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Abstract

Ultra-micro indentation using both pointed and
spherical tipped indenters has been used to char-
acterise mechanical properties of silicon nitride den-
sified by glass encapsulated hot isostatic pressing
(HIP). Young’s modulus and hardness have been
studied as a function of distance to the interface
between silicon nitride and the encapsulation glass.
The Young’s modulus values are 10 to 20% lower in
the close vicinity of the silicon nitride surface com-
pared to bulk values. At distances of 75 to 150
microns from the glass—silicon nitride interface, bulk
values are measured. The differences in hardness
values between the region close to the surface and the
bulk is less pronounced. A possible explanation for
these gradients is formation of new phases at the
surface of the silicon nitride. Routines for the cali-
bration of both the pointed and spherical tipped
indenters are presented. © 1998 Elsevier Science
Limited. All rights reserved

1 Introduction

Since structural ceramics in general have high
hardness, are wear resistant and can withstand
high temperatures they are not easily machined.
This implies that high costs are involved in
machining of structural ceramics after densifica-
tion. To minimise or, even better, eliminate the
need for machining of dense ceramics several
issues have to be taken into consideration. One
elementary demand is to be able to densify a pow-
der body of desired component shape. When this is
possible the shrinkage during densification has to
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be controlled. It has to be reproducible and pre-
dictable. The shape stability during processing,
from green body to dense ceramic, is also essential.
The glass encapsulated HIP process has a strong
potential to meet these demands. Dense compo-
nents of complicated shape can be produced.! With
minimised or eliminated machining of the densified
component, the quality of the surface region and
the ‘as-received’ surface are of primary importance.
The surface is often the part of the component
exhibiting the highest stresses and subjected to the
most severe environment. The focus of the pre-
sent study is the evaluation of possible gradients
in the mechanical properties as a function of dis-
tance to the ‘as-HIPed’ surface. The ultra-micro
indentation technique was chosen for this investi-
gation since it provides a method suitable for eval-
uating gradients in mechanical properties over
rather short distances.

A model system of ceramic and encapsulation
glass was chosen. The model system contained
silicon nitride, one of the more important struc-
tural ceramics, and borosilicate glass which is
known to be used as encapsulation glass for silicon
nitride. To the silicon nitride has been added 3 w/o
of yttrium oxide as a sintering aid. Since the
encapsulating glass is in intimate contact with the
surface of the ceramic component it might have an
influence on the resulting surface properties.
Therefore, three different compositions of the bor-
osilicate glasses were used to determine the influ-
ence of glass properties without introducing new
elements into the system. A more thorough
description of the model system used is given in
Ref. 2.

In the HIP process the charge is heated at ambi-
ent pressure to a temperature at which the glass is
soft enough for pressure application. After pres-
sure is applied, the heating is continued with sub-
sequently increasing pressure until the peak
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temperature and pressure is reached. The present
study examines the mechanical properties of sam-
ples after a complete densification cycle.

Micro indentation is a technique for evaluation
of material behaviour under stress with only a
limited amount of material involved in the mea-
surements. A load is applied to the material via an
indenter and the material response is recorded.
With the ultra-micro indentation technique, the
load can be less than 1 mN, which may result in
imprints in the range of fractions of a micrometer.
This means that mechanical properties such as
hardness and Young’s modulus can be determined
for very small volumes of materials; for thin films
or for different phases in a composite. When
ordinary micro-indentation is used, the material
response is calculated as the projected area of the
remaining imprint by measuring the diagonals of
the imprint using a microscope. The same techni-
que cannot be used with ultra-micro indentation
imprints due to their small sizes. Instead, the depth
of the indentation is used to determine the size of
the imprint. Penetration is continuously measured
and registered during the experiment as a function
of load applied. There are several commercially
available instruments for this type of measurement.
In this work the UMIS-2000 has been used and
Ref. 3 gives a detailed description of the apparatus.

During the last decade there has been continual
progress and discussions on how to interpret the
data from the load-displacement test results and
translate them into conventional mechanical prop-
erties. Basic theories have been presented and
equations established for calculating e.g. hardness
and Young’s modulus, see e.g. Refs 4-7. Despite
this progress more fundamental information such
as the stress—strain behaviour of the material dur-
ing deformation with pointed indenters is not fully
understood, especially for hard materials such as
ceramics. The spherical shaped indenter with its
axi-symmetric contact results in a simpler elastic-
plastic deformation pattern including an initial
elastic response prior to yielding that is more easily
described. With all these methods of indentation,
some correction factors such as indenter tip cali-
bration are involved in the actual analysis, because
of the non-perfect form of the indenters. At pre-
sent, the ultra-micro indentation techniques are
often used for comparison between similar materi-
als and less as an absolute measurement of a
materials behaviour. Here the results with a poin-
ted Berkovich indenter have been compared with
those of a spherically tipped indenter, which may
be considered as a reference. Moreover, in
Appendix C, ‘Notes on corrections’, A and B are
discussed, equations and corrections used for the
calculations.

2 Experimental

The hot isostatic pressing densification parameters
for the samples in this study were 1750°C, 160 MPa
with a hold time of 1h. Densified samples are
examined both with and without glass encapsula-
tion remaining on the outside of the specimen.
Bulk samples, not exposed to the encapsulation
glass, were examined for comparison.

In Table 1 is shown the combinations of the dif-
ferent samples and corresponding encapsulation
glasses. The boron oxide/silicon dioxide ratio differs
between the different glasses and some glass char-
acterisation is also shown in the table. After densi-
fication sample (1) still contained 10% porosity
and the two other samples, (2) and (3), had den-
sities greater than 99% of the theoretical density.

The densification parameters used give micro-
structures typically built up of mainly equiaxed
grains in the size of 0-2-0-6 microns with some
more elongated grains.

The samples were prepared in the following way
for indentation tests. Specimens were cut and moul-
ded in bakelite before grinding and polishing. For
the grinding steps silicon carbide papers were used
down to 1600 mesh. The polishing steps consisted of
long duration on a steel and subsequently tin lap,
with diamond grit of three microns size. This gave a
sample with a flat surface and limited curvature at
the edges. The specimens were given a short final
polish of approximately 15s on paper with a one
micron diamond grit slurry. Indenters of two differ-
ent geometries were used in the present tests. One
indenter was the commonly used Berkovich inden-
ter, with a triangular cross-section and a face angle
of 65-3°. The other had a spherical shaped tip, with a
nominal radius of 10 microns. The results from the
two indenters were compared in order to establish
the universality of the information of the region of
interest, i e close to the glass—silicon nitride interface.

As there is not yet general agreement on how to
interpret the force—displacement data achieved, a
brief description of the equations and assumptions
used for the calculations in this work is given in the
appendices. The indentations with the Berkovich
indenter were performed with a maximum load of

Table 1. Encapsulation glass composition and viscosity for
different samples

Sample Ceramic Encapsulation Viscosity,
material glass 1450°C
B;03/Si0,
@ Si3N4(3Y9) 30%/70% > 1043 dPas
aIn SisN4(3Y9) 50%/50% nd.
dm Si3N4(3Y9) 60%/40% 10?8 dPas
a3 W/ o] Y203.

n.d. means not determined.
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300mN and a contact force of 0-3 mN. The number
of load increments were 30 and the same for
unloading. Figure 1 shows typical force/penetra-
tion curves from these tests. The hardness and
Young’s modulus were calculated according to
Appendix A. The indentations with the spherical
indenter were performed with a somewhat different
loading pattern. The tests were built up of loading/
unloading steps where each unloading step was
50% of the previous load. Typical force/penetration
curves for these tests are shown in Fig. 2. The
maximum load was 500 mN and the contact force
0-5mN. The hardness and Young’s modulus cal-
culations are given in Appendix B.

A discussion on the corrections for initial pene-
tration, tip discrepancy from perfect sharpness or
sphericity and compliance of the measuring system,
beneath the depth-sensing device is given in
Appendix C, ‘Notes on corrections’.

3 Results of Measurements

The Berkovich indenter was used for measuring the
silicon nitride specimens densified with different
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Fig. 1. Load-penetration plot, Berkovich indenter. Five dif-
ferent penetrations in the same plot, each built up of 30 load
increments for both loading and unloading.
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Fig. 2. Load-penetration plot, spherical indenter. Five differ-

ent penetrations in the same plot. Each penetration built up of

loading/unloading steps with the unloading step 50% of the
previous load.

encapsulation glasses. The Young’s modulus, as a
function of distance from the interface between the
encapsulation glass and silicon nitride, is shown in
Fig. 3. Five to ten indents were made at each dis-
tance. The standard deviation is shown as bars and
is mostly within the dot size. Two different mea-
surement series on material (II) are included in the
figure to show that some discrepancy was obtained
between different series. However, the trends for
the different materials are the same. Gradients are
present with a decrease of 10-20% in Young’s
modulus close to the interface compared to the
bulk values. The values approach the bulk data at
a distance of 75 to 150 microns from the interface.
It is obvious that the porous material (I) shows
much lower absolute values compared to the
materials densified with the other glasses. These
values also show a somewhat flatter appearance
close to the edge compared to the other materials
but the decrease compared to the bulk is the same.
Although the imprints are only a few microns wide,
a sample was prepared to examine if the deter-
mined gradients were only edge phenomena,
caused by the lower stiffness of the supporting
material present at the edge. Bulk samples, cut
after densification, were indented close to the cut
edge. The results are shown in Fig. 4. A slight gra-
dient might be present below 75 microns, but not in
the same range as the material with its interface
towards the encapsulation glass, Fig. 3.

Hardness as a function of distance to the inter-
face is shown in Fig. 5. Here only very limited ten-
dencies can be detected. The porous material (I)
shows some variations in hardness where the
values are somewhat lower close to the edge. Also
the dense material (II) shows the same appearance
but material (III) seems to have similar values in
the bulk and close to the interface. For the refer-
ence bulk material, Fig. 6, no gradients in the
hardness values as a function of distance to the
sample edge are shown. Here one of the series
showed a rather large standard deviation.

These results can be compared to those
achieved with the spherical indenter. Figure 7
shows the Young’s modulus values achieved with
a l0micron radius sphere. Material (I) is repre-
sented by two different series with complimentary
values. Every dot represents a mean value of five
indents except series I(a) with just one value for
each dot. Again there is a gradient in the Young’s
modulus with bulk values reached at 75-150
microns from the interface. Material (I) shows a
less pronounced plateau in the values than the
Berkovich measurements. In Fig. 8 the corre-
sponding hardness values are shown. The results
correspond well with the ones achieved using the
Berkovich indenter.
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Young's modulus as function of distance to interface, Berkovich indenter
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Fig. 3. Young’s modulus in silicon nitride as a function of distance to the interface towards the encapsulation glass, Berkovich
indenter. For specimen details, see Table 1.

Young's modulus as a function of distance to interface, bulk sample, Berkovich indenter
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Fig. 4. Young’s modulus in bulk silicon nitride as a function of distance to a cut surface, two different measurements, Berkovich
indenter.

4 Discussion

In these tests with a very limited indentation
depth, the influence of sample preparation must be
taken into consideration. Although there may
indeed be some microcracks associated with the
polishing, the depth of the plastic zone and size of
the impression is far greater than the depth of

penetration. With the indenter size of 10microns
and an indentation of about 1micron the contact
diameter will be several microns. This will result
in the volume of material under the indenter
being quite large compared to the approximately
1 micron affected by surface polishing. In addition
the hardness values measured at various locations
indicated no influence of indenter load or depth
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Hardness as a function of distance to interface, Berkovich indenter
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Fig. 5. Hardness in silicon nitride as a function of distance to the interface towards the encapsulation glass, Berkovich indenter. For
specimen details, see Table 1.

Hardness as a function of distance to interface, bultk sample, Berkovich indenter
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Fig. 6. Hardness in bulk silicon nitride as a function of distance to a cut surface, two different measurements, Berkovich indenter.

of penetration, hence it is considered that the
effect of any minor dislocations/microcracks pre-
sent is not significant. Also the fairly good agree-
ment between the Berkovich and spherical indent
results, although there are different strain situa-
tions under these indenters, indicate that the effect
of surface preparation on the results could be
negligible.

Both the measurements with the Berkovich and
the spherical indenter have revealed gradients in
Young’s modulus to a distance of 75-150 microns
into the bulk. The influence of the edge giving less
support has been illustrated by the cut bulk sam-
ple. A small gradient was detected but not in the
same range as the glass/silicon nitride surface sam-
ples. The imprints are only approximately 1 micron
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Young's modulus as a function of distance to interface, spherical indenter

350

300 { T — l
. s L
a
L 4

250 . " B
@ »
& " 4*‘
¢ 200 Fﬂ
2
§ x
€
§ 150
3
o
>

100 — L W

50 1 [ —
(] . ;
0 50 100 150 200 250 300 350 400 450

Distance from interface, micron

Fig. 7. Young’s modulus in silicon nitride as a function of distance to the interface towards the encapsulation glass, spherical
indenter. For specimen details, see Table 1.

Hardness as a function of distance to interface, spherical indenter
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Fig. 8. Hardness in silicon nitride as a function of distance to the interface towards the encapsulation glass, spherical indenter. For
specimen details, see Table 1.

in depth and 4-5 micron in width and it is unlikely
they should be influenced by the edge 50-100
microns away.

One reason for the gradients might be an infil-
tration of the encapsulation glass into the ceramic
specimen. No differences in the gradients were
found for the tested different glasses. Earlier stu-
dies® with WDS in SEM have shown an increased

amount of boron at the HIPed surface down to a
depth of 20 to 150 microns into the bulk, with the
same results for samples with the different encap-
sulation glasses. Assuming glass infiltration, the
surface region could be regarded as a composite.
The Young’s modulus for a mixture of different
phases can be calculated according to Voigt,
assuming the strain in each constituent is the same
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or by Reuss, assuming the stress in each phase is
the same. These two models give lower and upper
bounds for the elastic moduli.? If the reduction in
Young’s modulus was caused by the lower Young’s
modulus of the glass (70 MPa), the amount of glass
needed for a 20% reduction in modulus is calcu-
lated to be between 7% and 26%. However, in
SEM studies it has not been possible to detect any
significant differences between the microstructure
in the surface region and the bulk and no evidence
for a large amount of glass has been found. Still,
due to the similar element composition of the
encapsulation glass and the silicon nitride material
and because of the predominance of light elements,
the SEM studies cannot be considered as definitive.

Another possible reason for the lower values
could be cracking. Irrespective of their origin,
cracks give lower values in the mechanical prop-
erties. If there is glass in the ceramic structure, a

difference in thermal expansion coefficient between
the glass and the ceramic could cause stresses dur-
ing cooling and hence crack formation. But these
differences are quite small (in the range of some
units 106 K~!) and hence not creating stresses
large enough for crack formation. Depending on
the technique for elimination of the encapsulation
glass from the ceramic surface, different degrees of
mechanical damage might be created in the surface
region. However, in these tests the encapsulation
glass has not been removed from the silicon nitride
surface. The influence of porosity on the modulus
values is demonstrated in the test results for the
porous sample I. A porosity of 10% is enough for
a 20% reduction in modulus® which was found for
the bulk value of sample I. However, SEM-studies
of the dense samples have not given any evidence
of increased porosity in this range close to the
interface. A more plausible explanation for the
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Fig. 9. Estimated tip radius as a function of penetration (spherical indenter).
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Hardness as a function of maximum load
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Fig. 11. Hardness as a function of maximum force in fused silica as estimated with the equation derived from the relation in Fig. 10
(Berkovich indenter).
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Fig. 12. Young’s modulus as a function of maximum force in fused silica estimated with the equation derived from the relation in
Fig. 10 (Berkovich indenter).

gradients in mechanical properties is the formation
of new phases at the interface.

Westman et al.!® have found that silicon oxyni-
tride and boron nitride are thermodynamically
stable in a mixture of silicon nitride in contact with
borosilicate glass at conditions of silicon nitride
densification. They also show that these phases are
actually formed in a sample mixture of glass and
silicon nitride at the peak temperature in a HIP

cycle. Moreover, the silicon nitride samples in the
present tests were analysed by X-ray diffraction on
the surfaces after glass elimination (soft bead
blasting). Silicon oxynitride was easily detected and
a rough estimation of the amounts was 30-50 v/o.
It was not possible to detect any boron nitride
peak. However as the main peak is overlapped by a
silicon nitride peak, the presence of BN cannot be
excluded. A material similar to sample III has been
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ground in small steps to a depth of 500 microns
from the surface with XRD-measurement at each
step. This study showed a silicon oxynitride gra-
dient to a depth of 150-200 microns. In the litera-
ture there are different values reported for Young’s
modulus of silicon oxynitride. Larker!! gives a
value of 288 GPa for a material of 91% silicon
oxynitride and 9% silicon nitride. Work with oxide
additives reports lower values. Billy ef al.'?
obtained a value of 220 GPa for silicon oxynitride
with 5 w/o yttrium oxide. With the value of
220 GPa, the upper and lower boundaries for a
mixture of 50% silicon oxynitride and 50% silicon
nitride is 257 and 265 GPa. Thus, this silicon oxy-
nitride formation in the surface region can explain
the gradients in mechanical properties. Boron
nitride has a very low Young’s modulus, 35GPa,
and will consequently influence in the same direc-
tion. The hardness of silicon oxynitride densified
by HIP is reported by Larker.!! He found for
materials containing above 85% silicon oxynitride
(the rest was a- and g-silicon nitride) values com-
parable with the hardness of HIPed silicon nitride
with 2-5 w/o Y,0;. Boron nitride formation will
decrease the hardness.

For the correction of the imperfectly shaped
Berkovich indenter tip an area relation was used,
see Appendix C, ‘Notes on corrections’. Agpown
(from known values of Young’s modulus for a
reference material) and A peoretical (Perfect tip geo-
metry) was plotted against the contact depth. This
gives improved data analysis especially for mea-
surement of small penetration depth.

5 Conclusions

Mechanical properties in silicon nitride as a func-
tion of distance to the interface towards the
encapsulation borosilicate glass have been studied.
The gradients calculated from the indents made by
the Berkovich and the spherical indenter are in
good agreement. Young’s modulus shows a reduc-
tion of 10-20% close to the interface and bulk
values at a distance of 75-150 microns. Gradients
in hardness values are less pronounced.

The measured gradient in Young’s modulus
cannot be explained by the edge giving less support
since a bulk sample, cut and measured close to the
edge, only showed a minor edge effect. A plausible
explanation for the gradients is formation of new
phases. The amount of Si,N,O found at the surface
of the silicon nitride specimen is enough to
decrease the value of Young’s modulus in the range
found. Also detected depth of the Si;N,O gradient
in similar samples corresponds well with the depth
of the gradient in Young’s modulus.
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APPENDIX A

Calculation Berkovich indenter
Properties measured with the Berkovich indenter
were calculated in the following way:

The hardness was calculated using

H=P/A (A1)

where H is the hardness, P is the indenter load and
A the projected area of the contact surface given by

A=Kx K (A2)

where K is a constant dependent on the indenter
geometry, 24-56 for Berkovich, and A, is the con-
tact depth (see Fig. Al).
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The depth A, is defined as

he = h — 0-75(P" /(dP/dh)) (A3)

the parameters being defined in Fig. Al.
The Young’s modulus was calculated according
to the relationship

E* =k xdP/dhx1/\/A (A4)

k is a constant, the value 1.034x2/,/7 being used
for the Berkovich indenter (see King),'3 dP/dh is
the slope of the load—displacement curve at the
beginning of unloading (see Fig. Al), E* is the
composite modulus (specimen +indenter) and the
following relation being used to calculate the
modulus of the specimen:

1/E = (1= V})/E;+ (1= V})/E, (AS)

where s and i refer to specimen and indenter,
respectively.

For a more detailed analysis underlying these
relations for hardness and Young’s modulus, see
Mencik and Swain.!4
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Fig. Bl. Force—displacement curve and cross-section of
the impression at maximum load and upon unloading
(spherical indenter).!’

APPENDIX B

Calculation spherical indenter
Data from the spherical indenter were analysed in
the following way:

The hardness was calculated as Meyer’s hard-
ness, HM, i.e. mean pressure over the circle of
contact:

HM = P/nd? (B6)

where P is the indenter load and « is the radius of
the contact circle.
The relation between a and the penetration is
given by
a= (2Rh, — h¥)'? (B7)

R is the radius of the indenter tip and A, is the
contact depth component of the penetration, given
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by
he = (h+ hy)/2 (B8)

where A, is total penetration and 4, is the residual
impression depth (see Fig. B1).
The Young’s modulus is given by the expression

E* =3/4 x P/(a x 8) (B9)

developed from the Hertz equation for elastic con-
tact of a sphere on a plane or into a spherical cav-
ity.
3 1s the elastic depth recovery h,-h, (see Fig. B1).
Reference 6 provides a thorough discussion of
the relations given above.

APPENDIX C

Notes on corrections

The expressions used for the pointed Berkovich
and spherical tipped indenters assume a perfect
indenter shape. However, it is impossible to
achieve a perfectly sharp indenter tip and the ani-
sotropy of a diamond single crystal prevents the
achievement of perfect sphericity. Hence, there is a
need for procedures to correct for these imperfec-
tions. In the present work fused silica is utilised as
a reference material to establish the tip calibration.
It is an isotropic amorphous material with known
elastic modulus and Poison’s ratio.

For the spherical indenter a reference measure-
ment with fused silica was used to create a look up
table for correction factors as a function of differ-
ent depth. The known Young’s modulus of silica is
used to calculate the radius of the indenter. The
Hertz relationship for elastic contact of a sphere
into an elastic half space is:

8= (9/16)*(P/EN (/R (C1)

where § is total depth of elastic penetration, (see
Fig. B1)P is the load and E* is the composite
Young’s modulus [see eqn (AS), Appendix Al].
With known §, P and E* the indenter tip radius can
be estimated. When this is calculated for different
loads, for different contact depths, 4, (see Fig. Bl),
a tip radius versus contact depth plot is obtained.
Figure 9 shows an example of the estimated or
effective tip radius versus contact depth for a
spherical indenter with a nominal radius of
10 microns. The raw data is dnalysed using this
changing value of radius in the calculations of
hardness and Young’s modulus. This analysis pro-
cedure is automatically performed using the UMIS
software.

There are a number of methods whereby correc-
tions for the tip imperfections in the Berkovich
indenter may be performed. One of the procedures
adds to the measured depth a small depth equiva-
lent to material ‘missing’ at the tip due to blunt-
ness. The routine is based on the theoretical square
root force versus depth relation, /P ~ h, valid for
an ideally sharp indenter assuming the hardness of
the reference material is a constant (derived from
eqns (Al) and (A2) in Appendix A). A known
material is tested, load P and total measured pene-
tration h is plotted in a diagram and an equation:

VP =kh+h, (C2)

is fitted to the data points. From this expression ‘4,
is a measure of the additional depth which should
be added to the measured depth. The corrections
are relatively large for smaller depths when com-
pared to total penetrations. This method was
found to give less satisfactory corrections, prob-
ably due to the assumption of constant hardness.
Another method was presented by Oliver and
Pharr® where the contact area A is determined
from the measured compliance dh/dP of a material
with known Young’s modulus (see eqn (A4),
Appendix A). Values obtained for 4 (for different
loads) are plotted against various contact depth,
h., and a polynomial A(A,) is fitted to the curve. In
the present work the same approach is taken but
an area ratio compared with a perfectly formed
indenter instead of the contact area is plotted as a
function of contact depth. The indenter of interest
was used to create indents with a range of different
maximum loads on the fused silica reference mate-
rial. The load-penetration relations were estab-
lished and the depths 4. were determined. Equation
(3) gives the theoretical (for a perfect indenter
geometry) areas, A heoretic; 107 different depth:

A=Kx K (C3)

where K is 24.56 for a Berkovich geometry.
Another area, Aynown, Was calculated by using the
known value of Young’s modulus for the reference
silica. The area ratio Aynown/Atheoretic Was plotted
against contact depth, 4, (see Fig. 10). A power law
relation was fitted to the data points below 800
nanometers. The equation for the line is:

y = 18.933 x~ 0445 (C4)

Penetrations deeper than 8§00 nanometers result in
a ratio of~1. The area to be used in the equation
for hardness and Young’s modulus calculations,
eqns (Al) and (A4), Appendix A, is determined
with depth A, and the area ratio equation.
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Figures 11 and 12 show the resulting hardness and
Young’s modulus for fused silica calculated
according to this procedure. This correction tech-
nique gives improved data analysis especially for
measurement of small penetration depth compared
to the technique with only contact area—contact
depth piot.

Another factor which has to be taken into con-
sideration for depth corrections is the initial pene-
tration at the near zero contact force (the minimum
force the instrument can measure). The load-depth
curve has to be extrapolated back to zero load to
determine the point of zero penetration. This is
done by using an optimised regression analysis of a
simple power law fit of a chosen number of the
initial data points and then extrapolating it to zero
load. There is a choice in the software to select the
number of points the line fit should take into
account. Eight data points have typically been used
in the initial penetration calculations for this work.

The third correction of the raw data takes into
account the compliance of the measuring system.
For the measurements with the spherical indenter a
value of 0-15nmmN~! was found to be suitable.
The compliance correction for the Berkovich
indentation was experimentally determined. This
was done according to a method presented by
Doerner and Nix.* A plot of dh/dP against 1/h,
will, according to the theory, give a straight line

and the intercept at the y-axes is the compliance.
Experimental data in this work with the fused silica
samples did not give a perfect straight line. With
increasing 4. values, lower intercept values were
achieved. Reasons for this could be roughness or
lack of flatness of the surfaces involved or inter-
mediate layers with more or less stiffness. In the
calculations for the fused silica the intercept was
determined by using the highest 4. values (lowest 1/
h.) since the compliance is probably measured with
greater reliability at higher loads. This routine
results in a compliance correction of 0-2nm mN~—!
with the Berkovich indenter on fused silica. This
correction also resulted in reasonable values for the
parameters calculated. ‘

In the Berkovich tests on the silicon nitride sam-
ples, which had a somewhat rougher surface finish,
only a limited number of different loads were used
and no accurate determination of the intercept
could be achieved. In this instance a machine
compliance value of 0.-00nmmN~! was chosen.
The calculations gave Young’s modulus values for
the dense bulk material in relatively good agree-
ment with known values for dense silicon nitride.
Even if a more thorough determination of the sys-
tem compliance had been made, the trends or rela-
tive values of Young’s modulus or hardness would
not have changed since the same maximum load
and indenter tip were used in all tests.



