfect Vickers indenter the contact area A(h) can
be calculated as follows:

AðhÞ ¼ 26:43h2
c

The test result is a force/indentation depth curve. Since
this curve includes both the elastic and plastic response of
the tested material, it can be used to derive a number of
parameters that describe the behavior of the material.
The force–depth indentation (P–h) curves generated by the
Martens tests were used to determine Vickers hardness values
using the method introduced by Oliver and Pharr [12]. The
plastic deformation can be calculated from the separation of
the elastic deformation from the total recorded deformation
by using the initial unloading slope S:

HVL2D ¼
Fmax

26:43ðhmax�eFmax=SÞ2

where e¼0.75, F¼m(h�h0)
n and S¼nm(hmax�h0)

n�1.
The coefficients m and n are the fitting coefficients for the
unloading curve, n is the power of the curve and m is
the power law prefactor. The HVL�D values obtained by this
method were compared with traditional Vickers values and
any differences were statistically evaluated.

2.4. Traditional Vickers microhardness

Microhardness measured by traditional Vickers method
depends on the test load and dwell times. By this method
the microhardness is evaluated only after the removal of
the applied load by optical measurements of the diagonals
of the residual indent.
Although diamond indenter shows a very high elasticity

modulus and hardness, its elastic deformation during
penetration can be substantial, based on the mechanical
properties of the material. Bouzakis et al. [15] have shown
the influence of the deviations induced by the indenter
deformation according to the mechanical properties of the
sample.
Vickers microhardness is expressed as a function of the

applied load F and the diagonal of the indent d according
to the following expressions:

HV ¼ 1854:4
F

d2

where HV is the Vickers Hardness (in GPa) with F in
Newton and d in micrometer. The constant value 1854.4
arises from the calculation of the contact area.
The traditional Vickers hardness tests were carried out

using a Durimet microhardness tester (IMAMOTER-
CNR, Turin, Italy) under 500, 1000, 1500, 2000 mN loads
and the indent diagonals were measured using a scanning
electron microscope (SEM, 2i3T University of Turin,
Turin, Italy). Ten indentations were made for each load
with dwell time of 20 s: eight at a distance of 5 mm
between the center of each indentation and the edge of
the specimen and two in the center of the specimen at a
distance of 11 mm from the center of the other
indentations.

2.5. Young’s modulus

The slope S originated from the elastic recovery of the
deformed material can be estimated from the unloading
curve at the peak load Fmax. The measured slope increases
by rising Young’s modulus of the material and can be used
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for calculating the indentation modulus as an approxima-
tion to the Young’s modulus. Krell et al. [16] showed that
the measurement of the slope of the tangent to the upper
part of the unloading curve is often difficult to be
determined, inducing some errors in the evaluation of
Young’s modulus. For this reason, Young’s modulus of
the specimens can be extracted according to the following
relation:

1

Er

¼
1�u2

E
þ

1�u2i
Ei

where Ei and ui are Young’s modulus and Poisson’s ratio
of the diamond indenter and E and u are the same
quantities for the specimens. The indenter properties used
for all calculations were Ei¼1141 GPa and ui¼0.07. This
approach allows to avoid the problems arising from the
difficulty in measuring the precise slope of the tangent of
the unloading curve.

Er is the reduced modulus, derived from the equation:

dF

dh
¼ b

2
ffiffiffi
p
p

ffiffiffiffi
A
p
� Er

where A is indenter area, dF is the load increment and
dh is the increment of the indentation depth in the range of
60–95% of maximum load for unloading curve. b is
a numerical factor whose value is 1.012 for a square
indenter [10].

3. Results and discussion

After the process of mirror polishing of the ceramic
samples, both materials show similar surface average
roughness, in the range of 0.0172–0.0177 mm with standard
deviation of 0.0019 for ATZ and 0.0030 for ZTA.
Fig. 1. SEM photograph of traditional Vickers impressio
As described previously, the penetration of the indenter
can be influenced by cracking or chipping during testing,
which occur more often at higher applied loads.
The presence of cracking can affect the shape of the

indentation so as to make the measurement procedure
inappropriate to obtain reasonable results. Ullner et all. [7]
has shown that on the depth-sensing testing not seen this
problem directly, but in case of chipping the indentation
depth refers to a wrong load bearing area. For this reason,
some preliminary instrumented tests were made at load of
2000 mN and the surfaces of both samples were subjected
to an optical check to verify the absence of such damage.
Figs. 1 and 2 show the indents generated by the Vickers

indenter at 2000 mN, onto ZTA and ATZ respectively.
Micrographies show the absence of cracking or chipping in
the surroundings of the residual indent.
Figs. 3 and 4 show typical load–depth curves at different

indentation loads for ATZ and ZTA respectively. An
overlapping of all the load–displacement curves can be
observed for both ceramics, indicating a high level of
reproducibility.
During unloading there is an elastic recovery of the area

around the indent and then the final depth is reduced
compared to one at the maximum indenter displacement.
The difference between the maximum depth of indentation
and the final depth of residual microhardness impressions,
as a function of the indentation load, is shown in Fig. 5 for
both materials. You can see how the depth of the indent
increased by increasing indentation load. Moreover, by
increasing materials microhardness, the indenter displace-
ment at maximum load is reduced. This is the reason why
ZTA shows a lower penetration than ATZ sample.
Fig. 6 shows the load/indentation depth as a function of

indentation depth for both specimens. The curve reveals
ns developed on surface of ZTA sample at 2000 mN.



Fig. 2. SEM photograph of traditional Vickers impressions developed on surface of ATZ sample at 2000 mN.

Fig. 3. Load-indentation depth curves of ATZ.
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that there is linear correlation between F/D and D in the
whole indentation range, indicating an indentation size
effect. In the past, a good linear relationship between load
indentation size and indentation size in the case of Vickers
indentation [10] has been observed, and the results
obtained in this study reflect this trend.

Unloading parts of the curves exhibit different slopes so
that several Young’s moduli were calculated (Tables 2 and 3)
as for instrumented (HM, HVL�D) and traditional (HV)
microhardnesses. It can be noticed that differences among
Young’s Moduli are limited for both ceramics.
The influence of the indentation load on Young’s
modulus is reported in Fig. 7. The ZTA and ATZ showed
values in the range of 348–339 and 266–260 GPa respec-
tively. Comparing these values with those reported in the
literature [17,18] there is a slight difference Young’s
modulus of ATZ and a big difference in that of the
ZTA. You can see that the values of Young’s modulus
show an apparently insignificant dependence on the inden-
tation load even if an apparent trend can be observed;
increasing applied load Young’s modulus tends to decrease
in limited extent. Such a decrease is related to the slope



Fig. 4. Load-indentation depth curves of ZTA.

Fig. 5. Elastic recovery as a function of indentation load.
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change of unloading segments of the curves. It has to be
underlined here that, due to the difficulties in determining
the slope with a high precision, the dependence on the
indent load cannot be stated.

As for Martens microhardness, the low standard devia-
tion observed indicate the reproducibility and accuracy of
this method, proving that it eliminates subjective errors
thanks to the possibility to measure the indentation depth
under dynamic loading conditions.

The Figs. 8 and 9 show the influence of microindenta-
tion load on the microhardness of ZTA and ATZ materials
respectively. Increasing indentation loads microhardness
for both materials decreases, though not excessively.
According to Krell et al. [19] an indentation size effect
can be observed. In fact, at lower indentation loads a
higher resistance to plastic deformation can be observed,
due to a reduction of the space available for the dislocation
movement.
The indentation size effect has been examined exten-

sively for microhardness testing of ceramic materials by
several authors [10], which have provided some explana-
tions for the such effect during microindentation, including
surface sinking-in or pile-up [20,21], and indenter tip
correction [22].
To explain the influence of microindentation load or

depth on microhardness, we must consider the relationship



Fig. 6. Relationship between load over indentation depth and indentation depth in the loading segments of the load depth curves of ZTA and ATZ.

Table 2

Microhardness and Young’s modulus for ZTA.

Load (mN) 500 1000 1500 2000 Average(500�2000 mN)

HM (GPa) 13.48 13.39 13.23 13.22 13.3570.13

HVL�D (GPa) 21.97 21.81 21.51 21.44 21.7170.26

HV (Gpa) 22.80 22.14 22.01 21.91 22.3570.44

EIT (Gpa) 348 344 340 339 34474.5

Table 3

Microhardness and Young’s modulus for ATZ.

Load (mN) 500 1000 1500 2000 Average(500–2000 mN)

HM (GPa) 10.73 10.68 10.65 10.57 10.6570.08

HVL�D (GPa) 17.10 17.04 16.99 16.81 16.9570.14

HV (GPa) 16.60 16.41 16.35 16.20 16.4070.20

EIT (GPa) 266 263 262 260 26372.5
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between load and indentation size, as it has been shown
that there is proportionality between the indentation size
and indentation depth at applied load. The load depen-
dence can also be expressed through the application of
power law:

F ¼A� dn

where F is the indentation load, d is the resulting indenta-
tion size, A and n are descriptive parameters derived from
the curve fitting of experimental results [10]. This equation
is sometimes referred to as Meyer’s law [23] and it is
known as the indentation size effect.

Analyzing the values of Vickers microhardness obtained
by the traditional method, shown in Tables 2 and 3, and
the influence of indentation load, reported in Figs. 8 and 9,
you can see that in both cases we note the presence of the
indentation size effect, although in the case of ATZ the
variation of microhardness is linear and less pronounced.
Observing the difference between the traditional and

instrumented methods at different indentation loads, a
relationship between the conventional and instrumented
Vickers microhardness can be observed. As generally to be
expected for proper measurements, the resulting HVL�D

data for both ceramics come close to the HV values with
only apparently insignificant deviations for both ATZ and
ZTA. This deviation may be attributable to the optical
perception of the operator during the measurement of the
diagonals.
The instrumented Vickers microhardness was lower in

comparison to the conventional Vickers microhardness for
ZTA at all indentation loads. An opposite trend was
observed in the case of ATZ. Indentation size effect in



Fig. 7. Young’s modulus as function of indentation load for ZTA and ATZ.

Fig. 8. Microhardness as a function of indentation load for ZTA.
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sintered ATZ and ZTA is very small with an increase of
the microhardness lower than 90 N/mm2 between 500 and
2000 mN of load, as to be expected regarding the narrow
range of maximum testing loads which differ by less than a
factor of 10 in the present investigation.
4. Conclusion

A study of the load influence on Young’s modulus and
microhardness of sintered ZTA and ATZ ceramics has
been conducted at low indentation loads by instrumented
Vickers microindentation experiments and the Vickers
traditional method. Young’s modulus and microhardness
were deduced by analyzing the unloading segments of the
microindentation load–depth curves using the Oliver–
Pharr method.
Both Young’s modulus and microhardness showed an

indentation load dependence. Load dependence of these
mechanical properties of ceramic samples may be attrib-
uted to the indentation size effect. The results indicated
that an indentation size effect also exists for microhardness
obtained by traditional Vickers microindentation. The
results of the present work confirm the previous experi-
ences with zirconia [10] and alumina [11].
Since instrumented microhardness technique allows the

evaluation of the elastic response after indenting by using
the initial slope of the unloading curve, such method
resulted more appropriate than traditional one to study
the indentation response of ceramics. However, it does not



Fig. 9. Microhardness as a function of indentation load for ATZ.
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currently provide a reduction of the error associated with
optically derived measurements if there are chipping and
cracking during the indentation test.

In summary, this fully automated test offers the advan-
tages of simple and rapid recording compared to optical
measurements of indent diagonal or diameter. Each
indentation takes less than two minutes and the HM is
calculated automatically using the instrument software.
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