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COMPARISON OF YOUNG`S MODULUS OF Si3N4 DETERMINED 
BY DIFFERENT METHODS AND DEPENDENCE OF YOUNG'S 
MODULUS ON TEMPERATURE 

J. Špaková, J. Dusza, A. Juhász 

Abstract 
In this contribution different methods have been used for the 
measurement of Young`s modulus of a monolithic Si3N4, and for 
comparison of the obtained experimental values. Indentation tests have 
been applied using a Knoop indenter at the loads from 50N to 200N and 
using a depth sensing method for Vickers indentation loads from 50mN to 
2000mN. An impulse excitation technique as a non-indentation method 
has been used at room and high temperatures up to 1000°C. The values of 
Young`s modulus obtained from the indentation tests are load dependent 
and increasing with a decreasing of the indentation load. 
Keywords: Si3N4, Young`s modulus, Knoop indentation, depth sensing 
method, impulse excitation technique 

INTRODUCTION 
Silicon nitride ceramics have been intensively investigated during the last decade 

with the aim to improve their room and high temperature properties. Using microstructure 
design (self – reinforcement by large elongated grains and tailoring the chemistry of the 
intergranular phase) a room temperature fracture toughness of more than 10 MPam1/2 and 
fracture strength higher than 1 GPa have been achieved [1]. Such good mechanical 
properties are necessary for their wide – spread application in different areas of industry. 

The mechanical properties of Si3N4 based ceramics are often determined by means 
of indentation methods. Young`s modulus has been investigated using a Knoop indenter for 
a load from 50 N to 200 N, by the depth sensing indentation (DSI) method for an 
indentation load from 50 mN to 2000 mN and by the impulse excitation technique (IET) at 
room temperature and high temperature (800°C, 1000°C). Marshall et al developed a 
method for determining the Young`s modulus based on the measurement of elastic recovery 
of the in-surface dimensions of Knoop indentations [2]. The extent of recovery depends on 
the elasticity index, or H/E ratio. The DSI method is the most frequently used indentation 
test for determination the Young`s modulus. It was developed by Oliver and Pharr [3] and it 
is based on recording the load – penetration curves during the loading and unloading 
process and takes into account the large elastic recovery during unloading. Young`s 
modulus can be determined from the slope of the unloading curve using a modified form of 
Sneddon`s flat punch equation [4]. The dynamic Young`s modulus was also determined by 
IET of vibration at room and high temperature according to ASTM E 1876-99 [5]. It is 
based on the “impulse excitation technique”, because the object under testing is subjected 
to an initial deformation by means of a light mechanical impulse. Immediately, the object 
will act as a spring-mass system and produce a transient mechanical vibration. 
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The frequency of this vibration depends on the mass of the object and its stiffness, which is 
determined by its shape and dimensions and the modulus of elasticity of the material.  

The aim of this contribution is to study the Young`s modulus of a commercial 
monolithic Si3N4 by different indentation and non-indentation methods, and to compare the 
obtained results. 

EXPERIMENTAL MATERIAL AND METHODS 
The investigated monolithic Si3N4 (SL200-B) was produced by CeramTec 

(Plochingen, Germany) It is a gas pressure sintered ceramic containing 3 wt.% Al2O3 and 3 
wt.% Y2O3. This monolithic Si3N4 is the reference material for a European research 
program of ESIS (European Structural Integrity Society) for the evolution of mechanical 
and physical properties. For the indentation methods the surfaces of the specimens have 
been ground and polished to 1 μm finish. In the case of the IE technique rectangular bars of 
size 3 mm x 4 mm x 50 mm were prepared. The surface preparation was similar to that 
described above. The microstructure of the investigation material was characterized on 
polished and plasma etched sections of the bulk materials using scanning electron 
microscopy (SEM).  

Young`s modulus has been investigated using a method proposed by Marshall et al 
[2] based on the measurement of elastic recovery of the dimensions of a Knoop indent after 
removing the indenter. Plastic deformation can be attributed to elastic recovery of the 
indented material. During unloading, the elastic recovery reduces the length of the minor 
diagonal of the indentation impression (b`), while the length of the major diagonal of the 
indentation impression (a`) remains relatively unaffected. The difference in the nominal 
(b/a = 1/7, 11) and the measured ratio (b`/a`) of the short (b`) and long (a`) diagonals of 
Knoop indentations from loads 50 N to 200 N using the hardness tester HPO 250 was 
estimated, and a 10 s dwell time was used. Young`s modulus has been calculated from the 
equation: 

` ` .
`

b b b H
a a a E

α− = −
       (1)  

α = 0.45, H-Knoop hardness, E-Young`s modulus 
The second method for the estimation of the Young`s modulus was the DSI 

method based on the slope of the unloading curve from indentation load from 50 mN to 
2000 mN. From the indentation data, first the composite modulus E* is determined from 
the contact area A and contact stiffness S. The Young`s modulus of the specimen E, has 
then been calculated from the composite modulus using the formula:  

iE

2υ1
E

2υ1
*E
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+−=        (2) 

which reflects the fact that the total elastic compliance at the contact consists of the 
compliance of the specimen (E) and the indenter (Ei), υ is the Poisson ratio. For estimating 
the Young`s modulus by DSI method, a DUH 202 device with Vickers indenter was used, 
and a dwell time of 10 s. The dynamic Young`s modulus was also determined by IET of 
vibration at room and high temperature (1000°C). Measurements have been performed on 
polymer-foam support. Young`s modulus has been calculated from an equation (3), which 
is dominated by the accuracy of the bar`s width (w) and length (l), but especially by its 
thickness (t): 
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In Eq. (3) m and ρ are specimen weight and specimen density. The correction factor T1 
depends on the ration (t/l) and the Poisson`s ratio (υ): 

Measurements have been taken, realized using a device GRINDO-SONIC MK4. 
The GrindoSonic instrument records vibration, makes an analysis in the time domain and 
measures the natural frequency of the dominant vibration mode against a precision 
reference oscillator. Measurements at high temperature (1000°C) have been realized using 
an IET furnace. The sample was excited periodically by the impact of a small ceramic 
projectile [6]. The vibration signal, captured by microphone, was analyzed with a Dampling 
Analyser (RFDA-HT 1750). RFDA performs a Fourrier transformation of the digitized 
acoustic signal, thus providing starting values for an iterative algorithm, in which the 
acoustic signal is simulated as a sum of exponentially damped sinusoidal vibrations. For 
linear anelastic materials, the simultation results in a set of accurately determined resonance 
frequencies and the corresponding exponential loss factors [7]. 

RESULTS AND DISCUSSION 
The microstructure of the investigated material illustrated in Fig.1 shows 

moderately elongated Si3N4 grains with an aspect ratio of approximately three. The grains 
were bound together with an amorphous phase. Some microporosity and some iron 
containing inclusion could be recognized in the microstructure.  
 

 
Fig.1. Characteristic microstructure of the Si3N4 (plasma etched, SEM). 

The Young`s modulus values measured by Knoop indentation as a function of the 
indentation load are illustrated in Fig.2. Figure 3 shows a typical indent observed for Knoop 
indentation at 100 N in this study. There is a distinct decrease of Young`s modulus values 
with an increasing of the applied load from 50 N to 150 N.  
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Fig.2. Young`s modulus as a function of 
the applied load estimated by Knoop 

indentation. 

Fig.3. The indent by Knoop indentation at 
applied load 10 N. 

The results of DSI method are illustrated in Fig.5 after a numerical treatement of 
the load/depth curves (Fig.4) using the Oliver-Pharr method.  
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Fig.4. Depth-sensing curve with a maximum 

load of 250 mN. 
Fig.5. The values of the Young`s modulus 

determined by DSI method. 

The calculated value of the Young`s modulus by IET at room temperature is 
309.03 ± 3.14 GPa.  
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Fig.6. The Young`s modulus as a function of temperature at heating and cooling regime up 

to 1000°C. 

The Young`s modulus values measured by IET at high temperature as a function 
of the temperature are illustrated in Fig.6 (up to 1000°C). Gas pressure sintered Si3N4 
contains a secondary intergranular phase. This phase is (partially) amorphous, and softens 
close to its glass transition temperature Tg = 1000°C, approximately, as shows Fig.6, where 
dependence of Young`s modulus on temperature does not have a linear trend. Above the 
temperature Tg the secondary phase does not resist the deformation anymore. 

It can be note that the Young`s modulus obtained using the Knoop method and 
DSI method exhibit a significant scatter, which is larger than that found using the IET. 
Nevertheless, it remains acceptable if one considers the fact that DSI values rely on 
localized measurements, which are highly sensitive to statistical variations of surface 
properties, whereas IET provides a Young`s modulus averaged over the volume of the 
specimens and over all directions. According to the results it seems that the DSI method is 
highly sensitive to local defects like porosity, matrix grains pull-out or micro cracks. The 
comparison of DSI Young`s modulus values, Knoop method Young`s modulus values and 
the IET ones shows a significant discrepancy from among the three techniques. These 
results corresponding to the test carried out from 150 N to 200 N in the case of Knoop 
method, and for DSI method it is the range of indentation load from 50 mN to 2000 mN. 
These indentation load ranges show the largest discrepancy between indentation methods 
and IET. In general, a better agreement is obtained at low loads. The decrease of the 
Young`s modulus values for increasing indentation load can be perhaps mostly explained 
by cracking at indentation corners. The large grain size of Si3N4 in grain boundary 
resistance favours interfacial micro-cracking and matrix grains pull-out during the 
indentation. IET is non-destructive, in contrast to indentation methods; and the measured 
values of Young`s modulus by IET implies limited porosity of the entire specimen. Based 
on the results of the different authors [8,9] we can say that IET results are less sensitive to 
microstructural inhomogenities and defects, provided that their density remains low. The 
measured value of Young`s modulus can be taken as an etalon value for the investigated 
material [10]. 
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CONCLUSIONS 
• The values of the calculated Young`s modulus based on the Knoop indentation test 

carried out in the range of indentation load from 50 N to 200 N are in the range from 
294 ± 11.35 GPa to261 ± 7.72 Gpa. 

• The DSI method realized in the range of indentation load from 50 mN to 2000 mN are 
in the range from 332.98 ± 25.7 GPa to 232.98 ± 45.46 Gpa. 

• Values of Young`s modulus obtained by indentation methods are load dependent and 
highly sensitive to local defects (porosity, matrix grain pull-out, micro cracks, etc.) or 
structural inhomogenities. 

• The decrease of the Young`s modulus values for increasing indentation load can be 
probably explained mostly by cracking at indentation corners. 

• The impulse excitation technique (IET) at room temperature results in a value of the 
Young`s modulus of 309.03 ± 3.14 Gpa. 

• In general, the best agreement values of Young`s modulus between indentation 
methods and IET is obtained at low indentation loads. In the case of Knoop indentation 
for a load of 150 N the value of Young`s modulus is 261.47 ± 19.13 GPa, for an 
indentation load of 200 N a Young`s modulus value of 259.93 ± 15.34 GPa has been 
obtained.  

• Dependence of Young`s modulus on the temperature at and above 1000°C does not 
have a linear trend because of the glass transition temperature of a secondary 
intergranular phase of Si3N4. 
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