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Abstract 

The thickness dependence o[ the impact damage 
behavior o f  a silicon nitride ceramic was investigated. 
For specimens lO mm in thickness, sudden strength 
degradation occurred over an impact velocity ~)[ 
~.'pproximate O" 250 m/s with Hertzian cone crack or 
bending .[i'acture. Hertzian cone cracks in l 'Omm 
.specimens were thought to be enlarged by the scabbing 
~ffect. For l '5-3"Omm specimens, strength degrad- 
~ttion occurred above a 380 m/s impact velocity with 
Hertzian cone crack. There[ore. the ,specimen thick- 
hess was related to crack initiation behavior resulthlg 
m the strength degradation. 

Die Dickenabhiingigkeit der Schlagbeschiidigung yon 
Siliziumnitrit-Keramik wurde untersucht. Ffir 1"0 mm 
dicke Proben trat .['fir eine Aufprallgeschwindigkeit 
yon iiber 25Orals ein plgtzlicher Ahfall  in der 
Schlagzgihigkeit durch Hertzsche Konusrisse oder 
Biegehruch au/i Es wird angenommen, dq/d Hertzsche 
Konusrisse in 1"0 mm Proben durch einen Splitter~[ 
.tekt vergr6[3ert wurden. Ffir l ' 5 - 3 O m m  Proben 
kom~te eine Erniedrigung der Schlagz6higkeit bei 
einer Au[prallgeschwindigkeit yon fiber 38Orals mit 
dem Au[?reten eines Hertzschen Konusrisses fest- 
gestellt werden. Deshalb wurde die Probendieke in 
Bezug zum Rifleinleitungsverhalten gesetzt, das ffir 
die Abnahme der Schlagziihigkeit verantwortlich ist. 

L'irllTuence de l'~;paisseur sur l'endommagement par 
mTpact d'une cOramique en nitrure de silicium a Otk 
(valuke. Pour des kchantillons de 1"0 mm d'bpasseur, 
,m note une d~;gradation soudaine au-dessus d'une 
1,itesse d'#npact de I'ordre de 250 m/s, qui so manifeste 
par la./ormation d'une c6ne de.fissures Hertzien ou par 
/a rupture en.flexion du mat~'riau. La c6ne de.fissures 
Hertzien pour des &41antillons de 1.0 mm d'kpaisseur 
est agrandi suite ~t un efft, t d'bcaillement. Pour des 
,~chantillons d'Opaisseur variant entre 1"5 et 3"0 mm, la 
,t~;gradation de la r~sistance a lieu au-dessus d'une 
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vitesse d'impact de 380m/s, ~galement par formation 
d'un cfne de .fissures Hertzien. II rOsulte de ces 
consid~;rations que l'~;paisseur de l'~chantillon est reli~ 
au comportement ~'t /'initiation de [issures respon- 
sables de/a ~#gradation de la rOsistance h la rupture. 

1 Introduction 

Particle impact damage behavior is the most serious 
problem in ceramics for gas turbine use. Several 
studies have also focused on impact damage 
problems in ceramics applied to turbines, 1-6 
because fracture is thought to be caused by flying 
particles which are generated in the combustion 
chamber. The phenomenon has been studied using 
Hertzian cone fracture theory based on the elastic 
stress analysis, and damage behavior is also analyzed 
based on elastic and plastic coefficients such as 
Young's modulus and hardness. 24 

In impact damage of ceramics, the studies using 
the Hertzian cone fracture theory attempted to 
define crack initiation and strength degradation of 
ceramics analytically. 2'3'7 On the other hand, a 
design approach defines the stress concentration on 
turbine vanes by the bending force generated with 
particle impact using a numerical and/or  an 
analytical solution. 1.6 

From a practical perspective, defining the effective 
thickness and angle of the turbine vane presents a 
design problem, which is usually solved by optim- 
izing aerodynamic efficiency. Al though recent 
studies 8'9 have analyzed stress caused by foreign 
particle impact for different angles and thicknesses 
of blade, the thickness dependence of the impact 
damage and fracture behavior is still not fully 
understood. 9 

In this study, impact damage behavior of a silicon 
nitride ceramic for turbine use is studied as a model 
experiment which examines the impact damage for 
different thicknesses of blade. The thickness de- 
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pendence of impact damage and fracture behavior 
shown by turbine ceramics was also examined. 

2 Experimental Procedure 

2.1 Materials 
Commercially available gas-pressure-sintered 
silicon nitride (EC152; NGK Spark Plug Co., 
Komaki, Japan) was used in this study. Partially 
stabilized zirconia (PSZ; Toso Co., Tokyo, Japan) 
spheres, l '0mm in diameter, were used in the 
spherical impact test. Silicon nitride specimens, 
50 mm × 8 mm × t mm (t = 1"0, 1.5, 2"0 and 3.0 mm in 
thickness), were polished with diamond paste to 
eliminate machining damage to produce flat and 
parallel surfaces. Material properties provided by 
the supplier are listed in Table 1. 

T He-GAS 
~ INe~ed~~ abOt Sphere Target ISt°pper~ I~ f 

Diaphragm I o-s,=] I 
~ Oscilloscope 

Fig. 1. Impact test apparatus. 

10 mm, outer span 30 mm) with 0.5 mm/min cross- 
head speed was used to measure the bending 
strength. The impact site was set in the center of the 
outer span, so that the maximum tensile stress at 
bending was imposed on the area of damage. The 
fractured surface was also examined by optical 
microscope and SEM. 

2.2 Impact test 4 
The experimental apparatus is shown schematically 
in Fig. 1. A PSZ sphere was attached to the top of the 
plastic sabot (ABS plastic) and the sabot was set in 
the pistol on the apparatus. The gas pressure from an 
He gas cylinder was then allowed to rise to the 
specified level (3-5MPa) in the chamber. The 
diaphragm was broken by the needle, permitting 
release of the gas toward the pistol, and thus driving 
the sabot to the end of the steel pipe, where its 
immediate stop ejected the sphere toward the target. 
One impact was made at each condition at room 
temperature. 

The velocity of the PSZ sphere was analyzed by 
piezoelectric sensor attached on the stopper and 
specimen holder. The velocity was detected at each 
sabot firing, based on the time of flight principle. 

3 Results and Discussion 

Specimen surface damage after the spherical impact 
test was examined. Specimens 1.0mm in thickness 
showed craters below 200m/s. However, the speci- 
mens failed at an impact velocity above 247m/s. 
Specimens 1.5-3-0 mm in thickness displayed craters 
at low velocity ( < 220 m/s), ring cracks at intermedi- 
ate velocity (220-250m/s), and ring cracks and 
radial cracks at high impact velocity (<350m/s). 
These surface damage morphologies suggest that the 
ceramic response behavior varied according to the 
impact velocity and specimen thickness. 

According to the Hertzian cone fracture theory 3 
and other analyses, 2'7 the contact diameter (2a) can 
be calculated as 

2.3 Post-impact evaluation 
After the impact test, surface damage to the silicon 
nitride was investigated by optical microscope and 
scanning electron microscope (SEM) analysis and 
the crater depth and diameter were measured by 
profilometer. A four-point bending test (inner span 

Table 1. Materials properties (suppliers' data) 

Properties Target sphere 

Silicon PSZ 
nitride 

Density (g/cm 3) 3'26 
Poisson's ratio 0.26 
H v (GPa) 15.4 
Young's modulus (GPa) 310 
Band strength (MPa) 

(four-point bend test) 920 
Klc (MPax/m) 

(indentation method) 6"0 

6'05 
0'3 

12'5 
200 

1100 

7'5 

where 

2a = 2(5/4nkpv2)l/Sr (1) 

2 1 - v 2 k - 1 - v ~  
Ea Eb 

and where p, v and r are the sphere mass density, the 
impact velocity and the sphere radius, respectively, 
va and v b are the Poisson's ratio of the target and 
sphere, and E a and E b are the Young's modulus of 
the target and sphere, respectively. 

The theoretical contact diameter calculated from 
the Hertzian cone crack eqn (1) are compared with 
experimental data in Fig. 2. (Crater diameter was 
measured by profilometer assuming that it is close to 
contact diameters. 7) Although the thicknesses of 
specimens were different, the experimental data for 
silicon nitride agree with the theoretical values, 
resulting in the accordance with the Hertzian cone 
fracture theory. Response behavior is assumed as an 
elastic, although shallow, crater (1-3 #m). 
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Fig. 2. Crater diameter versus impact velocity. 

Figure 3 illustrates the post-impact bending 
strength of the silicon nitride for several specimen 
thicknesses. For specimens 1.0mm in thickness, 
sudden fracture occurred at an impact velocity over 
247 m/s. For 1.5-3.0ram thick specimens, strength 
degradation occurred above a 380m/s impact 

elocity. Since original strength data from supplier 
were measured using 4 × 3 x 40 mm specimens, the 
~Lverage strength shown in Fig. 3 was decreased by the 
volume effect. Impact damage and strength degrad- 
ation were found to be related to specimen thickness 
~nd resulted from crack initiation at impact. 8"9 

No small cracks under the impact site were 
observed, and therefore, the residual strength was 
maintained until the impact velocity approached a 
certain value which is denoted the critical impact 
velocity (V~) for Hertzian cone crack initiation. It is 
supposed that the Hertzian cone crack abruptly 
expanded from a surface ring crack above V~. Below 
V, a shallow crater (depth was 1-3/xm) was 
generated, but it is thought not to influence the 
residual strength. 

Hertzian cone cracks under the impact site were 
detected (Fig. 4(A)-(C)) for all strength-degraded 
specimens. 4-8 For l ' 0mm thick specimens, the 
Hertzian cone crack radius was larger than that of 
1.5-3.0mm specimens. It is thought that the stress 
wave was reflected at the back face of the specimen 
and affected the stress level, resulting in sudden crack 
propagation near the back face. ~° For l ' 0mm thick 
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Fig. 3. Residual strength of impacted specimen. 

Fig. 4. Scanning electron micrographs of fractured surface 
(arrow: cone crack). (A) 3 mm thick specimen, v = 600m/s; (B) 
2 mm thick specimen, v = 504m/s; (C) l mm thick specimen, 

v = 320 m/s. 

specimens, bending fracture was also observed over 
247m/s impact velocity (Fig. 5), caused by the 
bending zone occurring on impact. 9 On the other 
hand, Hertzian cone cracks were arrested in 
specimens having a thickness of 1"5-3"0 ram. 

The scanning electron micrograph (Fig. 6(A)) of 
the fractured surfaces of silicon nitride at an impact 
velocity of 504 m/s show that Hertzian cone cracks 
formed just under the craters, although the cone 
angle differed from the theoretical value (136 °11). 
Figure 4(A) shows the origin of the cone crack 
produced by impact and the surface of the cone 
crack. The fractured surface on the cone crack 
changes from an intragranular fracture (Fig. 6(A)) to 
an intergranular fracture (Fig. 6(B)) when compared 
to the microstructure of failure during the bending 
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Fig. 5. Fractured surface by bending force of 1 mm thick 
specimen (impact velocity is 320 m/s; arrow: impacted site). 

test. This result suggests that cone cracks formed 
catastrophically by impact were arrested in the 
specimen. In the figure, the fracture by bending test 
begins near the bottom of the cone, producing an 
intergranular fracture followed by an impact 
fracture. Since the bending test caused the failure of 
the specimen, which included the cone crack, the 
fracture produced by the bending test must have 
originated around the cone crack. 

Crack size also affects residual strength and its 
effect can be evaluated using a standard equation of 

fracture mechanics (O'f = KIC/~x/-~f ). The cone crack 
diameter at the basal plane and cone angle (0) of the 
strength-degraded specimens were measured (Fig. 7) 
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Fig. 7. Cone crack angle versus impact velocity. 
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Fig. 8. Critical crack length calculated from cone crack shape 
for four types of specimens. 

and converted to the critical crack length using the 
approximate solution of Lawn et al.lt denoted as 

c r  = x R (2) 

~(degree) = 90 - 0/2 

where C r is critical flaw size for strength degradation, 
f~(~) is the conversion factor, ~ is the angle between 
the cone perimeter and the specimen surface, and R 
is the radius of the cone at the basal plane. The 
critical crack length depending on the thickness is 
shown in Fig. 8. It is thought that the differences in 
the critical crack length between the 1.0mm thick 
specimen and the others is related to the scabbing 
effect resulting from reflection of the stress wave. t° 

Fig. 6. Scanning electron micrographs of microstructure of the 
same cone as Fig. 4(A): (A) at the beginning of crack 

propagation; (B) at the end of crack propagation. 

4 Summary and Conclusions 

The thickness of dependence of the impact damage 
behavior of a silicon nitride was investigated. For 
specimens 1.0mm in thickness, sudden fracture 
occurred at an impact velocity of approximately 
250m/s with Hertzian cone crack and bending 
fracture. For 1.5-3-0mm specimens, strength de- 
gradation occurred above a 380 m/s impact velocity 
with Hertzian cone crack. Hertzian cone crack 
geometry was converted to the critical flaw size for 
fracture, and it is thought that the scabbing effect 
occurs for 1.0 mm thick specimens because of the wide 
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cone crack shape. Therefore, impact damage and 
strength degradation were found to be related to 
specimen thickness. 
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