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Abstract Sintering additives Y2O3 and Al2O3 with dif-

ferent ratios ((Y2O3/Al2O3) from 1 to 4) were used to sinter

Si3N4 to high density and to induce microstructural chan-

ges suitable for raising mechanical properties of the

resultant ceramics. The sintered Si3N4 ceramics have bi-

modal microstructures with elongated b-Si3N4 grains uni-

formly distributed in a matrix of equiaxed or slightly

elongated grains. Pores were found within the grain

boundary phase at the junction regions of Si3N4 grains. The

highest average aspect ratio (length/width of the grains) of

~4.92 was found for Y2O3/Al2O3 ratio of 2.33 with fracture

toughness and strength values of ~7 MPam1/2 and

800 MPa, respectively. The effect of microstructure, spe-

cifically grain morphology, on mechanical properties of

sintered Si3N4 were investigated and found that the aspect

ratio of the elongated grains is the most important micro-

structural feature which controls mechanical properties of

these ceramics.

Introduction

Evolution of microstructure during sintering of Si3N4 and

its effect on mechanical properties has been one of the

main topics of numerous studies over the last number of

years [1–8]. The properties of Si3N4 ceramics strongly

depend on the microstructure developed during different

sintering conditions, therefore microstructural design is a

key factor in optimization of processing parameters and

mechanical properties of Si3N4 ceramics.

The amount of sintering aids used affects the density of

the ceramics [9] and the chemical composition of the grain

boundary phase. The chemistry of the liquid phase, formed

between sintering aids and oxide layer (SiO2) on the sur-

face of the Si3N4 particles, along with characteristics of the

sintering powder and processing conditions, are the key

factor in determining the microstructure and mechanical

properties of Si3N4 ceramics [9].

Woetting and Ziegler [10] in 1984 showed that the

presence of Al2O3 and Y2O3 has a strong effect on density

and grain shape and any increase of Y2O3 concentration

leads to an increase in liquidus temperatures and thus to

viscosities at the sintering temperature. The development

of elongated b-Si3N4 depends mainly on the diffusion rate

during a to b phase transformation, and on the viscosity of

the liquid at the sintering temperature. The higher the

viscosity the lower the diffusion rates and thus the higher

the aspect ratio of b-Si3N4 elongated grains will be. The

aspect ratio is defined as [11]
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where L is the average length of the b-Si3N4 grains, W is

the average width of the b-Si3N4 grains, KL and KW are the

rate constants in the length and width direction of the b-

Si3N4 grains, QL and QW are the activation energies for

length and width respectively, R is the gas constant, t is the

time and T is the absolute temperature. Due to prismatic

configuration of b-Si3N4 grains, the growth of length in the

c direction [0001] is controlled mainly by the solute dif-

fusion through multigrain junctions, while the growth of
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width in the [2100] direction is controlled by the diffusion

along grain boundaries. According to this, the growth rate

in the width direction is lower than the growth in the length

direction resulting in the formation of elongated b-Si3N4

grains.

These elongated grains produced in the same matrix

material have an important role in toughening of Si3N4

ceramics. The two most important mechanisms of tough-

ening in this self-reinforced or in situ reinforced Si3N4

ceramics are crack bridging and crack deflection. In order

for crack bridging to occur, the microstructure must consist

of rod-like b-Si3N4 elongated grains uniformly distributed

in a matrix of smaller either slightly elongated or equiexed

grains. These two mechanisms contribute to enhanced en-

ergy dissipation upon crack propagation and hence can

result in increase fracture toughness [12]. It should be

noted that a weak interface between the elongated grains

and surrounding intergranular phase are generally required

for these two toughening mechanisms to operate. The

resulting fracture toughness of monolithic Si3N4 ceramics

is reported in the literature to be mainly governed by the

morphology of the Si3N4 grains, i.e., the grain diameter and

aspect ratio of the grains [12–14]. Faber and Evans [15]

developed a model for toughening mechanism by crack

deflection which relates fracture toughness and aspect ratio.

In that model, any increase in aspect ratio of the rod shape

reinforcing particles increases fracture toughness. Corre-

lation between the square root of the average grain diam-

eter and fracture toughness, and a linear relationship

between aspect ratio of the elongated Si3N4 particles and

fracture toughness was observed by Mitomo and Uenosono

[16]. In their study no conclusion was drawn whether the

aspect ratio or grain diameter is the dominant parameter in

controlling fracture toughness.

Kawashima et al. [14] and Mitomo [17] showed that the

fracture toughness of silicon nitride depends on the diam-

eter of the larger elongated grains. Becher et al. [18] pre-

sented a model which relates the fracture toughness to the

diameter of the bridging grains according to following

equation:

KIC ¼ rrð Þ2dW f crEc=24Erci

n o1=2

ð2Þ

where rr is the tensile strength of the elongated grain, dW is

the diameter of the elongated grains, f is the volume frac-

tion of the bridging grains, cr and ci are the fracture energy

and interfacial debonding energy, respectively. Er and Ec

are the Young’s moduli of the reinforcing phase and

composite, respectively.

In the case of whiskers or elongated grains pullout the

resultant toughening contribution is also expressed in terms

of grain diameter using equation:

KIC ¼ rrð Þ3dW f crEc=12Ersi

n o1=2

ð3Þ

where rr, dW, f, cr, Er and Ec have the same meaning as in

Eq. (2), and si is the shear resistance of the interface. In Eq.

(3) the fracture toughness is predicted to increase with

whiskers content and whiskers diameter. Kleebe et al. [12]

reported a continuous increase of fracture toughness for

Si3N4 with grain diameter. However, no relationship was

developed which relates toughness to the aspect ratio.

Recently, Krstic [7] has developed a model which relates

fracture toughness to the aspect ratio of the elongated

grains. In addition to aspect ratio, the volume fraction of

elongated grains plays equally important role as expressed

by the equation [7]:

K ¼ Km 1� Vð Þ þ 4EsVu= 1� m2
� �

Km

� �
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The model relates the fracture toughness to the pullout

length u, the sliding friction stress s, the grain aspect ratio s

and the elongated grain volume friction V.

In Eq. (4) K is the stress intensity factor of the system,

Km is the critical stress intensity factor of the fine grain

matrix, E is the Young’s modulus and m is the Poison’s

ratio.

This paper presents a systematic study of the effect of

elongated b-Si3N4 grain morphology on mechanical prop-

erties of silicon nitride ceramics especially fracture

toughness and fracture strength. Another goal of the paper

is to determine which microstructural feature is the domi-

nant factor which controls toughening mechanisms in

Si3N4 ceramics.

Experimental procedure

High purity, fine a-Si3N4 powder (Ube Industries E-10)

was used as a raw material. Alumina (Alcoa A16-SG) and

submicron size Y2O3 (Alpha Aesar) powders were used as

sintering aids. Five different compositions have been pre-

pared with different Y2O3/Al2O3 ratio (1, 1.5, 2.33, 3, and

4) but keeping constant amount of oxides (Y2O3 + Al2O3).

Compositions were mixed for 12 h by ball-milling with

alumina balls. This intensive milling procedure added

0.4 wt.% Al2O3 through the wear of the balls. Polyethylene

glycol (PEG) was used as a binder, and after mechanical

and isostatic pressing pressureless sintering was carried out

in a graphite resistance furnace at temperatures ranging

from 1,700 to 1,820�C for 1 h. The atmosphere in the

furnace was the flowing N2 gas. Four point-flexural

strength testing was carried out on a jig with an inner and

outer span of 20.00 and 40.00 mm, respectively. The cross-

head speed was 0.003 mm/min. Ten samples were tested
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for each composition. Fracture toughness measurements

were carried out using Vickers’s indentation method at

loads varying from 20 to 30 kg. The fracture toughness

values were calculated using the following equation [19]

KIC ¼ 0:016 � E

H

� �0:5

� P

c1:5
ð5Þ

where H is the hardness, E is the Young’s modulus, P is the

load and c is the crack length.

The Young’s moduli of the samples were measured

using an impulse-excitation of vibration technique (Gran-

do-Sonic MK5, J.W Lemmens, INC. St. Louis MO USA)

according to ASTM standards C 1259–94.

For microstructural analysis, the samples were first

polished and then chemically etched with NaOH at 350�C

for 130 s. Optical microscopy was used to examine pol-

ished and chemically etched surfaces. Scanning Electron

Microscope (SEM) (Model JSM 840, Jeol Ltd., Tokyo,

Japan) was employed to study the microstructure with an

acceleration voltage of 20 KV. UTHSCSA 3.00 Image

Tool was used as a software for microstructural analysis. It

is based on ‘‘Area analysis’’ in which the volume fraction

occupied by a certain phase is approximately equal to the

portion of the surface occupied by the same phase in a

section surface, provided that the particles are randomly

distributed. For each composition section surface has taken

from three different directions.

Results and discussion

The microstructure of sintered Si3N4 consists of bi-modal

grains separated by glassy grain boundary phase. Figures 1,

2 and 3 show the effect of Y/A (Y2O3/Al2O3) ratio on grain

morphology and grain size. For example, elongated grains

in the composition Y/A ratio of 2.33 (Fig. 2) have the

highest aspect ratio of ~4.92, while composition with Y/A

ratio of 4 gave the highest width of the grains ~0.8 lm

(Fig. 3). The highest density but lowest aspect ratio and

width of the grains was observed for composition with Y/A

ratio of 1 (Fig. 1). Figures 4 and 5 show the fracture sur-

face of samples with Y/A ratios of 1 and 2.33, respectively.

The samples exhibit mostly intergranular fracture with

some indication for elongated grain pull-out (see arrows in

Figs. 4 and 5).

The effect of average aspect ratio on fracture strength

for different Y/A ratios is shown in Fig. 6. Clearly, the

addition of Y2O3 increases the aspect ratio of the Si3N4

grains reaching the highest value of ~4.92 at Y/A ratio of

2.33. Also, according to Fig. 6 any increase in average

aspect ratio leads to an increase in strength of Si3N4.

Fig. 1 Microstructure of sample with Y/A ratio of 1

Fig. 2 Microstructure of sample with Y/A ratio of 2.33 (BSE mode)

Fig. 3 Microstructure of sample with Y/A ratio of 4
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However, as the aspect ratio is increased there is an

increase in the level of porosity (Ins. of Figs. 1–3), which

in turn leads to a decrease in strength as shown in Fig. 6.

Based on Figs. 1–3 and 6 the dominant mechanism of

strengthening for samples with Y/A ratio of £2.33 is crack

bridging by the elongated b-Si3N4 grains and associated

crack deflection. However, for Y/A ratios >2.33 the dom-

inant factor controlling the strength is porosity.

For fracture toughness determination, both the grain

width and grain length were measured. Figures 7 and 8

show the change of fracture toughness with length and

width of the grains, respectively. A continuous increase in

fracture toughness with length of the grain is observed for

all Y/A ratios. According to the Fig. 7 the highest fracture

toughness was observed in samples with highest grain

length. However, different relationship was found for the

effect of grain width on the fracture toughness as shown in

Fig. 8.

Figure 8 shows that the largest width of the grain does

not coincide with the highest fracture toughness suggesting

that the grain width alone does not control the fracture

toughness. The highest width of the grains (i.e. 0.8 lm), is

found for Y/A ratio of 4, which is not the composition with

the highest fracture toughness. The lowest width of the

grains of 0.6 lm was found in samples with Y/A ratio of 1

and this sample exhibits the lowest fracture toughness. This

behavior is in agreement with Eq. (4) which predicts that

the grain aspect ratio is the key factor which controls the

toughening and not the grain width alone. In order to test

Fig. 4 Fracture surface of sample with Y/A ratio of 1

Fig. 5 Fracture surface of sample with Y/A ratio of 2.33
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this prediction, a graph showing the change of KIC as a

function of aspect ratio was produced and presented in

Fig. 9.

Although the relationship between fracture toughness

and grain aspect ratio is not linear as predicted in Eq. (4), it

does show that the aspect ratio controls the fracture

toughness.

In developing the relationship between fracture tough-

ness and grain aspect ratio in Fig. 9, the measurements

were done only on grains with aspect ratios above ~1,

without regard for the number or volume fraction of such

grains. In order to determine the exact role of elongated

grain volume fraction in toughening, the experimental

measurements were done on samples with various Y/A

ratios and the volume fraction was determined for grains

with aspect ratio of over 5. This is an average aspect ratio

between the smallest (~1) and largest (~11) elongated grain

aspect ratios found in all samples. The results are presented

in Fig. 10.

Figure 10 shows that the fracture toughness increases

continuously with increasing of volume fraction of elon-

gated grains. The highest value for toughness is found for

volume fraction of elongated grains of ~22%, which is

approximately one-third of the total elongated grains in the

microstructure (all grains with aspect ratio of >1). This

high volume fraction of grains with aspect ratio of >5 is

found in samples containing higher amount of Y2O3 which

confirms once again that yttria plays a critical role in

enhancing the growth of elongated b-Si3N4 grains and thus

in toughening.

The two strengthening and toughening mechanisms that

operate most effectively in this system with elongated

grains of high aspect ratio are crack deflection shown in

Fig. 11 and crack bridging and pull-out shown in Fig. 12.

One important conclusion that can be inferred from Figs. 6

and 9 is that both strength and toughness exhibit identical

dependence on aspect ratio which indicates that the same

mechanisms (Figs. 11 and 12) are responsible for both

strengthening and toughening.
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Fig. 11 Crack deflection in sample with Y/A ratio of 2.33

Fig. 12 Crack bridging and pull-out

J Mater Sci (2007) 42:5431–5436 5435

123



Conclusion

It has been shown that the aspect ratio of the elongated

grains plays the most important role in strengthening and

toughening of Si3N4 ceramics. The maximum values for

fracture toughness of 7 MPam1/2 and strength 800 MPa,

were obtained at the same Y/A ratio (2.33) suggesting that

the same toughening mechanism(s) controls both the

toughness and strength.

The microstructure of the sintered compacts consists

mostly of b-Si3N4 elongated grains, with average aspect

ratios between 2.35 and 4.92 uniformly distributed in the

matrix of equiaxed or slightly elongated grains, separated

by continuous oxide phases at the grain boundaries. Pores

are located mainly within the oxide phase at the junction

regions of the Si3N4 grains. Control of microstructure in

Si3N4 is found to be a powerful method of imparting high

fracture toughness and strength. The desirable micro-

structure that can offer high resistance to crack propagation

is the one consisting of elongated grains in a matrix of

equiaxed grains. The fracture toughness and strength of

Si3N4 ceramics are controlled by the b-Si3N4 grain mor-

phology and aspect ratio.
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