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Abstract A bearing-grade silicon nitride with fine

microstructure and a turbine-grade silicon nitride with

coarse microstructure were studied with respect to the

influence of their microstructures on (a) crack-growth-

resistance behavior, (b) strength degradation due to

Vickers indentation, and (c) crack initiation in quasi-

static indentation with WC spheres. The turbine grade

exhibited strong rising crack-growth resistance and less

strength degradation due to Vickers indentation as

compared to the bearing grade. Partial-ring or C cracks

initiated in Hertzian indentation and the critical loads

exhibited linear (Auerbach) variation with indenter

radius above a critical value. For smaller radius,

indentation plasticity preceded C-crack initiation. The

bearing grade exhibited higher critical loads for C-

crack initiation, but showed greater extension toward a

ring crack than the turbine grade. These differences in

crack initiation and growth were consistent with the

differences in crack initiation and propagation tough-

ness of the two grades. A ball-on-ball impact analysis

was used to predict the critical velocities for initiating

C cracks in the impact of silicon nitride surfaces with

WC spheres.

Introduction

Silicon nitride is used in a variety of applications

that include cutting tool inserts, automobile engine

components such as turbocharger rotors and cam

followers and high-performance bearings [1]. These

different applications demand different mechanical

properties, and, therefore, different microstructures

and processing routes for the silicon nitride [2]. In

bearing applications, silicon nitride elements may be

subjected to contact stresses as high as 4 GPa at

ambient and moderate temperatures [3]. Accordingly,

silicon nitride bearing elements are processed via

sintering and hot-isostatic pressing (HIP) to obtain a

fine, uniform microstructure with small b-Si3N4 grains

and a uniform distribution of a moderate amount of

the grain-boundary oxide phase(s). Relatively high

strength and hardness and moderate fracture tough-

ness, properties derived from this microstructure, are

desirable for bearing applications [4]. High-tempera-

ture strength and creep resistance are not as critical for

bearing applications, at least at the present time,

because there are few applications where silicon nitride

elements are used in high-temperature bearings. In

turbochargers, silicon nitride rotors are subjected to

temperatures around 1030 �C [5] and the service

temperatures in gas-turbine engine applications are

expected to be even higher [6]. Accordingly, the silicon

nitride microstructure and mechanical properties are

tailored for high-temperature strength and creep

resistance by engineering the grain-boundary oxide

phase(s) and their chemical compositions. Typically,

the b-Si3N4 grains are larger because the components

are gas-pressure sintered at a temperature higher than

that used in sintering and HIP.

This paper compares the microstructures and the

mechanical properties of two commercial grades of

silicon nitride. The first, a bearing grade processed by

sintering and HIP and designated silicon nitride A in
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this paper, is widely used in high-performance bearings

including the hybrid bearings used in liquid oxygen

turbo-pump in the space shuttle’s main engine [7]. The

second grade, processed by slip casting and gas-

pressure sintering and designated silicon nitride B,

was developed for gas-turbine engine components [6].

Contact damage and foreign-object damage are of

concern in ceramic components, such as bearing

elements and rotors in gas-turbine engines. The latter,

in particular, can be subjected to impact from carbon

particles from the fuel or oxide ceramic particles from

the thermal-barrier coatings. The contact-damage

resistance of the silicon nitrides was assessed in

quasi-static indentation tests and the critical velocities

for crack initiation in impact were estimated using an

analysis of ball-on-ball impact.

Test materials and procedures

Materials and characterization of microstructures

Billets of fully dense silicon nitrides, 50.8 · 50.8 ·
5.0 mm in dimensions, were procured from commercial

sources. The microstructures of the silicon nitrides

were characterized in a scanning electron microscope

using plasma-etched specimen surfaces. As-received

materials were first ground with a 320-mesh diamond-

grit wheel and followed by grinding with a 600-mesh

diamond-grit wheel and polished sequentially with 15,

6 and 1 lm diamond paste. At each stage of grinding or

polishing, material was removed to a depth approxi-

mately equal to half the thickness of the diamond grit

used in the previous stage. This guideline ensured

removal of the plastic zones created by the diamond

grit and obtained a pristine material surface with

minimal residual stress in the final polished state. The

polished specimen surfaces were etched using CF4 dry

gas plasma under the following conditions: 0.3 torr

pressure, 230 W power, 2 min duration. The etched

specimen surfaces were examined in a scanning elec-

tron microscope (Cambridge S240) to assess micro-

structures.

Strength, Young’s modulus and fracture toughness

measurements

Fracture strengths were measured in four-point bend-

ing with beam specimens according to the specifica-

tions and procedures described in ASTM Standard

C-1161 [8]. Type B specimens (3 · 4 · 45 mm), a

support span of 40 mm and a loading span of 20 mm

were employed. The tests were conducted on both

ground and polished specimens as well as specimens

indented with a Vickers diamond pyramid indenter at

different loads. A constant crosshead displacement

rate of 0.5 mm/min in a displacement-controlled

universal testing machine (Model 4206, Instron Corp.,

Canton, MA) was used. All the tests were conducted in

the laboratory ambient (22 �C, 20% relative humidity).

Young’s modulus was calculated from the slopes of

load-strain plots recorded during the four-point bend

tests. The maximum tensile strains in the center span

were measured with strain gages mounted on the beam

specimens.

Two types of fracture toughness measurements were

made in this study. Large crack fracture toughness was

measured using chevron-notched, short-bar test spec-

imens [9]. The fracture toughness was calculated from

the maximum load, Pmax, sustained during stable crack

growth through the chevron notch:

KIc ¼
Pmax

B
ffiffiffiffiffi

W
p Y�m ð1Þ

In Eq. (1), B is the specimen thickness, W is the

specimen width, and Ym
* is a non-dimensional stress-

intensity coefficient dependent on the specimen and

the chevron notch geometry. Munz et al. [10] have

calculated values for Ym
* for different notch geome-

tries. The short-bar specimens used in this study

had the following pertinent values: B = 5 mm,

W = 20 mm, Ym
* = 41.84.

Measurements of R-curves

The fracture toughness measurements using chevron-

notched test specimens and the pertinent equations

used to calculate KIc are based on the implicit

assumption that the fracture toughness of the material

is independent of crack length. This assumption is

reasonable for fine-grained, polycrystalline ceramics.

Coarse-grained ceramics and ceramics self-reinforced

with elongated grains, for example, silicon nitrides with

elongated b-Si3N4 grains, exhibit rising crack-growth

resistance with crack length or R-curves. The R-curves

for the two silicon nitrides employed in this study were

assessed by measuring the equilibrium lengths of

cracks produced on indentation with a Vickers dia-

mond pyramid indenter and their stable extension

under a far-field stress. Ramachandran and Shetty [11]

have described the details of the pertinent experiments

and the theoretical analyses. The experiments

employed multiple indents on each specimen, a

method developed by Cook and Lawn [12] to capture

the crack lengths at fracture. The procedure consisted
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of indenting ground and polished surfaces of four-

point-bend specimens with a Vickers diamond pyramid

indenter at three locations, at the center of the

4 · 45 mm surface and at 5 mm on either side. All

the three indents on a specimen were made at the same

load. Figure 1(a) shows a Vickers indent and the

surface traces of the half-penny cracks aligned with the

diagonals of the Vickers impression produced at 150 N

load on silicon nitride A. Crack-growth resistance was

calculated from the initial radius, c0, of the half-penny

cracks and the indentation load, P, using the following

equation [13, 14]:

KRðc0Þ ¼ d
E

H

� �1=2
P

c
3=2
0

ð2Þ

In Eq. (2), d is a non-dimensional constant that

depends only on the indenter geometry and the

Poisson’s ratio of the material, E is the elastic modulus

and H is the hardness of the material. Measurements of

the equilibrium crack radius, c0, as a function of the

indentation load, P, gave one set of measurements of

KR as a function of crack radius, c0, using the pertinent

values of E, H and d. Values of d = 0.0226 and d =

0.0255 were calculated for silicon nitrides A and B

using a procedure described by Krause [15] and briefly

outlined in a later section.

Following the measurements of c0 the indented

specimens were loaded in four-point bending to frac-

ture. Under a far-field applied stress, the half penny

cracks extended stably to a surface length, c*, at the

fracture stress, rf. Fracture resistance corresponding to

crack length c* was calculated using the following

equation [16, 17]:

KRðc�Þ ¼ d
E

H

� �1=2
P

c�3=2
þ 2Xr

c�

p

� �1=2

ð3Þ

In Eq. (3), W is a stress-intensity coefficient that

accounts for free surface correction and stress-gradient

effects. Unstable crack extension occurred at the

fracture stress, rf, and the instability crack length, c*.

Fracture occurred from one of the three equivalent

indents leaving the other two to give a measure of the

instability crack length, c*. Figure 1(b) shows the

stably extended half penny crack corresponding to

the initial crack shown in Fig. 1(a). Measurements of

fracture stress, rf, crack length at instability, c*, and

Eq. (3) gave a second set of measurements of KR. The

measurements based on both c0 and c* were combined

to define the R-curves over an extended range of crack

lengths for the two silicon nitrides. Values of W were

estimated from the numerical calculations of Newman

and Raju [18].

Measurements of crack-initiation loads in Hertzian

indentation

The critical loads for initiating partial-ring cracks in

Hertzian indentation were measured using the follow-

ing procedure. The polished surfaces of the silicon

nitrides were indented with WC–Co balls at various

loads. At each load, ten indentations were made and

the cumulative probability of cracking at that load was

defined as the fraction of ten that produced cracks. The

load range was selected to vary the probability of

cracking from 0 to 1. Figure 2 shows an example of the

cumulative probability of cracking plots for Hertzian

indentation of silicon nitrides A and B using WC–Co

balls 2 mm in radius. The probability of cracking was

zero up to a threshold load, P0, increased linearly from

Fig. 1 Representative Vickers indentation cracks in silicon
nitride A: (a) as-indented cracks at P = 150 N, (b) indentation
cracks after stable extension
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the threshold to an upper-bound load, Pu, and was

constant at 1 for P > Pu. An average crack-initiation

load, �Pc , was defined from the following equation with

P0 and Pu calculated from linear fits to the cumulative

probability plots as shown by the solid lines in Fig. 2:

�Pc ¼
Z

1

0

PðFÞdF ¼ P0 þ Pu

2

� �

ð4Þ

In Eq. (4), F is the cumulative probability of cracking at

an indentation load P defined by the following equation:

FðPÞ ¼ P� P0

Pu � P0

� �

ð5Þ

The standard deviation of the critical load for cracking

was defined by the following equation:

s ¼
Z

1

0

P� �Pc

� �2
dF

2

4

3

5

1=2

¼ ðPu � P0Þ
2
ffiffiffi

3
p ð6Þ

The linear fits to the probability plots were typically

based on six or seven values of F(P) in the range, 0 < F

< 1. Experiments were repeated for WC–Co balls

varying in radius from 0.4 to 2.0 mm.

Results and analysis

Microstructures and properties of silicon nitrides

Figure 3(a, b) shows the microstructures of silicon

nitrides A and B, respectively. In each microstructure,

the darker phase is b-Si3N4 grains, while the lighter

phase consists of oxides derived from the sintering

additives. The average length and aspect ratio of the

b-Si3N4 grains and their standard deviations are listed

in Table 1. The numbers listed in parentheses in

Table 1 are the numbers of independent measurements

of the particular property. Both the average grain

length and the average aspect ratio of the b-Si3N4

grains were greater for the turbine grade than for the

bearing grade.

Table 1 also lists Young’s modulus and the mechan-

ical properties of the silicon nitrides measured in this

study. The values of the Poisson’s ratio and density

were obtained from the product literature supplied by

the material vendors. The bearing-grade silicon nitride

exhibited higher strength and hardness because of its

fine microstructure, while the turbine grade had higher

fracture toughness, roughly twice that of the bearing

grade. These results are consistent with the reported

influence of microstructure of silicon nitrides on

mechanical properties [2].

Fig. 3 Microstructures of silicon nitrides: (a) bearing-grade and
(b) gas-turbine grade
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Fig. 2 Plots of cumulative probability of crack initiation (F)
versus indentation load (P) for silicon nitrides A and B in
Hertzian indentation with 2 mm radius WC–Co balls
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Crack-growth-resistance (R-curves) of silicon

nitrides

Crack-growth-resistance or R-curves for the two silicon

nitrides assessed from Vickers indentation crack

lengths, c0 after indentation (filled symbols) and c* at

instability under far-field applied load (open symbols),

are shown in Fig. 4. There was a distinct trend of

increasing crack-growth resistance with increasing

crack length, especially for the turbine-grade silicon

nitride with the coarse microstructure. The solid lines

fitted to the experimental data are the ‘best fits’ of the

following empirical equation suggested by Ramachan-

dran and Shetty [11]:

KRðcÞ ¼ K1 � ðK1 �K0Þ exp � c

k

� �

ð7Þ

In Eq. (7), K0 and K¥ are empirical parameters that

represent the crack-initiation toughness and the pla-

teau toughness, respectively, and k is a crack length

normalizing parameter. Note that KR(c) = K0 for c = 0

and KR (c) fi K¥ for c >> k. The values of the three

empirical parameters, K¥, K0 and k, obtained by fitting

Eq. (7) to the data of Fig. 4 by minimizing the total

variance by iterative regression, are listed in Table 1.

The plateau toughness, K¥, for silicon nitride B was

close to the fracture toughness measured in the short-

bar tests. For silicon nitride A, however, both the

crack-initiation toughness and the plateau toughness of

the R-curve were greater than the fracture toughness

measured in the short-bar tests. The strong R-curve

behavior noted for silicon nitride B in this study is

similar to those reported by Li and Yamanis [19] and

Ramachandran and Shetty [11] for silicon nitrides with

similar microstructures. These silicon nitrides are

commonly referred to as self-reinforced because of

the reinforcing effect of a small fraction of large

b-Si3N4 grains in a matrix of smaller b-Si3N4 grains.

Fracture strengths and strength degradation

Fracture strengths of the silicon nitrides, measured in

the initial ground and polished condition and after

Vickers indentation at different loads, are plotted in

Fig. 5 as log rf versus log P plots. The initial strengths

are plotted in Fig. 5 on the y-axis corresponding to P =

1 N for convenience. Both materials exhibited degra-

dation of strength as a result of Vickers indentation.

However, silicon nitride B, the turbine grade with the

coarse microstructure and the strong R-curve behavior,

exhibited less degradation in strength as compared to

the bearing grade A. Thus, for example, the fracture
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Fig. 4 Crack-growth-resistance (R-curves) curves of silicon
nitrides assessed from Vickers indentation cracks

Table 1 Microstructural
parameters and properties of
silicon nitrides A and B

a Measured at 300 N load
b Measured by the short-bar
test method

Property Silicon Nitride A Silicon Nitride B

b-Si3N4 Grains
Length (lm) 2.0 ± 0.4 (180) 8.9 ± 4.1 (120)
Aspect ratio 3.3 ± 1.2 (180) 4.6 ± 2.6 (120)

Young’s modulus, E (GPa) 308 ± 5 (3) 300 ± 5 (3)
Poisson’s ratio, m 0.29 0.26
Vickers hardnessa, H (GPa) 15.60 ± 0.11 (6) 14.95 ± 0.21 (6)
Fracture toughnessb, KIc (MPa

p
m) 5.15 ± 0.06 (5) 10.06 ± 1.06 (5)

Density, q (g/cm3) 3.23 3.41
Fracture strength, rf (MPa) 912 ± 40.5 (5) 725 ± 35 (5)
R-curve parameters

K0 (MPa
p

m) 6.2 5.0
K1 (MPa

p
m) 7.6 10.7

k (lm) 115.6 171.2
A (MPa

p
m�m–n) 14.17 23.96

n 0.082 0.118
�X 1.0685 1.0620
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strength of grade A decreased from 912 MPa to

188 MPa when indented with a Vickers indenter at a

load of 300 N. For the same indentation load, fracture

strength of grade B decreased from 725 MPa to

279 MPa.

Fracture strength of ceramics indented with a

Vickers diamond pyramid indenter has been modeled

for both cases of flat (crack-length independent)

crack-growth resistance [17] and rising crack-growth

resistance (R-curve) [15, 20]. For the case of flat

crack-growth resistance, the fracture strength is given

by the following equation [17]:

rf ¼
3p1=2Kc

8�X

Kc

4vP

� 	1=3

ð8Þ

In Eq. (8), Kc is the fracture toughness and v is a non-

dimensional parameter defined by the following

equation:

v ¼ d
E

H

� �1=2

ð9Þ

Based on Eq. (8), one expects a plot of log rf versus log

P to be linear with a slope of –0.33. As seen in Fig. 5,

the plots of log rf versus log P are quite linear for both

grades A and B. However, the slopes of the best linear

fits (solid lines in Fig. 5) are –0.264 and –0.236 for

grades A and B, respectively. Such deviations have

been attributed to rising crack-growth resistance or

R-curve behavior. Cook and Clarke [21] and Krause

[15] employed an empirical power-law equation to

describe R-curve behavior:

KRðcÞ ¼ Acn ð10Þ

Eq. (10) leads to the following equation for the

strength of a ceramic after Vickers indentation at a

load P [15]:

rf ¼
ð3þ 2nÞp1=2A

8�X

ð1� 2nÞA
4vP

� 	

ð1�2nÞ
ð2nþ3Þ

ð11Þ

Note that Eq. (11) predicts strength degradation only

for n < 0.5 and in the limit, n fi 0, Eq. (11) reduces to

Eq. (8). The empirical parameters A and n extracted

from the linear plots of log rf versus log P of Fig. 5

using Eq. (11) are also listed in Table 1. The values of v
and, therefore, d, were calculated from the slopes of

plots of c0
(3+2n)/2 versus P, as described by Krause [15].

Evaluation of either the fracture toughness, Kc, from

Eq. (8) or the R-curve parameters, A and n, from Eq.

(11) using indentation strength data such as those

shown in Fig. 5 has some limitations. First, it was noted

in section ‘‘Measurements of R-curves’’ that W is a

coefficient that accounts for free-surface and stress-

gradient effects on stress intensity. W also depends on

the aspect ratio of the half-ellipse surface crack (c/a,

where a is the depth of the crack) and the aspect ratio

increases with increasing crack size. The combined

effect is a decrease in W with increase in crack size [18].

The derivations of Eqs. (8) and (11) assume that W is

constant and independent of crack size. Therefore, an

average value, �X , pertinent to the range of instability

crack lengths, c*, measured in the strength tests is used

in Eq. (8) or Eq. (11) (see Table 1). This is one source

of error in the value of Kc or A and n calculated from

strength data. Secondly, the power-law function, Eq.

(10), is physically unappealing because the crack-

growth resistance can range from zero to infinity with

increasing crack length. Because of these limitations

the power-law function assessed from strength data

give poor fits to the R-curve data from crack-length

measurements in Fig. 4.

The exponential function, Eq. (7), is more compat-

ible with physically-based models of toughening that

typically invoke a threshold matrix toughness (K0), an

increment in toughness due to a bridging zone that

saturates for large crack lengths ( ¼ K1 �K0), and the

length scaling parameter, k, related to the saturation

bridging zone length. The function, however, is not

amenable to obtaining a closed-form relation between

strength and indentation load. Numerical solutions

obtained by Ramachandran and Shetty [20] do indi-

cate, however, that log rf versus log P plots for Eq. (7)

are just as linear as for the power-law relation.

1 10 100 1000

Indentation Load, P (N)

100

1000
 ,

ht
g

nert
S er

utcar
F

σ f
)a

P
M( 

Grade A
Grade B

Fig. 5 Fracture strengths of silicon nitrides before and after
indentation with a Vickers indenter at different loads
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Linearity of the log rf versus log P plots is not a good

indicator of the functional form of the governing

R-curve.

Crack initiation in Hertzian loading

The variations of the average crack-initiation load with

the radius of the WC–Co balls are plotted in Fig. 6 for

silicon nitride grades A and B. Note that in the log �Pc -

log R plots of Fig. 6 the error bars do not appear

because they are too small relative to the size of the

symbols. For both materials, the average crack-initia-

tion load increased linearly with the ball radius for ball

radii, R � 1:0 mm:

�Pc ¼ aR ð12Þ

The crack-initiation loads were consistently lower for

silicon nitride B relative to silicon nitride A. The linear

variation of the crack-initiation load with ball radius is

referred to as Auerbach’s law [22]. Roesler [23]

recognized that Eq. (12) represents an energy-

balance criterion based on the following Hertzian

equation for the total elastic strain energy stored in the

ball and the plate, U, normalized by the contact area, p
a2:

U

pa2
¼ 2

5p
P

R
ð13Þ

Using Eq. (13) Roesler [23] rationalized Auerbach’s

law as corresponding to an energy balance criterion

whereby a fixed fraction of the total elastic energy

stored is dissipated in the form of a crack whose area

scales with the contact area. The respective fractions

were thought to be independent of the ball radius.

A number of investigators have developed analytical

expressions for the constant a in the Auerbach’s

relation. Roesler’s energy-balance argument, for exam-

ple, leads to the following equation for a [23]:

a ¼ 5p
2

h
g
c ð14Þ

In Eq. (14), h is the crack-surface area normalized by

the contact area, g is the fraction of the elastic energy

released during crack initiation, and c is the fracture-

surface energy per unit area. Numerical values for h
and g are not easy to calculate, however, because both

depend on the shape and the size of the C crack at

nucleation.

The indented surfaces of the specimens were exam-

ined to assess the shape and size of the C cracks.

Figure 7(a, b) shows optical photographs of C cracks

formed on indentation with 2 mm radius WC–Co balls
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Fig. 6 Variations of the average crack-initiation loads, �Pc, with
WC–Co ball radius for silicon nitrides A and B

Fig. 7 Partial ring cracks formed on indentation with 2 mm
radius WC–Co balls: (a) silicon nitride A, P = 2.4 kN, (b) silicon
nitride B, P = 2.0 kN
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on silicon nitride A at P = 2.4 kN and on silicon

nitride B at P = 2.0 kN, respectively. Note that these

loads correspond to approximately 50 % probability of

cracking in the respective materials. Under these

conditions, silicon nitride A showed a C crack that

enveloped approximately 50 % of the contact circle,

while in silicon nitride B the crack spanned only about

25 % of the contact circle. The lower crack-initiation

load of silicon nitride B is likely due to its lower crack-

initiation toughness (K0), while the shorter length of

the C crack is likely due to its higher crack-growth

resistance ( DK1). For both materials, the arc length of

the C crack increased from a threshold value to the full

ring crack as the indentation load increased from P0 to

Pu. Thus, the probability distribution curves of Fig. 2

reflect both unstable crack initiation and arrest close to

the threshold load and some stable growth with

increasing load. Plots of P0 and Pu versus R showed

trends similar to �Pc with slopes bracketing those

shown in Fig. 6. Thus, Auerbach’s law is applicable to

short C cracks formed at initiation as well as full ring

cracks resulting from stable growth of the C cracks. It

is not clear to what depths the C cracks and the ring

cracks penetrate below the surface at these loads. The

depth of penetration must be proportional to the

diameter of the contact circle for Roesler’s energy-

balance argument to be valid.

The critical loads for C crack initiation with balls,

R < 1 mm, showed a deviation from the linear

Auerbach relation. As seen in Fig. 6, the critical loads

for crack initiation in this regime are below the linear

extrapolations and show greater dependence on R. The

log �Pc versus log R plots indicated that for small ball

radii the C-crack-initiation load could be described by

the following equation:

�Pc ¼ bR2 ð15Þ

The lines fitted through the data points at R =

0.4 mm and R = 0.6 mm in Fig. 6 are the ‘best fits’ of

Eq. (15). To understand the origin of this deviation at

small ball radii, the indented surfaces were examined

in an optical microscope. Figure 8 shows an example

of an indent made at P = 0.304 kN with a WC–Co

ball of 0.4 mm radius on silicon nitride B. A plastic

impression of the spherical indenter is clearly evident

on the surface. A nearly complete ring crack can be

noted along the crater edge. If plastic indentation

occurs when the maximum contact stress under the

indenter reaches the value of the hardness, H, it can

be readily shown that the plastic indentation load, PI,

must scale with R2 according to the following equation

[24]:

PI ¼
1

6

ð1� m2
1Þ

E1
þ ð1� m2

2

E2

� 	2

H3R2 ð16Þ

In Eq. (16), E and m are Young’s modulus and

Poisson’s ratio, respectively, and the subscripts 1 and

2 correspond to the indenter and the substrate,

respectively. The similar dependences on R of �Pc

and PI suggests that for small indenter radii the critical

load for crack initiation is likely governed by a critical

value of the plastic strain in indentation.

Discussion

Recent studies of the effects of size and shape of the

self-reinforcing b-Si3N4 grains and of the sintering

additives have improved our current understanding of

the role of the microstructure in the enhanced fracture

toughness of self-reinforced silicon nitrides [25, 26]. A

distinct bimodal size distribution for b-Si3N4 grains

achieved by seeding [25] and control of the chemistry

of the inter-granular amorphous phase, specifically a

high Y:Al ratio and low nitrogen content in the Si-Al-

O-N glasses [26], are key factors in achieving a high

steady-state (plateau) fracture toughness while main-

taining a high fracture strength for self-reinforced

silicon nitrides. The contribution of the crack-bridging

b-Si3N4 grains to the fracture toughness of self-

reinforced silicon nitrides can be modeled using the

same general approach as that used for whisker-

reinforced ceramics [27]. For small-scale bridging, the

steady-state (plateau) fracture toughness of the

Fig. 8 Plastic impression and ring crack along the crater edge on
silicon nitride B indented with a 0.4 mm radius WC–Co ball at
0.304 kN load
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composite, Kc, can be expressed in terms of the matrix

(fine-grained silicon nitride) toughness, Km, and the

contribution of the ligaments [28, 29]:

Kc

Km
¼ 1þ EDGc

ð1� m2ÞK2
m

� 	1=2

ð17Þ

In Eq. (17), DGc is the contribution of the ligaments to

the energy-release rate defined in terms of an

appropriate stress (r)-displacement (u) relation [28,

29]:

DGc ¼ f

Z

uc

0

rðuÞdu ð18Þ

In Eq. (18), f is the area fraction of the bridging b-Si3N4

grains and uc is the critical crack-opening displacement

at the end of the bridging zone where the closure

traction goes to zero. The functional form of r(u)

depends on the nature of the bridging ligament (elastic,

elastic-plastic, etc) and the mechanisms of energy

dissipation in the bridging zone. Becher et al. [27]

have pointed out that multiple mechanisms may

contribute to DGc simultaneously. For elastic b-Si3N4

grains that debond, stretch and frictionally slide until

fracture, the model developed by Becher et al. [30] for

whisker reinforcement can be modified and applied to

self-reinforced silicon nitride

DGc ¼
ðrr

f Þ
2fdcm

36Eci

ð19Þ

In Eq. (19), rf
r is the fracture strength of the bridging

b-Si3N4 grains, d is the diameter of the bridging grains,

and cm and cI are the matrix and the interface

toughness, respectively. An attempt was made to see

if the R-curve parameters measured in this study for

the two silicon nitrides, specifically the ratio, ( K1=K0),

can be compared with the model prediction, Eq. (17).

It is recognized that this comparison is tenuous at best

because values of the material and microstructure

parameters, such as rf
r, f, cm and cI are unavailable.

Further, the model is strictly applicable to silicon

nitrides with distinct bimodal size distributions for

b-Si3N4 grains and the two grades used in this study did

not exhibit such a duplex grain structure. It was,

therefore, assumed that all of the parameters that

appear in Eq. (19), except for the diameter of the

reinforcing b-Si3N4 grains, were the same for grades A

and B. Next, using the ratio, ðK1=K0Þ ¼
ð7:6=6:2Þ ¼ 1:226 for grade A, a value for the normal-

ized toughness increment from the bridging zone,

[EDGc/(1–m2)Km
2 ] = 0.503, was calculated for grade A.

For grade B, this term must be (1.935/0.606) larger

because of the larger bridging grain size. This leads to a

toughening ratio, (Kc/Km) = 1.614. The measured

toughening in grade B is ðK1=K0Þ ¼ ð10:7=5:0Þ ¼ 2:14

. This suggests that the R-curve and the toughening

increment measured in grade B relative to grade A

cannot be entirely due to its larger b-Si3N4 grain size.

There must be a second contribution to the toughness

increase in grade B and one possibility is an increased

value for f, the area fraction of the bridging grains in

grade B relative to grade A.

Contact damage in brittle materials under loading

with spherical indenters has been studied for well over

100 years. Lawn [22] has reviewed this work beginning

with the classical theoretical and experimental studies

of Hertz [31] and Auerbach [32]. Most of the early

work, up until the 1960s, was on inorganic glasses with

spherical steel indenters. A major focus of this early

research was on measuring critical loads for crack

initiation and interpreting the dependence of the

critical loads on the indenter radius. As noted in

section ‘‘Crack initiation in Hertzian loading’’, a linear

dependence of �Pc on R, was first rationalized by

Roesler [23] in terms of an energy-balance criterion.

Central to this argument is the idea that area of the

initiated crack scales with the contact area, while the

same fraction of the stored elastic energy is released

independent of the ball radius. The Auerbach constant,

a, is not easy to calculate, however, because both h and

g depend on the crack shape and size, and there is no

clear understanding of the shape and size of the cracks

at initiation. Frank and Lawn [33] examined the

stability of a cone crack in the decreasing stress field

under a spherical indenter by calculating stress-inten-

sity factors by Green’s function method. The stress-

intensity factor for a cone crack was expressed in the

following form [34]:

K
c

a

� �

¼ p0a1=2I
c

a
;w; m

� �

ð20Þ

In Eq. (20), p0 is the average pressure on the contact

area and I is a dimensionless integral that accounts for

the variation of the principal maximum (tensile) stress

along the trajectory of the cone crack (length, c) and

the radius of the ring crack relative to the contact

circle, w. Calculations of I as a function of c/a showed a

range of crack lengths where cone cracks grow stably

to a length c* at a critical load Pc, become unstable at

c*, arrest at a longer cone crack size, and continue

stable growth. By using the fracture criterion, K = Kc,

the fracture toughness of the material, and expressing

p0 and a in terms of the applied load and the indenter
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radius, they derived the following form of Auerbach’s

law:

�Pc ¼
4p2k

3I�2
K2

c

E
R ð21Þ

In Eq. (21), k is a dimensionless parameter dependent

on the elastic properties of the indenter and the

substrate, E is Young’s modulus of the substrate, and

I* is the value of I for c = c*. The derivation of the

Auerbach’s law in the form of Eq. (21) is based on two

precepts: (a) the crack-initiation event corresponds to

instability and arrest of a cone crack after an initial

period of stable growth, and (b) the decreasing stress

field along the trajectory of the cone crack is respon-

sible for the initial stability followed by instability and

arrest of the cone crack.

An interesting question to address is whether Eq.

(21) is applicable to crack initiation in the silicon

nitrides studied here. As shown in Fig. 7(a, b), the

cracks that form at the average measured values of �Pc

are C cracks or partial-ring cracks. It is unlikely that

cone cracks form below the surface before the ring

cracks form completely on the surface because of the

steep drop in tensile stress below the surface. The

bright arcs seen in Fig. 7(a, b) are most likely surface

traces of shallow surface cracks. The stability of these

cracks during their growth around the contact circle in

the load range P0 to Pu must be due to the R-curves of

the materials. The observed fact that the average

critical load, �Pc, increases linearly with R (see Fig. 6)

suggests that Roesler’s energy-scaling argument is still

valid for these shallow C cracks. It is unlikely that Eq.

(21) developed for cone cracks would be applicable to

these three-dimensional surface cracks.

The transition from �Pc / R2 to �Pc / R with

increasing R seen in Fig. 6 can be viewed as a ductile-

brittle transition at a critical indenter radius, Rc. For R

< Rc, plastic indentation precedes C-crack initiation,

while for R > Rc, C-crack initiation occurs before

plastic indentation. Such ductile-brittle transitions have

been observed for many materials [24]. Lee et al. [35]

observed such transitions in two hot-pressed silicon

nitrides with medium and coarse microstructures

obtained by hot pressing at different temperatures.

Since significant amount of plasticity develops under

the indenter before any cracks appear for R < Rc, the

stress field must be modified significantly from the

elastic (Hertzian) stress field. As a result, Auerbach’s

law, typically observed in the dominant elastic regime

(R > Rc) is not likely to hold for R < Rc. The fact that
�Pc / R2 for R < Rc suggests that C-crack initiation in

this regime occurs at a critical plastic strain, (a/R).

As noted in the introduction, contact damage and

foreign-object-impact damage are of concern in silicon

nitride bearings and gas-turbine-engine components.

Large silicon nitride balls are susceptible to form C

cracks as a result of impacts during ball finishing and

subsequent handling [36]. Turbo-charger rotors and

gas-turbine engine components suffer impact damage

by solid particles derived from the fuel or thermal-

barrier coatings [37, 38]. An attempt was made to see if

the critical velocities for initiating cracks in ball-on-

plate impact could be predicted using the �Pc versus R

data obtained in the quasi-static experiments (Fig. 6).

For this purpose, we consider the general problem of

the impact of a sphere of radius, R1, and elastic

properties, E1, m1, on a second sphere of radius, R2, and

elastic properties, E2, m2 as indicated in the schematic

of Fig. 9. A simple analysis of this problem (see

Timoshenko and Goodier [39]) results in the following

equation for the maximum force generated in the

impact at an initial velocity, v:

Pmax ¼
16

9p2

R1R2

ðk1 þ k2Þ2ðR1 þ R2Þ

" #1=5
5v2m1m2

4ðm1 þm2Þ

� 	3=5

ð22Þ

In Eq. (22), m1 and m2 are the masses of the spheres,

and k1 and k2 are defined by the following equations:

k1 ¼
ð1� m2

1Þ
pE1

; k2 ¼
ð1� m2

2Þ
pE2

ð23Þ

Shockey et al. [40] measured critical velocities for

initiating ring cracks on hot-pressed silicon nitride

plates in impact tests with WC balls (E1 = 630 GPa,

m1 = 0.26, q1 = 15.0 g/cc). The critical velocity for ring-

crack initiation, vc, was estimated from the following

equation derived from Eq. (22) using the conditions,

R2 !1 , m2 !1 , and Pmax ¼ �Pc :

E1, ν1, R1

E2, ν2, R2

v

Fig. 9 A schematic of a sphere of radius, R1, and elastic
properties, E1 and m1, impacting a second sphere of radius, R2,
and elastic properties, E2 and m2

123

J Mater Sci (2007) 42:3508–3519 3517



vc ¼
3E1

5pq1ð1� m2
1Þ

� 	1=2 9 1þ k2

k1

� �2

16

2

6

4

3

7

5

1=6

�Pcð1� m2
1Þ

E1R2
1

� 	5=6

ð24Þ

Figure 10 compares a plot of vc versus R1 predicted

using Eq. (24) with the measurements of Shockey et al.

[40]. The solid curve is based on the linear Auerbach

relation for silicon nitride A in Fig. 6 and the elastic

properties of silicon nitride A and WC. The agreement

is reasonable in view of the fact that the silicon nitride

used by Shockey et al. [40] was a different grade of

material than grade A of this study.

Conclusions

1. The turbine-grade silicon nitride with the coarse

microstructure exhibited strong rising crack-growth-

resistance behavior and less strength degradation

due to Vickers indentation as compared to the

bearing grade with the fine microstructure.

2. A simple analysis of the R-curves using a model of

toughening from a zone of crack-bridging b-Si3N4

grains indicated that the higher fracture toughness of

grade B was likely due to both an increased diameter

as well as an increased fraction of the bridging

grains.

3. The critical loads for initiating C cracks in

indentation with spherical indenters followed the

linear Auerbach relation for radii greater than a

critical value. Indentation plasticity preceded

C-crack initiation for smaller radii.

4. C cracks initiated at lower loads in the turbine

grade silicon nitride because of its lower crack-

initiation toughness. The extension of the C cracks

was, however, limited by the rising crack-growth

resistance.

5. The critical velocities of impact with WC spheres

for initiating C cracks on silicon nitride surfaces

could be predicted with reasonable accuracy using a

kinematic relation and the critical loads measured in

quasi-static indentation.
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