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Abstract

The standard for advanced technical ceramics ENV 843-4 of 1995 (Vickers, Knoop and Rockwell superficial hardness tests) was

validated within the framework of the CERANORM EC-project. The paper reports on depth sensing hardness measurements done
for comparison with the other hardness tests. The instrumented indentation test is a modern technique (recent issue ISO/DIS 14577)
that has the potential to take into account the specific response of materials in a much better way. An evaluation has been made to
establish whether the instrumented hardness technique is a appropriate method for advanced technical ceramics and offers potential

for additional applications. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cracking and chipping in the test piece during hardness
testing on ceramics are the principal contributions to
the high uncertainty in measurement. The instrumented
indention test allows an extension to the traditional
hardness testing by recording the force and the inden-
tation displacement during the indentation process. The
recording option of instrumented indentation tests
evokes the question if more reliable results can be
achieved?

2. Method and analysis

In the instrumented indentation test a pyramidal body
[e.g. Vickers pyramid (V) or a Knoop1 pyramid (K)] is
driven into the test piece while indentation force F and
penetration depth h are recorded simultaneously.1,2

Concerning the test pieces, the deformation under load
is the sum of the vertical deformation at which indenter
contact is made (plastic deformation) and the elastic
deformation of the surface at the perimeter of the contact.

A penetration depth hmax can be registered at a peak
load Fmax.. Upon unloading, the elastic deformation
recovers and a residual hardness impression is left after
removing the indenter. The load versus indentation data
plot can be subsequently analysed in the following way.
The loading part of the indentation curve characterises
the hardness as originally defined by Martens3 (hardness
is the resistance of the material against the penetration by a
harder material). A universal hardness1 can be calculated
from the maximum force, Fmax, and maximum penetration
depth, hmax. This type of hardness is named Martens
hardness in the new standard ISO/DIS 145772).

HMðVÞ ¼
Fmax

26:43 h2max

;HMðKÞ ¼
Fmax

65:38 h2max

ð1Þ

A Martens hardness based on the slope of the square-
root-force against displacement curve can be estimated
as follows.1

HMs ¼

d
ffiffiffi
F

p

dh

� �2

26:43
ð2Þ

A plastic hardness value (indentation hardness) has
been defined by means of Eqs. (3) and (4).4 The plastic
deformation can be calculated from the separation of
the elastic deformation from the total recorded defor-
mation by using the initial unloading slope S [Eq. (3)] or
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from the elastic modulus Es of the specimen andEd of
the indenter, respectively [Eq. (4)].

HVM ¼
Fmax

26:43 hmax � 0:64
Fmax

S

� �2
;

HKM ¼
Fmax

65:38 hmax � 0:64
Fmax

S

� �2

ð3Þ

HVM ¼
4HMs Vð Þ

1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 12HMs Vð Þ

1��2s
Es

þ
1��2

d

Ed

� �r� �2
ð4Þ

S ¼
dF

dh

� �
F¼Fmax

ð5Þ

Ed=1000 GPa and �=0.3 are the elastic constants of
the diamond indenter. The slope S originates from the
elastic recovery of the deformed material and can be
estimated from the unloading curve at the peak load
Fmax. The measured slope, S, increases with rising
Young’s modulus of the material and can be used for
calculating the indentation modulus EIT

4 as an approx-
imation to the Young’s modulus.

EIT ¼ 1� �2s
� � 5:66 hmax � 0:64

Fmax

S

� �

S
�
1� �2d

Ed

0
BB@

1
CCA

�1

ð6Þ

All hardness parameters introduced by the Eqs. (1)–
(6) have been calculated for each indentation experi-
ment in the framework of the test.
It should be noted that the factor 0.64 used in the Eqs.

(3), (4) and (6) slightly differ from the factors used in the
standards.1,2 The two standards do also not agree in
that factor5. However, the difference does not affect the
conclusions of this paper.

3. Hardness machines

Two machines have been used to cover a large range
of the penetration depth. The Fischerscope H100 (Helmut
Fischer GmbH Sindelfingen) allows measuring the
indenter displacement in relation to the specimen surface
with a resolution of 3 nm. The force is generated elec-
tromagnetically and increased stepwise incrementally up
to 1 N. The minimal increment of force is 0.02 mN.
Tests have been conducted at a data aquistion rate less
than 10 s�1 and a force rate of 50 mN s�1 after con-
tacting the surface.

The tests up to 10 N have been performed by the
HMO100R (Werkstoffprüfmaschinen Leipzig). The
machine increases the force continuously and is equipped
with a 100 N force transducer working with a resolution
of 5 mN. The depth sensing measurement is also related
to the specimen surface and a resolution of 5 nm . The
tests have been conducted at a data acquisition rate of 6
s�1 and a displacement rate at contact of 0.15 mm s�1.
Both machines allow measuring the indenter dis-

placement in relation to the specimen surface. There-
fore, the machine compliance does not affect the
displacement measurement.

4. Materials

A broad variety of ceramics was accessible to the
instrumented indentation test because the EC-project
CERANORM was running at that time. The task 4 of
CERANORM mainly dealt with the traditional hardness
technique.6 The project aimed to validate the draft of
the CEN standard ENV 843 part 4 to provide in the
future more reliable hardness results on advanced ceramics.
Reference blocks as well as representative advanced
technical ceramics were used for a comprehensive hard-
ness test at 10 different laboratories from Belgium,
France, Germany, Italy, and UK.
Advanced ceramics have a very high hardness and a

tendency to cracking and chipping. The selection of the
indentation force is problematic because the balance
between sufficiently large indentations (the high hard-
ness of ceramics gives smaller indentations than in
metallic materials) and sufficiently little cracking cannot
be found in many cases. Instrumented indentation tests
have been evaluated as an alternative to the traditional
dead-weight Vickers and Knoop hardness, for ceramics
using a single set of materials to check if operator
uncertainties can be reduced.
The used materials listed in Table 1 are reference

blocks (A, C, D, G, J) and representative commercial
products (E, F, H, I, K, L, M). The Table 1 is grouped
according to the three widespread materials classes:
Silicon nitride, silicon carbide, and aluminium oxide.
Material A is a reference block for HK2 made of hot-

isostatically-pressed silicon nitride.7 The material has a
fully dense, very fine-grained, iniform microstructure.
Materials C and D are developed for the use as refer-
ence blocks with slightly different hardness. The pro-
cessing by gas-pressure sintering yields an isotropic
microstructure for an extented volume.8 The high quality
of reference materials is performed by liquid-phase sinter-
ing in the case of silicon nitride (material G).Material J is a
result of a certain processing for a product of twice
strength and enhanced hardness.8

In comparison to the reference blocks the indentation
response of commercial ceramics was investigated.
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Table 1 lists test pieces of high porosity of 13% (speci-
mens E), high hardness (including a strong tendency to
crack) of 2600 HV1 (specimens H), as well as material
with fine grain size and low porosity (material K) or
medium grain size and medium porosity (material L).
To generate a corresponding material with enhanced
grain size up to 8 mm material K was tempered at high
temperature (material M).
The preparation of specimens was mostly performed

by one laboratory to ensure a consistent surface quality.
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 0.005 mm.

5. Behaviour of ceramics

The distinctive features of ceramics, such as an
enhanced roughness of the surface due to open pores,
porosity in the volume, and multiple phases with differ-
ent hardnesses, makes hardness measurement more
complicated. The penetration of the indenter is addi-
tionally influenced by cracking during loading and/or
unloading, which occurs more readily at higher forces.
However, there are ceramic materials which show near
ideal indentation behaviour. A straight line in the
square root of the force against displacement plot can
be observed according to the rule of geometric similarity
in Fig. 1. Each of the ten curves obtained from mea-
surements of hardness reference blocks made of a fully
dense fine grained silicon nitride (material A, see
Table 1) shows a straight line. They were plotted inde-
pendently of the initial diamond contact point and clo-
sely overlap each other. Deviations from the straight

line are observed only near the contact point for the
silicon nitride-based Syalon (material F, see Table 1),
this material containing approximately 13% by volume
of fine pores. This effect appears to be caused by the
surface roughness including pores at the surface.
By comparison, Fig. 2 shows indentation curves up to

10 N for blocks made from an other type of silicon
nitride, the porous reaction-bonded form (material E).
Each curve in Fig. 2 is distinctly influenced by the local
microstructure where indentation has taken place. The
scatter of the slope, as well as the position of the differ-
ent curves is much bigger than in the denser finer-
grained, more homogeneous material. The presence of
pores and cracking affect the shape of the indentation
such that the usual analysis procedure seems inap-
propriate to get reasonable results.

6. Results on commercial ceramics of Si3N4, SiC, and

Al2O3

Figs. 3–5 illustrate the normalized hardness results
gained from the instrumented indentation tests on dif-
ferent advanced ceramics. All instrumented hardness
values have been calculated according to Eqs. (1)–(5)
and subsequently normalized by the traditional Vickers

Table 1

Code, trade name and traditional hardness of the materials used in

this study

Code Source/material code Type HV1a HK2b

A NIST/SRM 2830 HPSN 1580 1430

C IKTS GPSN 1470 1350

D IKTS GPSN 1480 1380

E Tenmat/Nitrasil R RBSN 1020 940

F Lucas-Cookson/Syalon 201 SiAlON 1600 1410

G IKTS LPS-SiC 2560 1960

H CERAMTEC/CD SiC 2650 1720

I CERAMTEC/RK Al2O3 1890 1610

J IKTS Al2O3 2120 1730

K Morgan Matroc/VITOX (white) Al2O3 1990 1710

L Morgan Matroc/SINTOX FA Al2O3 1530

M Morgan Matroc/VITOX

(white)+tempered

Al2O3 1800 1570

a HV1—Vickers hardness at 9.81 N.
b HK2—Knoop hardness at 19.62 N.

Fig. 1. Ideal indentation behaviour of hardness reference blocks (spe-

cimen A). A small deviation near the contact point can only be

observed in the case of Syalon (material F).

Fig. 2. Stochastic indentation behaviour of Nitrasil R (RBSN, mate-

rial E).
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hardness HV1. The black part on the top of each bar
stands for the one-sided standard deviation of the indi-
vidually performed test series. Additionally, the coeffi-
cient of variation, COV, has been calculated. COV is the
ratio of standard deviation to the normalized hardness,
expressed as a percentage. The results on silicon nitride
are shown in Fig. 3. With exception of one case, the
COVs of the instrumented indentations exceed the value
achieved by the traditional techniques. The ranking
between the hardness parameters does not change in the
case of the fully dense reference materials (materials A,
C and D) unlike for the commercial engineering ceramics
(materials E and F). The calculated ‘‘plastic’’ hardness
HVM (the third bar in each group) corresponds to the
conventional Vickers hardness (first bar of each group)
only for specimens qualified for reference materials (A,
C, D). The two hardness values become significantly
different from each other for commercial engineering
materials with higher inherent porosity (E, F). The COV

of the HV and HVM are so high that their correspon-
dence can no longer be confirmed. Although HV equals
in some cases HVM within the error bars, the porosity
produces the higher standard deviation of the HVM
value in the same manner as for samples with high surface
roughness. Because the cracking is influenced sensitively

Fig. 3. Comparison of the three hardness numbers 1—HV, 2—

HM(V), 3—HVM (white bars, Vickers indenter) and the three hard-

ness numbers 4—HK, 5—HM(K), 6—HKM (gray bars, Knoop

indenter) for Silicon nitride. The indentation force is 9.81 N. All

hardness numbers have been normalized by the traditional Vickers

hardness HV1. The black part on the top of the bar is the one-sided

standard deviation of the individual test.

Fig. 4. Comparison of the three hardness numbers for silicon carbide.

See Fig. 3 for further description.

Fig. 5. Comparison of the three hardness numbers for aluminium

oxide. See Fig. 3 for further description.

Fig. 6. Force dependence of the traditional hardness HV and the

plastic hardness HVM for the material M. The standard deviations are

indicated by error bars.

Table 2

Comparison of the Young’s moduli (indentation moduli) determined

from Eq. (4), loading curve, and from Eq. (6), unloading curve

Material HV1a HMs10
b Efit after

Eq. (4)

(GPa)

EIT after

Eq. (6)

(GPa)

J 1580 2%c 14000 2% 350 410 8%

K 1990 4% 9500 19% 150 310 11%

M 1800 4% 8900 28% 140 400 29%

a HV1 is the Vickers hardness (in kp mm�2) at 1 kg [6].
b HMs10 is the Martens hardness (in N mm�2) for the range from

5 to 10 N.
c The values in % are the corresponding coefficients of variation

(COV).
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by the geometry of the indenter, the response of Knoop
hardness is different from that of Vickers hardness.
Similar results were found for SiC (Fig. 4). The HM

values of silicon carbides have higher COV’s than those
of silicon nitrides. Nevertheless, although an increasing
standard deviation of HM can be observed, the plastic
hardness approximately equals the traditional hardness
for the reference quality specimen (G). The difference
between HVM and HV becomes even more visible in
material H than in material F. This result points to the
fact that non-elastic surface deformation outside the
indenter contact has occurred (see Section 7).
The last group of materials is Al2O3, and the results

are shown in Fig. 5. The response is no different to the
other material types. The reference type specimen J
yields results with relatively small scatter. HVM and
HV are equivalent quite well. With increasing grain size
and porosity the scatter is rising and the elastic response

becomes confusing (see Section 7). Again, the results of
Knoop hardness differ from those of Vickers hardness.

7. Effects of force and cracking

Access to information about the force dependence of
the hardness is a benefit of the depth sensing hardness
experiment. The force dependence of the plastic hardness
HVM calculated from the Martens hardness HMs

according to Eq. (4) is compared with the force depen-
dence of the traditional hardness HV for the material M
in Fig. 6 (HV from6). The force dependence of HVM is
more pronounced than in the case of the traditional
hardness. It is based on rising additional displacement
caused by the compliance of the indenter shaft or by the
changed elastic response of the material. Because the
compliance of the indenter shaft is only about 0.02 mm

Fig. 7. Vickers indentation at 9.81 N (above) and 29.43 N (below) on specimen K (aluminium oxide with smaller grain size, left) and M (aluminium

oxide with enhanced grain size, right).
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N�1 the rising elasticity of the material seems to influ-
ence the Martens hardness. In fact, the agreement
between HVM and HV at 0.1 N in Fig. 6 could only be
satisfied by employing a fitting value, Efit=240 GPa,
rather than the value of Es=400 GPa measured by the
traditional technique. However, there is a contradiction
to the indentation modulus, EIT=400 GPa, determined
from the initial unloading slope of the same indentation
test on material M (Table 2). Enhanced cracking is the
explanation for this contradiction (Fig. 7).
Fig. 7 shows the impressions generated by the Vickers

indenter at 9.81 and 29.43 N into specimen K (alumi-
nium oxide with smaller grain size) and M (aluminium
oxide with enhanced grain size). The photographs indi-
cate cracking of the microstructure in the surroundings
near the residual indent. This observation is more pro-
nounced on specimen M than for specimen K.
The elastic parameters fitted by the comparison

between HV1 and HMs10 (named Efit) or determined
from the initial unloading slope (EIT) of ten indentation
runs are gathered in Table 2 for the aluminium oxide
ceramics J, K, and M. While the indentation test on
material J with the quality of reference block (dense,
non-porous ceramic material) gives corresponding
values of Efit and EIT differences can be seen for the
commercial aluminium oxide ceramics K and M. As
shown in Fig. 7 the cracking of the coarse grain material
M is extended in the region outside the impression. This
region determines the elastic portion of Martens hard-
ness. During the force application the additional dis-
placement (originally assumed to be elastic) is increased
by cracking of the microstructure near the residual
indent as documented in Fig. 7. During the following
force removal the elastic robound of the material is less
than expected because the microstructure is disturbed.
Therefore, EIT does not decrease while Efit decreases

from material K to M (Table 2). Because cracking is a
stochastic event the scatter is increased in the order J, K,
and M.
This result could also be confirmed for the materials

H and I. The contribution of non-elastic deformation
due to the indentation clearly increases with enhanced
force in relation to the plastic part quantified as the
visible residual indentation. In contradiction to the
loading curve, the measured initial slope of unloading
curve, S, is higher than the expected value

8. Discussion and conclusion

The instrumented hardness test did not reliable match
the traditionally estimated hardness in contrast to initial
expectations. To summarise the reasons for the different
results, contributions to the overall uncertainty have
been considered and sketched schematically in Fig. 8.
The left side of the scheme shows the contributions to
uncertainty in the traditional hardness test. The uncer-
tainty in the length measurement performed by human
observer has been considered to be particularly impor-
tant in the traditional technique. On the right side of
Fig. 8 are grouped the contributions to uncertainty in
the instrumented hardness test. A higher total uncer-
tainty with this test could be observed even though it
eliminates the observer. The uncertainty of the hardness
appears to be mainly related to the stochastic response
of ceramic materials during surface deformation. The
stochastic surface response can result in different HM
value ranking, and increases the uncertainty to a level
that is greater than the uncertainty involved with tradi-
tional human observation. Surface deformation outside
the indenter can be considered to be inelastic due to
cracking for many typical ceramics. It affects the slope
of loading and unloading curve in a different way.
The instrumented hardness technique allows the eva-

luation of the elastic response in the micro-range after
indenting by using the initial slope of the unloading
curve. That is why depth-sensing hardness measure-
ments are more appropriate than traditional methods to
study the characteristic indentation response of ceramics.
However, this research has shown that it does not pre-
sently provide a technique for reducing the error levels
associated with visually derived measurements if chipping
and cracking can occur during the indentation test.
Therefore, more work is needed to exploit effectively the
potential of the instrumented indentation test for
advanced ceramics.
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