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Abstract

The mechanical and elastic properties of new silicon nitride fabricated by cold isostatic pressing and free sintering are considered. Young's 
modulus, Poisson's ratio and shear modulus of investigated ceramic were determined. An indentation technique for measuring the indentation 
modulus was developed. The flexural strength, the compressive strength and the fracture toughness were investigated. Young's modulus of the 
obtained material was 240 GPa by resonance and 214 GPa by mechanical tests. The microhardness was 1380 HV05 and 970 HK2 .5 . Obtained 
silicon nitride ceramic is one of a candidate material for a wide range of structural applications due to its high density (2.94 g/cm3) and low open 
porosity (0.1%).
© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicon nitride ceramics are frequently used as structural and 
engine components for high-temperature applications. They 
exhibit unique properties including high levels o f the high 
fracture toughness, strength, thermostability, hardness and 
chemical stability at room  and high temperatures [1]. M uch 
o f the research and developm ent has been focused on the 
fabrication o f ceramic bodies [2]. The silicon nitride ceramics 
are produced by different methods, such as sintering, reaction 
bonding (RB), hot pressing (HP), hot isostatic pressing (HIP) 
and spark plasm a sintering (SPS) [3]. The high-temperature 
mechanical properties such as bending strength, tensile 
strength, fracture toughness, and therm al properties have been 
extensively studied. [1]. Nowadays, there are two main tasks in 
the ceramic industry -  the im provem ent in reliability and the 
reduction o f production costs [4]. The cold isostatic pressing is 
one o f the m ost realistic approaches for tackling these tasks 
[5]. The m ost ceramic com ponents are assembled with the
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metallic ones to use the advantageous properties o f each 
material. It should be noted that the therm al expansion 
coefficients for ceramic and metal are different, which may 
results in fracture o f the ceramic components by the thermal 
stresses. It is highly desirable, therefore, to reduce Young's 
modulus of the ceramics w ithout sacrificing the strength to 
overcome this problem  [6 ].

The investigated material can be used as an economically 
and functionally superior alternative to other types of com 
mercial silicon nitride in a wider range o f potential com mercial 
applications. The aim o f the current study is to clarify the 
elastic and mechanical properties including Young's modulus, 
flexural strength and fracture toughness o f the investigated 
material. These properties remain unclear and have attracted 
much interest.

2. Experimental

2.1. M aterials and methods

The starting materials were powders o f 85 wt% silicon 
nitride (Stark, Grade M i l ) ,  6  wt% Y 2 0 3 (Grade B), and
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9 wt% А12О з (A 16 SG Grade, Alcoa). The pow der mixture 
was ground in an atrittor mill (Retsch RS-200) for 24 h. The 
ground and hom ogenized pow der mixture was cold isostati- 
cally pressed at 200 M Pa (EPSI CIP 400 B-9140 press). 
Conventional sintering o f the samples was carried out in a 
high temperature furnace (Nabertherm VHT 8/22-GR) in 
nitrogen atmosphere at 1650 °C for 60 min. M ore experim 
ental details are described in Ref. [7] and RU Patent no 
2014127439.

2.2. Test specimens

The specimens were cut, mechanically machined and 
polished using 3-micron diamond suspension. Com pression 
and bending tests were carried out using an Instron 300 LX 
testing machine at room  and elevated temperatures in air up to 
500 °C. Bar specimens (6.4 x  7.2 x  50 mm 3 and 5.6 x  9.6 x  
9.9 mm 3) were used for bending and com pression tests. The 
samples were broken in 3-point-bending (3PB) mode with the 
loading distance 30 mm. M axim um  strength, иъ and ac were 
determined using the maximal applied load. A t least eight 
specimens were tested under the same conditions. In all the 
experiments, the speed of the testing machine crosshead was 
constant and equal to 0.5 mm/min.

For both the Vickers and Knoop indentations, the samples of 
approximately 60 mm  x  20 m m  x  30 mm  in size were 
polished with diamond paste on a standard metallographic 
wheel, using 6 and 3 pm diamond pastes to achieve a m irror
like surface finish that contained quite small num ber of well- 
dispersed very fine pores. Both Knoop and Vickers indenta
tions were made at 5 and 25 N loads using an Indenter test -  
Device (construction and software self-made microindentation 
hardness tester) and a loading time of 15 s. The indentation 
sizes and the Vickers indentation crack lengths were measured 
im m ediately after unloading using an optical microscope 
Keyence VHX-500. Only perfect indentations, those with 
clearly symmetrical indentations and with symmetrical crack 
patterns, were utilized in the final calculations, a point which 
will be addressed later in this paper. A total o f 25 perfect 
indentations were made at each load with the Vickers indenter. 
Also 25 Knoop indentations were taken for a separate hardness 
characterization, for hardness enters into all o f the proposed 
equations. The characteristic lengths, were measured along 
both diagonal directions o f the Vickers pyramids, yielding 50 
values at each test load. The indentation m odulus was 
calculated from  the load-displacem ent curve.

Critical stress intensity factor, or fracture toughness, Ki( . 
was measured by the indentation fracture (IF) method. The 
specimens were indented on the polished surface with a 
Vickers microhardness tester using loads from 350 to 400 N.

Density of the samples was determined by the helium 
pycnom eter (Micromeritics AccuPyc 1340) and by the A rchi
medes method. Bulk density, apparent density, open porosity 
and pore size distribution were determined by the mercury 
intrusion porosimetry.

Young's modulus, shear modulus and Poisson's ratio were 
measured by the resonance method according to ASTM  С

1259-01 using Gindosonic, Type M k5I. Disc-shaped samples 
with a diameter o f 44 mm  and a thickness o f 3 mm  were used. 
Also Young's m odulus was measured by 4PB tests with strain 
gauges. Bar samples (2.7 x  4.1 x  40 m m 3) were used. 
M echanical tests were carried out with an inner span of 
20 mm, an outer span o f 35 mm  and a crosshead speed of
0.5 mm/min at room  temperature.

The indentation m odulus was calculated by the O liver and 
Pharr m ethod [8]. One of the m ost important factors that 
determines the correct calculation o f the indentation modulus 
is com pliance o f the machine. Ulner and others [9] described 
the m ethod o f calculation of the machine com pliance and 
correct zero point. It was based on the analysis o f measured 
depth from  the load F0'5 dependence. It was necessary to 
calculate the polynom ial o f the second order. The first 
coefficient o f this polynom ial gave the machine compliance 
and the last coefficient gave real zero point, respectively.

The indentation depth, h. was calculated according to Ref. 
[10] by the equation:

h — hmeas ^0 ' Fmax (1)

where hmeas is the indentation depth, pm, C„, is the compliance 
o f the machine, pm/N, Fmax is maximum load, N, h0 is correct 
zero point, pm. The maximum depth of the indentation , and 
stiffness were calculated from the load-displacem ent curve.

The plastic indentation depth, hc. was calculated according 
to [10]

F ■ FI I max /ОЛnc — umax g v-y

where S -  stiffness, £ = 0 .7 5  for Vickers indenter.
The indentation modulus EIT was calculated by

E lT =  2 - W G  <3)

where G  for Vickers indentor is about 26.43 [9].

3. Results and Discussion

3 .L  Physical properties

All specimens were sintered to near frill density (Table 1). 
The linear shrinkage of the sintered silicon nitride was 13%. 
The mercury intrusion porosimetry results are shown in 
Table 1. It can be noticed that obtained ceramic had high bulk 
and apparent density o f 2.938 g/cm 3 and 2.941 g/cm 3, respec
tively, and low open porosity (0.115%). It should how ever be 
noted, that the average size o f the open pores was 9.2 pm 
(Table 1). The density amounted to 2.94 g/cm 3 by helium 
pycnom etry and Archimedes method. For comparison, the

Table 1
Physical properties.

Bulk density Open Apparent density Average pore
(g/cm3) porosity (%) (g/cm3) diameter (pm)

2.938 0.115 2.941 9.213
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Fig. 1. Vickers (a) and Knoop (b) indentations.

Table 2
Mechanical characteristics.

Microhardness Microhardness Bending Compressive Arc
( +  15 HV0.5) ( +  15 HK2.si strength (<ть. strength (<tc. (MPa/

MPa) MPa) m - 1/2)

1380 970 280 2200 6

open porosity o f the silicon nitride based ceramics, obtained by 
RBSN varied from 6 .6 % to 21.5%. The density o f this material 
ranged from  2.25 to 2.65 g/cm 3 and the size o f the open pores 
varied from  0.03 to 0.15 pm  [11,12]. It is obvious, that the 
density o f ceramics depends on porosity and on the pore size. 
Thus, the ceramics produced by SPS and HIP methods has the 
highest density close to the theoretical one [13,14].

3.2. M echanical properties

Fig. la  and b illustrates two typical print patterns, which 
were observed for the Vickers and Knoop indentations in this 
study. An indentation load has been chosen experimentally for 
the both methods. The microhardness of the obtained material 
was 1380 HV 0 .5 . by Vickers and 970 HK 2 .5  by Knoop 
(Table 2). Silicon nitride ceramics a priori have high hardness 
[15]. It is well known, that microhardness o f ceramics depends 
on producing m ethod [16]. Therefore, ceramics produced by 
HIP, HP, GPS and SPS have higher microhardness than the 
same ceramics produced by RBSN and pressureless sintering 
methods. For example, the microhardness o f the materials 
obtained by HP was 1733 HV [17], while the microhardness of 
the RBSN ceramics was 1020 HV [3]. The microhardness of 
ceramics obtained by SN varied from 850 HV to 1330 HV.

In spite o f some disadvantages [18], IF method is one o f the 
most popular methods to determine the fracture toughness of 
brittle materials due to its convenient and nondestructive 
character [19]. The Vickers indentations with well-developed 
Palmqvist cracks are observed in Fig. 2. There were no cracks 
from 1 to 10N  for Knoop indentations. This fact is most likely 
associated with a penetration depth of the Vickers indenter. It is 
well known that Vickers indenter is much deeper than Knoop 
indenter at the similar test loads. For example, the unrecovered 
depth o f the Vickers indentation at 3 N is nearly equal to that of
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Fig. 2. Vickers indentation with Palmqvist cracks.
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Fig. 3. High-temperature test results.

a Knoop indentation at a 10N  load. The fracture toughness of 
the investigated ceramic was calculated for Palmqvist cracks by 
Niiahara equation [20]. The fracture toughness o f the obtained 
ceramic was 6  M Pa/m “ 1 / 2  according to this equation.

The high temperature dependences of the bending and 
compression strength from 20 °C to 500 °C are shown in 
Fig. 3. Primarily, it is shown that the shapes of the curves were 
typical and the same in the both cases. It should be noted that 
the highest strength was observed at the lowest temperature for 
the both tests. In particular, the maximum bending strength, оъ 
280 M Pa and the maximum compressive strength <yc, 2200 M Pa
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Fig. 4. Load-displacement curve.

Table 3
Elastic properties.

Method Resonance 4PB

E  (GPa) 240 214
G (GPa) 90 84
V 0.28 0.28

were observed at room temperature (Pig. 3). The strength 
decreases insignificantly with an increase in the temperature 
from 20 °C to 350 °C. Further increase in the testing tempera
ture up to 500 °C is accompanied with a decrease in the strength 
o f ceramic (oc— 1865 MPa and ffb= 2 0 4 M P a , Fig. 3). For 
comparison, the bending strength o f Si3N4 based ceramics 
obtained by HIP was 800 M Pa and decreased down to 
351 M Pa with 10w t%  graphene additive. Also, it has to be 
mentioned that graphene led to decreasing the microhardness of 
this ceramic from 1305 HV to 744 HV. The fracture toughness 
varied from 8.2 M Pa/m " 1/2 to 4.9 M Pa/m " 1/2 [21]. The bend
ing strength of the RBSN ceramics was 82-182 M Pa and its 
fracture toughness was 1.36-2.78 M Pa/m - 1/2 [22]. The bending 
strength o f the samples obtained by RBSN varied from 150 to 
250 M Pa at room  temperature [21].

3.3. Elastic properties

Silicon nitride ceramics have a high Young's modulus [3]. 
Elastic constants o f the silicon nitride ceramics depend on the 
porosity and, consequently, on the density. The elastic 
m odulus data are given for silicon nitride ceramic with density 
2.94 g/cm 3. Usually, as the porosity dependence o f Young's 
m odulus can be expressed by an exponential relationship, the 
m odulus can decrease by half with 0 .2-0 .3  porosity.

As it was noted above, the elastic properties (Young's 
modulus, shear modulus, Poisson's ratio) o f ceramics, as well 
as the mechanical properties, depend on the method o f ceramic 
processing. For example. Young's m odulus o f the RBSN 
ceramics varied from  160 GPa to 200 GPa (+ = 0 .23 ), while

Young's modulus o f the HIP ceramics was twice higher 
( £ = 3 2 0  GPa, + =  0.28) [3].

Thus, the indentation modulus o f the investigated material 
was 244 GPa. Load-displacem ent curve is shown in Fig. 4. 
Usually, the indentation modulus has the same value as Young's 
modulus. For comparison. Young's modulus o f the investigated 
material was 240 GPa by resonance tests (Table 3).

Young's modulus was 190 GPa according to Marshall, Blau 
and Lima equation [23]. A t the same time. Young's modulus by 
4PB was 214 GPa, shear modulus was 84 GPa and Poisson's 
ratio was 0.28 (Table 3). For comparison. Young's modulus of 
the silicon nitride obtained by uniaxial pressing was 161 GPa [4].

4. Conclusions

In conclusion, the silicon nitride ceramic was produced by 
the cold isostatic pressing via free sintering. The mechanical 
and elastic characteristics o f the produced ceramic were 
investigated. It should be noted that the properties o f the 
produced material are higher than properties o f the reaction 
bonded silicon nitride but lower than characteristics o f the 
material obtained by HIP and SPS. M oreover it is obvious that 
the proposed m ethod is much cheaper than HIP and SPS. 
Proposed technology can be potentially applied in various 
fields o f technology and industry in production o f structural 
ceramics based on silicon nitride.

The results can be summarized as follows:

1. The density o f the obtained material was 2.94 g/cm3. The 
open porosity was 0.1%. However, the average pore size of 
the open pores was about 9.2 pm.

2. The microhardness o f the obtained ceramic was 1380 HV0.5 
and 970 HK2.5. The bending strength, ffb, was 280 M Pa and 
com pression strength oc was 2200 M Pa. The fracture 
toughness o f the material was 6 M Pa/m  _1/2.

3. Young's modulus decreases with an increase in temperature. 
It was 214 GPa by 4PB and 240 GPa by resonance. 
Poisson's ratio (0.28) and shear modulus (90 GPa) were 
determined. The indentation modulus calculated from  the 
loading curve was 244 GPa.
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