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A B S T R A C T   

This paper presents an overview of recent works on microscale mechanical and other properties of silicon nitride 
(Si3N4) determined by microcantilever bending tests and their relationships with the processing and micro-
structures. We first focus on deformation behaviors and fracture strength of Si3N4 single crystals. β-Si3N4 single 
crystals are plastically deformed at room temperature under high bending stress, and the yield stress depends on 
the crystal orientation. The critical resolved share stress of the primary slip system is determined to be below 1.5 
GPa from the yield stress. Next, we address microscale mechanical properties of Si3N4 polycrystalline ceramics. 
Emphasis is placed on their grain-boundary strength or toughness in conjunction with intergranular glassy film 
(IGF) which is determined by processing parameters such as sintering additives. Assessment is made on two cases 
of fractures at the IGF-grain interface and that within the IGF, and in each of the cases, effects of rare earth oxide 
additives are discussed. In Si3N4 ceramics doped with Al2O3, β-SiAlON layer forming on β-Si3N4 grains enhances 
the microscale grain-boundary strength. Finally, we shed light on microscale property-degradation behaviors of 
Si3N4 ceramics, including the deterioration due to the contact with molten Al and the corrosion in sulfuric acid 
solution. The variation of the microscale properties appears in very short periods compared to the macroscale 
approaches, demonstrating the advantage in terms of rapid assessment of time-dependent degradation behaviors.   

1. Introduction 

Thanks to their excellent material properties, such as high strength, 
high fracture toughness, low density, good heat and corrosion re-
sistances, high thermal conductivity, and high electrical insulation, sil-
icon nitride (Si3N4) ceramics have attracted a lot of attention for various 
engineering applications, including tribological parts, high-temperature 
components, metal-working tools, orthopedic implants, heat-dissipating 
substrates, and electronics manufacturing tools [1–13]. In the recent 
years, however, many of the Si3N4 parts used in advanced applications 
are becoming small and thinner. For example, Si3N4 ceramics have been 
applied to heat-dissipating substrates of power devices [10], and their 
thickness is now reduced to be less than a few 100 μm for improving 
their heat dissipation ability. Si3N4 thin films are being used for 
permeation barrier, encapsulation and passivation in various 
state-of-the-art devices such as microelectronics fabrication (for pro-
tection against moisture and corrosive ions), silicon solar cells (for 
antireflection and passivation), and microelectrode arrays (MEAs, for 
protection against a harsh physiological environments) [11–13]. It is 

critically important to correctly evaluate and understand the mechanical 
behaviors of such minute parts of Si3N4 ceramics. 

The microscale mechanical properties of ceramic single crystals and 
polycrystals have been investigated by several techniques. One of the 
most frequently used methods is nanoindentation testing, which has 
been recognized as a powerful tool for measuring nano- and micro-scale 
mechanical properties including elastic modulus, hardness, fracture 
toughness, creep and yield stress. This is also ideal for testing thin film 
and surface mechanical properties. Another common method is micro-
pillar compression testing, which is a novel method for investigating the 
mechanical properties of materials at small length scales, including 
critical resolved shear stress (CRSS), elastic modulus, fracture tough-
ness, and deformation mechanisms. However, when materials are used 
for structural applications, their fractures generally occur not in 
compression but in tension, and either nanoindentation or micropillar 
compression gives little information on the mechanical behaviors 
related to the tensile fracture. The elucidation on the microscale fracture 
behaviors in tension is essentially required. 

The microcantilever bending test is a powerful technique that can 
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measure mechanical properties at a microscale with the upper part of 
the specimen in tension [14–32]. A load is applied at the tip of a 
microcantilever beam specimen to generate the bending stress on the top 
surface of the specimen. This method has been employed for investi-
gating microscale mechanical performance of various ceramic materials 
including zirconia [14,18,29], silicon nitride [15,17,25,27,31], alumina 
and alumina-based ceramics [16,19], silicon carbide [20], silicon 
[21–23], high-entropy carbide [24], tungsten carbide [26], hydroxy-
apatite [27], zirconium boride [30], and glass [32]. The advantage of 
this approach is clarification of the whole deformation and fracture 
process until the final failure. This technique is also effective for eval-
uating microscopically the time-dependent degradation behaviors such 
as corrosion in combination with the mechanical properties, enabling 
their rapid assessment, because even if a corroded surface layer is so 
thin, a microcantilever beam containing the layer can reflect its change 
clearly. 

This paper intends to present an overview of recent works on 
microscale properties of Si3N4 determined by the microcantilever 
bending tests and their relationships with the processing and micro-
structures. Following a general description on microcantilever bending 
tests for ceramics, we will focus on deformation behaviors and fracture 
strength of Si3N4 single crystals. The β-Si3N4 single crystals are plasti-
cally deformed at room temperature under high bending stress, and the 
yield stress depended on the crystal orientation. Next, we will address 
microscale mechanical properties of Si3N4 polycrystalline ceramics. 
Emphasis will be placed on their grain-boundary strength or toughness 
in conjunction with intergranular glassy film (IGF) which is determined 
by processing parameters such as sintering additives. Finally, we will 
shed light on microscale property-degradation behaviors of Si3N4 ce-
ramics in molten aluminum and sulfuric acid solution, showing that the 
variation of the microscale properties appears in very short periods 
compared to the macroscale approaches. 

2. Microcantilever bending tests 

This section describes general experimental procedures for micro-
cantilever bending tests frequently used for ceramic and glass materials. 
Microcantilever beam specimens are prepared from the sample mate-
rials generally using a focused ion beam (FIB) technique. A schematic 
illustration of a specimen we use for measurements of bending strength 
and Young’s modulus is shown in Fig. 1 (a), with an example of a single 
crystal specimen (Fig. 1 (b)). The section profile is mostly selected to be 
pentagonal or triangular, so that the bottom part is machinable from 
above by a FIB processing. The pentagonal shape is more preferable 
because of the larger second moment area and the smaller influence of 
the specimen asymmetry. The width, thickness, and length of the 
microcantilever specimens reported so far range in 0.5–7 μm, 1–7 μm, 
and 5–25 μm, respectively [14–32]. In this review article, they are 1~2 
μm, 2–3 μm, and 12–15 μm, respectively, unless otherwise noted. 

Microcantilever bending tests are carried out by applying a load at a 
point on the center line near the free end of a specimen. The measured 
displacement of the indenter generated during the bending test includes 
both the depth of the indent itself and the deflection of the specimen at 
the loading point. Therefore, Yamauchi et al. [23], Tanabe et al. [27], 
and Muramoto et al. [29] obtained a true displacement at the loading 
point by subtracting an indentation depth measured when the indenta-
tion is made on a flat surface of the same sample material using the same 
indenter with the same loads. 

When the displacement is small, the bending stress, σ, the strain, ε, 
and the Young’s modulus, E, of the specimen are obtained from the load 
and displacement using the following equations based on the elastic 
beam theory: 

σ =
PLδa

I
(1)  

ε =
3dδa

L2
(2)  

E =
PL3

3dI
(3)  

where P is the applied load, L is the load point distance (See Fig. 1(a)), δa 
is the distance between the top surface and the neutral plane, I is the 
second moment of area calculated for the cross section, and d is the 
displacement at the loading point. The sectional shape and sizes of each 
specimen should be determined precisely for calculation of I. A trape-
zoidal approximation (see “Supplementary Material (1)”) is one of the 
most frequently employed methods for this determination. The bending 
strength (or fracture strength) and yield stress were determined from the 
maximum load and the load at the proportional limit of the curve, 
respectively, using Eq. (1). It should be noted, however, that the stress 
calculated assuming the elastic beam theory (Eq. (1)) is not entirely 
identical with that of a numerical analysis. For example, Muramoto et al. 
[29] conducted finite element analyses (FEA) for the microcantilever 
beam specimen shown in Fig. 1 (a) and revealed that that both the 
maximum normal stress and the loading-point-displacement linearly 
increased with increasing the applied load; however, the state of the 
stress distribution was not exactly homogeneous, and the maximum 
normal stress, which arose not precisely at the fixed end but slightly 
away (~0.5 μm for 10 μm L) to the free end, was ~6 % lower than that of 
the beam theory. 

Fig. 2 (a) shows a schematic illustration of a microcantilever beam 
specimen used for the fracture toughness measurements in this review 
article, with an example of a notch introduced into Si3N4 ceramics 
(Fig. 2 (b)). The shape and sizes of the specimen are basically the same as 
those of the bending strength measurements, and a sharp notch with a 

Fig. 1. (a) Schematic illustration of a microcantilever beam specimen for 
measurements of bending strength and Young’s modulus. (b) Example of a 
specimen (β-Si3N4 single crystal) [27]. The width, thickness, and length were 
approximately 1.5, 2.5, and 12 μm, respectively. 
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depth of approximately 200 nm and a tip radius less than 15 nm was 
introduced by FIB machining at the fixed end of the beam. The notch 
depth and tip radius as well as the specimen shape and sizes were 
measured by SEM observation. Fracture tests similar to the bending 
strength measurements were carried out to obtain fracture loads. In 
principle, the fracture toughness, KIC, is given by KIC = σf

̅̅̅̅̅
πa

√
F(a /W), 

where σf is the fracture stress, a is the notch depth, F is the shape factor, 
and W is the specimen thickness. However, the depth of a notch intro-
duced by FIB machining is not exactly uniform but tends to be larger at 
both the side surfaces than at the central area (Fig. 2 (a)). Therefore, the 
fracture toughness was determined using a finite element method (FEM) 
analysis based on the accurate geometry measurement of the specimen 
and notch and the fracture load (see “Supplementary Material (2)”). 

3. Microscale mechanical properties Si3N4 single crystals 

Many of the state-of-the art devices tend to be smaller and thinner in 
recent years. In such cases, the single-crystal grains themselves play a 
significant role in determining the material properties. For ensuring 
their structural reliability it is critically important to correctly evaluate 
and understand the deformation behaviors and mechanical properties of 
Si3N4 single crystals. Csanádi et al. [33] reported that β-Si3N4 single 
crystal undergo plastic deformation when the compressive stress ex-
ceeds the yield stress due to the generation and movement of disloca-
tions in the primary slip system{10 1 0}<0001> by means of micropillar 
compression tests; the CRSS in this system was estimated to be 1.64 GPa. 

Using the microcantilever beam specimens, Tanabe et al. [27] 
evaluated the deformation behaviors and fracture strength of β-Si3N4 
single crystals having different angles of tensile-stress application from 

the c-axis and elucidated their dependence on the crystal orientations. 
They first prepared Si3N4 polycrystals by using α-Si3N4 powder with 
sintering additives of 3 wt% Y2O3 and 7 wt% MgO (Si3N4:Y2O3:MgO =
90:3:7, the same applies hereafter) and sintering at 1950oC for 6 h in 0.9 
MPa N2 and obtained sintered bodies of relative densities>98 % having 
a microstructure of elongated β-Si3N4 grains. The crystal orientation 
mapping was performed by electron backscattering diffraction (EBSD) 
analysis, and large grains were selected so that the area where a tensile 
stress arises is fully covered by a single crystal with identifying the 
crystal orientation. The specimens were cut prepared by varying the 
angle, θ, between the tensile stress direction (specimen’s longitudinal 
direction) and the grain’s c-axis (see the insert of Fig. 3). 

Fig. 3 shows examples of the stress–strain curves obtained for the 
specimens of θ = 3o and 22.8o. After the stress increases linearly with the 
strain in the low-stress range, the nonlinear or plastic deformation ap-
pears at a specific stress, or a yield stress. The obtained relationship 
between the angle θ and the yield stress is shown in Fig. 4, together with 
the CRSS and bending strength which are to be discussed later. The yield 
stress tends to increase as the angle θ approaches 0. The transmission 
electron microscopy (TEM) study for the deformed specimen of the 
angle θ of 23.8o (observed in the [11 2 0] direction) revealed the broad 
strain contrasts in the region where the highest bending stress arose, as 
shown in Fig. 5 (a). These contrasts have been typically observed in 
β-Si3N4 single crystals plastically deformed at high temperatures in 
previous studies. Fig. 5 (b) shows a high-resolution TEM image of the 
region where such strain contrasts appeared. Strong lattice disorder is 
observed in the [0001] direction, which agrees with the observation that 
the primary slip system of β-Si3N4 single crystals is the slip plane {10 1 
0} with the slip direction <0001>, as reported by many researchers 
[34–36]. The CRSS with the primary slip system was calculated for the 
specimens of different angle θ using the yield stress as the tensile stress 
when the slip occurred, as shown in Fig. 4. It is almost constant 
regardless of θ, and the average value is 1.34 ± 0.55 GPa, which agrees 
well with the above-stated CRSS value, 0.1–1.6 GPa, reported by 
Csanádi et al. [33]. 

The obtained bending strength of β-Si3N4 single crystals is shown in 
Fig. 4. The strength of the specimens whose tensile direction is parallel 
to the c-axis, is very high, approximately 20 GPa. The average bending 

W
 

a 

Fig. 2. (a) Schematic illustration of a microcantilever beam specimen for 
measurements of fracture toughness. The notch depth is not exactly uniform but 
tends to be larger at both the side surfaces than at the central area. (b) Example 
of a notch introduced into Si3N4 ceramics [17]. 

Fig. 3. Stress–strain curves for the microcantilever beam specimens of β-Si3N4 
single crystals with θ = 3.0o and 22.8o. The horizontal dotted line indicate the 
proportional limit or the yield stresses [27]. 
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strength was 12.4 ± 5.4 GPa, which agreed well with the bending 
strength of β-Si3N4 grains, 10.5 ± 0.8 GPa, measured by Csanádi et al. 
[25] using microcantilever bending tests, though the crystal orientation 
was not identified in their study. Based on linear fracture mechanics, the 
Grifith crack length was estimated to be about 90 nm for the specimen of 
23.8o θ from the strength, 7.5 GPa, and the fracture toughness, 2.77 MPa 
m1/2 [15]. Fig. 5 (a) shows a concentrated area of lattice disorder with a 
size of about 100 nm (indicated by red arrows), which is in good 
agreement with the above estimated crack length. Dislocation pileups 
result in stress concentration and/or crack formation, which possibly 
resulting in a fracture origin of a material [37]. Particularly the dislo-
cation pileups moving on a slip plane can promote mode II crack for-
mation and control the strength of β-Si3N4 single crystals. It is also 
generally known that one typical source of cracks is the interaction of 
different slips, causing dislocation pileups and cleavage cracks gener-
ated at the intersections of two different slip planes. They may act as a 
fracture origin controlling the strength. The dislocation pileups are 
thought to be more intense with lowering the yield stress. As a result, the 
fracture strength and the yield stress have the similar dependency on the 
angle θ. 

4. Microscale mechanical properties Si3N4 polycrystals 

4.1. Grains, grain boundaries, and polycrystals 

The previous section described that the CRSS with the primary slip 
system is 1.34 ± 0.55 GPa, indicating that Si3N4 single crystals can 
deform in a specific direction at this shear stress or higher. However, the 
von Mises criterion [38] requires that five independent slip systems must 
operate for polycrystals to deform uniformly without failure at the grain 
boundaries (It should be noted that a recent review on this subject 
indicated that three linearly independent slip systems are essentially 
sufficient for compatible deformation [39]). Because Si3N4 polycrystals 
do not satisfy this criterion (even three independent slip systems), they 
do not deform plastically at least at room temperature, and brittle 
fractures are observed in their load-displacement diagrams of bending 
tests. 

Si3N4 is a typical difficult-to-sinter material and therefore its poly-
crystals are usually produced by using sintering additives such as oxide 

ceramics. The additives form liquid phase at elevated temperatures, 
which enhances the solution-reprecipitation processes leading to the 
densification during sintering. Upon cooling, the liquid remains as grain- 
boundary glassy films (typically 1 nm thick) and secondary crystal or 
amorphous phases at multigrain junctions. These grain boundaries play 
a critical role in determining mechanical properties of Si3N4 
polycrystals. 

Tatami et al. [15] investigated fracture toughness of Si3N4 poly-
crystalline ceramics using single-edge notched microcantilever beam 
specimens(Fig. 2 (b)), with three measurement targets including grains, 
grain boundaries, and polycrystals (comprising both). The materials 
were sintered using α-Si3N4 powder with 5 wt% Y2O3 and 3 wt% Al2O3 
for 2 h in 0.9 MPa N2; the sintering temperature was 1800 ◦C for poly-
crystals and 1900 ◦C for grains and grain boundaries, since the latter 
needed larger grains. Fig. 6 shows SEM photographs of microstructures 
of the prepared Si3N4 polycrystalline ceramics, together with those 
doped with La2O3- and Lu2O3-based additives which are to be discussed 
later. Dense sintered bodies having microstructures of large, elongated 
grains embedded in fine matrix ones are obtained. 

Table 1 shows the measured fracture toughness values for grains, 
grain boundaries, and polycrystals. The value of grains is higher than 
that of grain boundaries, and the toughness of polycrystals is an inter-
mediate between them. Fig. 7 shows their plots together with an R curve 

Fig. 4. Yield stress, CRSS (Critical resolved shear stress), and bending strength 
of β-Si3N4 single crystals as a function of θ [27]. 

Fig. 5. (a) TEM image of broad strain contrasts in the region where the highest 
bending stress arose in the deformed specimen of the angle θ of 23.8o (observed 
in the [11 2 0] direction). The concentrated area of lattice disorder with a size 
of about 100 nm is indicated by red arrows. (b) High resolution TEM image of 
such a strain contrast [27]. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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for Si3N4 ceramics (doped with Y2O3) measured by a surface-crack-in 
flexure (SCF) method [40]. The value at the zero crack-depth extrapo-
lated from the R curve agrees with that of polycrystals, because the 
toughness measured by single-edge notched microcantilever beam 
specimens is free of crack-shielding toughening effects including grain 
bridging and pull-out. 

4.2. Rare earth oxide additives and grain boundary properties 

As above stated, glassy films remain at grain boundaries of Si3N4 
ceramics as IGF, and the IGF thickness ranges in 0.5 nm–1.5 nm, 
depending on the film chemistry (It has been also known that this result, 
the independence of the IGF thickness from grain orientation, is unex-
pected and not predicted by theory) [41]. It can be considered that, if the 
fracture occurs at the grain boundaries, it originates either at the 
interface between the grains and the IGF or within the IGF, depending 
on the film’s composition. For example, Becher et al. [42] reported that 
the crack propagation path observed in grain-boundary fractures of 
Si3N4 ceramics doped with Y2O3 and Al2O3 is shifted from solely that 
along the IGF-grain interface to mixture of those along the interface and 
within the IGF, when increasing the Y2O3 to Al2O3 ratio. 

Tatami et al. [15] also prepared Si3N4 ceramics doped with 5 wt% 
La2O3 and 3 wt% Al2O3 and those with 5 wt% Lu2O3 and 3 wt% Al2O3 
via sintering at 1900 ◦C for 2 h in 0.9 MPa N2 (Fig. 6) and investigated 
fracture toughness for their grain boundaries using the same micro-
cantilever beam specimens as above. The results are shown also in 
Table 1. It should be noted that the value decreases with increasing the 
ionic radius (Lu < Y < La). As described in the above, this value derives 
either from the fracture at the IGF-grain interface or that within the IGF. 

In terms of the IGF-grain interface, it is known that its strength is 
substantially affected by the rare earth (RE) cations which segregate to 
the grain surfaces in Si3N4 ceramics. The segregated RE cations also 
govern the grain growth behavior and resultantly their aspect ratios. 
Painter et al. [43] introduced a first-principles-based energy parameter, 
differential binding energy, DBE, which provides a second-difference 
measure of relative site stabilities of RE vs Si atoms for different O/N 
contents. When the DBE value of an additive cation is negative, it is more 
energetically favorable for the cation to segregate to the nitrogen-rich 
grain surfaces than Si. On the other hand, a cation with positive DBE 
has a greater affinity for oxygen than Si and tends to reside within the 
IGF. Some atomic resolution STEM studies on the segregation behavior 
and specific adsorption sites for RE cations confirmed this theory 
[44–48]. Effects of the RE intergranular adsorption on the phase trans-
formation, microstructure evolution, and mechanical properties in Si3N4 
ceramics were also investigated [49–52]. The DBE values (Si reference) 
for La, Y and Lu are shown in Table 1, indicating that the amount of the 
RE cations which segregate to the IGF-grain interface and replace Si ions 
increases in order of Lu < Y < La. Because these RE cations work as glass 
network modifiers rather than network formers such as Si ions [53,54], 
their presence weakens the IGF-grain interface. Therefore, it is reason-
able that the fracture toughness values of grain boundaries increase in 
order of La < Y < Lu, as shown in Tables 1 and if the grain boundary 
facture occurs at the IGF-grain interface. 

When considering the case that the grain boundaries facture from the 
inside of the IGF, the IGF’s strength is influenced by the different ad-
ditive RE cations in various factors including the elasticity, thermal 
expansion coefficient, film thickness, etc. One of the most influential 
parameters is the cationic field strength, CFS, expressed as follows: 

CFS =
Z
ri

2 (4)  

where Z is the valence of the RE cation and ri its ionic radius. Table 1 
shows the calculated CFS, for La, Y, and Lu [55,56]. The CFS increases in 
order of La < Y < Lu, which agrees with the increase of the fracture 
toughness of the grain boundaries. 

Fig. 6. SEM photographs of microstructures of Si3N4 polycrystalline ceramics. 
5Y3A,5La3A, and 5Lu3A indicate the sintering additives of 5 wt% Y2O3-3 wt% 
Al2O3, 5 wt% La2O3-3 wt% Al2O3, and 5 wt% Lu2O3-3 wt% Al2O3, respec-
tively [15].. 

Table 1 
Fracture toughness of grain boundaries, grains, and polycrystals of Si3N4 ce-
ramics measured using single-edge notched microcantilever beam specimens. 
Differential binding energies (Si reference), DBE, and cationic field strengths, 
CFS, of RE ions of sintering additives are also shown [15].   

Sintering 
additives 

Fracture toughness, 
MPa.m1/2 

DBE of 
RE, eV 

CFS of 
RE, Å-2 

Grain 
boundary 

La2O3–Al2O3 1.63 ± 0.60 − 0.98 2.18 
Y2O3–Al2O3 1.73 ± 0.52 ~0 2.77 
Lu2O3–Al2O3 2.28 ± 0.37 2.50 3.19 

Grain Y2O3–Al2O3 2.77 ± 0.54 – – 

Polycrystal Y2O3–Al2O3 1.92 ± 0.37 – –  

Fig. 7. Fracture toughness values for grains ( ), grain boundaries ( ), and 
polycrystals ( ) in comparison with toughness (●) and an R curve for Si3N4 
ceramics (doped with Y2O3) measured by a surface-crack-in flexure (SCF) 
method [15,40]. 
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However, a latest study on fracture strength of grain boundaries for 
Si3N4 ceramics doped with 3 wt% RE2O3 (RE = La, Y, or Lu) and 7 wt% 
MgO using microcantilever beam specimens showed a different order of 
strength in terms of RE from the above results on the fracture toughness, 
La < Y < Lu; the grain-boundary strength increased in order of Y < La <
Lu [57]. It should be noted that the fracture toughness should be pro-
portional to the bending strength because no toughening effect works in 
this case. This order of the grain-boundary strength, Y < La < Lu, agrees 
with the study by Satet et al. [49], who investigated influence of inter-
granular phase composition on fracture toughness of Si3N4 ceramics 
using MgO and RE2O3 (RE = La, Y, Lu, etc.) as sintering additives. The 
microstructure was tailored to have the same grain sizes and morphol-
ogies by adjusting the sintering parameters, so that the fracture tough-
ness reflects the debonding behavior of the grain boundary. The 
toughness increased in order of Lu < La < Y, indicating that the 
grain-boundary strength decreased in Lu > La > Y. It was suggested that 
O anions, which reside within the IGF and do not dissolve into the 
β-Si3N4 crystal lattice because of the high cationic field strength at the 
small ionic radius, reduce the grain-boundary strength [57]. 

Csanádi et al. [25] investigated microscale fracture strength of grains 
and grain boundaries in polycrystalline La-doped β-Si3N4 ceramics using 
microcantilever beam specimens (pentagonal cross-sections with 
lengths of 11.7–23.2 μm, widths of 2.1–6.3 μm and thicknesses of 
2.1–5.7 μm). The fracture behavior of SiO2–La2O3 intergranular glassy 
phase between β-Si3N4 grains was also modelled by ab initio simula-
tions, and the obtained theoretical predictions were compared with the 
experimental results. The measured fracture strength along the grain 
boundaries decreased from 2.9 GPa to 2.1 GPa with increasing the La2O3 
content from 0.86 wt% to 4.19 wt%. The results qualitatively agreed 
well with the predictions by ab initio simulations, confirming that the 
existence of RE cations weakens the grain boundaries. 

4.3. Alumina additives and grain boundary properties 

It has been well known that a distinct epitaxial β-SiAlON layer 
readily forms on β-Si3N4 grains in glasses having high alumina and ni-
trogen contents. It can be considered that, compared to the β-Si3N4/ 
oxynitride-glass interface, the β-SiAlON/oxynitride-glass interface is 
more resistant to debonding or possesses a higher bonding strength, 
because the Al and O are distributed more gradually across the latter 
interface than across the former [58–60]. β-SiAlON contains Al–N, Al–O, 
and Si–O bonds in addition to Si–N bonds, while Si–Al–Y oxynitride 
glasses do Si–O, Si–N, Al–N, and Al–O, indicating that similar chemical 
bonds exist in the two phases. Thus, the SiAlON/glass interface has a 
potential to be more strongly chemically bonded than the Si3N4/glass 
interface [58]. 

Table 2 shows the bending for two types of Si3N4 ceramics deter-
mined using the same microcantilever bending test procedure. One is 
sintered with additives of 5 wt% Y2O3 and 5 wt% Al2O3 [17] and the 
other with 5 wt% Y2O3 and 3 wt% Al2O3 [31]. The preparation pro-
cedures are almost the same, resulting in nearly identical microstruc-
tures (grain sizes and morphologies). The fractographic studies revealed 
that the intergranular factures were predominant in both the cases, 
indicating the measured value is the grain boundary strength. The 
former strength is~1.2 GPa higher than the latter, and this discrepancy 
is most likely due to the difference of the ratio of the sintering additives, 
Y2O3 and Al2O3. It has been reported that, in Si3N4 ceramics doped with 

Y2O3 and Al2O3, even slight difference of Y:Al ratio, such as 4:2.8 vs. 5:2 
in weight, substantially affects the interfacial debonding between the 
β-Si3N4 grains and the intergranular glassy phase, resulting in the 
different fracture toughening behaviors and R-curve responses [58]. 

It should be also noted that Al cations can act as a network former 
depending on the coordination number [61], while RE cations such as Y 
do as a network modifier as stated in the above. Therefore, the strength 
of the glass itself is plausibly reduced when increasing the Y:Al ratio, 
leading to more fragility of the inside of the IGF. As shown in the above, 
the grain-boundary crack propagation Si3N4 ceramics doped with Y2O3 
and Al2O3 is shifted from solely that along the IGF-grain interface to the 
appearance of fractures within the IGF, when increasing the Y:Al ratio 
[42]. This is most likely because of the weaker IGF at higher Y:Al ratios. 

5. Microscale property-degradation of Si3N4 polycrystals 

5.1. Degradation of Si3N4 ceramics in contact with molten al 

One of the structural advantages of Si3N4 ceramics is their good 
corrosion resistance, and therefore, this material is most often utilized as 
structural components in corrosive environments such as Al casting 
process [62]. In this application, Si3N4 ceramic components are soaked 
in molten Al at about 750oC, and their structural reliabilities are dete-
riorated after long-term use. This type of evaluation of the degradation 
behavior using actual components requires prolonged periods of time, 
typically several years. 

Besides the reliability assurance of micro-components as described in 
the previous sections, another advantage of the microscale evaluation is 
the rapid assessment of the time-dependent degradation behaviors such 
as corrosion. Fujita et al. [17] studied the mechanical properties of 
surface layers of Si3N4 ceramics after contact with molten Al at 750oC for 
6 h in air, using microcantilever beam specimens. The material was 
sintered at 1750oC for 2 h in 0.9 MPa N2 using α-Si3N4 powder with 
additives of 5 wt% Y2O3 and 5 wt% Al2O3. The visible degradation in the 
mechanical properties appeared only after this short period’s immer-
sion, as shown in Table 3. All of the bending strength, fracture toughness 
and Young’s modulus decreased after the molten Al contact. Table 3 also 
exhibits equivalent crack sizes obtained from the strength and toughness 
assuming a Griffith crack. Since they are almost the same before and 
after the molten Al contact (or the latter is even smaller than the former), 
the strength degradation can be considered due to the decrease in the 
toughness. The oxynitride glass existing at grain boundaries of Si3N4 
ceramics consists mainly of SiO2 glass network. It has been known that 
SiO2 glass reacts with molten Al to produce Al2O3 by the following 
replacement reaction [63–65]. 

3SiO2 + 4Al → 2Al2O3 + 3Si (5) 

Due to the difference in volume between 3SiO2 and 2Al2O3, this 
reaction results in ~27 % volume shrinkage, leading to formation of 
microcracks and micro-voids at the grain boundaries. Fig. 8 shows SEM 
images of the fractured surface morphologies of specimens. Unusual net- 
like morphology with traces of micro-voids was observed on the frac-
tured grain boundary after the molten Al contact. Although microcracks 
are generally invisible in SEM observation, it is most plausible that the 
formation of micro-cracks or micro-voids) reduces the Young’s modulus 
as well as the fracture toughness, as shown in Table 3. In addition, ion- 

Table 2 
Grain boundary strength determined by microcantilever bending tests for 
Si3N4 ceramics with Y2O3–Al2O3 sintering additives of different contents 
[17,31].  

Sintering additives Bending strength, GPa 

5 wt% Y2O3 - 5 wt% Al2O3 5.89 ± 1.19 GPa 
5 wt% Y2O3 - 3 wt% Al2O3 4.62 ± 0.6 GPa  

Table 3 
Mechanical properties of Si3N4 ceramics determined by microcantilever bending 
tests before and after contact with molten Al at 750oC for 6 h in air [17].   

Before After 

Bending strength, GPa 5.89 ± 1.19 3.03 ± 0.28 
Fracture toughness, MPa.m1/2 3.28 ± 0.61 1.60 ± 0.43 
Young’s modulus, GPa 343 212 
Equivalent crack size, nm 99 89  
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exchange between Y and Al cations can take place in the grain boundary 
oxynitride glass. It has been reported that the fracture toughness of 
oxynitride glass containing Y and Al cations decreases with an increase 
in Y/Al ratio when the N and Si contents are the same [66], most likely 
due to the difference between the network modifier and former, as 
discussed in the above. 

5.2. Corrosion of Si3N4 ceramics in sulfuric acid solution 

Another example for rapid evaluation of property-degradation 
behavior using microcantilever beam specimens is the study on micro-
scale mechanical properties including bending strength and Young’s 
modulus for Si3N4 ceramics which was immersed in 5 wt% sulfuric acid 
solution at 80oC [31]. The sample was prepared by sintering at 1700◦C 
for 2 h in 0.9 MPa N2 using α-Si3N4 powder with additives of 5 wt% Y2O3 
and 3 wt% Al2O3. The results were discussed in comparison with the 
macroscopic results obtained in conventional three-point bending tests 
with 3 mm height, 4 mm width and 30 mm span length. Fig. 9 shows the 
microcantilever bending strength and Young’s modulus as a function of 
the immersion time. The top tensile surface of the microcantilever beam 
specimen is acid-immersed, and the vertical dotted line of Fig. 9 denotes 
that the estimated corrosion layer thickness reaches the specimen’s 
bottom; in other words, the whole specimens are corroded. Both the 
bending strength and Young’s modulus sharply drop in several minutes. 
The properties degradations are due to the dissolutions of Y and Al 
cations of grain-boundary glassy phase, followed by the hydration where 
the cations of large ionic radii are exchanged for the protons. After the 
drops at the beginning of the corrosion, both the properties show little 
degradation afterwards due to a relatively strong network structure 
remaining at the grain boundaries. The observed corrosion degradation 
behaviors of the mechanical properties are basically the same as those in 
conventional macroscopic approaches; however, the properties changes 
appear in very short periods of the corrosion in the microcantilever 
bending tests, compared with the macroscopic methods which typically 
need several 10 h for the similar degradation of the strength to come out. 

6. Summary 

This paper presented an overview of recent works on microscale 
mechanical and other properties of Si3N4 determined by the micro-
cantilever bending tests and their relationships with the processing and 
microstructures. After the general description on microcantilever 
bending tests, we focused on the deformation behaviors and fracture 
strength of Si3N4 single crystals. The β-Si3N4 single crystals were 

plastically deformed at room temperature under high bending stress, 
and the yield stress depended on the crystal orientation. The CRSS of the 
primary slip system determined from the yield stress was below 1.5 GPa. 
Next, we addressed the microscale fracture strength of Si3N4 poly-
crystalline ceramics. The particular emphasis was placed on their grain- 
boundary strength or toughness in conjunction with the IGF which was 
determined by processing parameters such as sintering additives. The 
assessment was made on the two cases of the fracture at the IGF-grain 
interface and that within the IGF, and in each of the cases, the effects 
of RE oxide additives were discussed. When Al2O3 was doped as a sin-
tering additive, β-SiAlON layer forming on β-Si3N4 grains had a potential 
to be strongly chemically bonded to the IGF and affected the microscale 
grain-boundary strength. Finally, we shed light on microscale property- 
degradation behaviors of Si3N4 ceramics, including the deterioration 
due to the contact with molten Al and the corrosion in the sulfuric acid 
solution. The variation of the microscale properties appeared in very 
short periods compared to the macroscale approaches, demonstrating 
the advantage in terms of rapid assessment of time-dependent degra-
dation behaviors. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ceramint.2024.04.238. 

Fig. 8. SEM images of the fractured surfaces of specimens: before (a) and after 
(b) contact with molten Al at 750oC for 6 h in air; (c) is the enlarged view of 
(b) [17]. 

Fig. 9. Bending strength and Young’s modulus determined by microcantilever 
bending tests as a function of immersion time. The vertical dotted line denotes 
that the corrosion layer thickness reaches the specimen’s bottom [31]. 
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[13] A. Karttu K. Lahtonen, J. Heikkilä, J. Väliaho, S. Narkilahti, J. Lekkala, P. Kallio, 
Corrosion and protection of silicon nitride Insulators in microelectrode array 
applications, IEEE Sensor. J. 22 (2022) 12504–12514, https://doi.org/10.1109/ 
JSEN.2022.3178640. 

[14] E. Camposilvan, O. Torrents, M. Anglada, Small-scale mechanical behavior of 
zirconia, Acta Mater. 80 (2014) 239–249, https://doi.org/10.1016/j. 
actamat.2014.07.053. 

[15] J. Tatami, M. Katayama, M. Ohnishi, T. Yahagi, T. Takahashi, T. Horiuchi, 
M. Yokouchi, K. Yasuda, D.K. Kim, T. Wakihara, K. Komeya, Local fracture 
toughness of Si3N4 ceramics measured using single-edge notched microcantilever 
beam specimens, J. Am. Ceram. Soc. 98 (2015) 965–971, https://doi.org/10.1111/ 
jace.13391. 

[16] A.D. Norton, S. Falco, N. Young, J. Severs, R.I. Todd, Microcantilever investigation 
of fracture toughness and subcritical crack growth on the scale of the 
microstructure in Al2O3, J. Eur. Ceram. Soc. 35 (2015) 4521–4533, https://doi. 
org/10.1016/j.jeurceramsoc.2015.08.023. 

[17] S. Fujita, J. Tatami, T. Yahagi, T. Takahashi, M. Iijima, Degradation evaluation of 
Si3N4 ceramic surface layer in contact with molten Al using microcantilever beam 
specimens, J. Eur. Ceram. Soc. 37 (2017) 4351–4356, https://doi.org/10.1016/j. 
jeurceramsoc.2017.01.016. 

[18] R. Henry, T. Blay, T. Douillard, A. Descamps-Mandine, I. Zacharie-Aubrun, J.- 
M. Gatt, C. Langlois, S. Meille, Local fracture toughness measurements in 
polycrystalline cubic zirconia using micro-cantilever bending tests, Mech. Mater. 
136 (2019) 103086, https://doi.org/10.1016/j.mechmat.2019.103086. 

[19] Y.-H. Ma, Z.-G. Wang, J.-H. Ouyang, S.J. Dillon, L. Feng, Y.-J. Wang, In-situ 
microcantilever deflection to evaluate the interfacial fracture properties of binary 
Al2O3/SmAlO3 eutectic, J. Eur. Ceram. Soc. 39 (2019) 3277–3282, https://doi.org/ 
10.1016/j.jeurceramsoc.2019.04.016. 

[20] J. Tatami, Y. Imoto, T. Yahagi, T. Takahashi, M. Iijima, Relationship between 
bending strength of bulk porous silicon carbide ceramics and grain boundary 
strength measured using microcantilever beam specimens, J. Eur. Ceram. Soc. 40 
(2020) 2634–2641, https://doi.org/10.1016/j.jeurceramsoc.2019.12.029. 

[21] B.N. Jaya, C. Kirchlechner, G. Dehm, Can microscale fracture tests provide reliable 
fracture toughness values? A case study in silicon, J. Mater. Res. 30 (2015) 
686–698, https://doi.org/10.1557/jmr.2015.2. 

[22] B.N. Jaya, J.M. Wheeler, J. Wehrs, J.P. Best, R. Soler, J. Michler, C. Kirchlechner, 
G. Dehm, Microscale fracture behavior of single crystal silicon beams at elevated 
temperatures, Nano Lett. 16 (2016) 7597–7603, https://doi.org/10.1021/acs. 
nanolett.6b03461. 

[23] H. Yamaguchi, J. Tatami, T. Yahagi, H. Nakano, M. Iijima, T. Takahashi, T. Kondo, 
Dislocation-controlled microscopic mechanical phenomena in single crystal silicon 
under bending stress at room temperature, J. Mater. Sci. 55 (2020) 7359–7372, 
https://doi.org/10.1007/s10853-020-04528-3. 
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