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Spherical particle impact damage and strength degradation phenomena of silicon nitride by 
several types of spheres were analysed in comparison with chipping fracture behaviour 
reported in. the literature. It was found that steel and partially stabilized zirconia (PSZ) 
particles caused Hertzian cone cracks, resulting from the elastic response of the material in 
accordance with the Hertzian cone crack theory. In contrast, alumina and sialon particles 
induced both medlan-radial crack systems at low impact velocity range and Hertzian cone 
cracks at high impact velocity range. The critical impact velocity for strength degradation, Vo, 
correlated with the hardness of the spheres and target ceramics, and Vo, for Hertzian cracks 
and median cracks were higher than that for chipping fracture. 

1. Introduction 
Particle impact damage is one of the most critical 
problems displayed by ceramics in actual applications, 
such as gas turbine use [1, 2]. Several studies [3-6] 
based on the Hertzian cone crack theory I-7] have 
focused on impact damage problems in silicon nitride 
ceramics when applied to turbines. Crack initiation 
and the formation of a plastic zone under the impact 
site have been studied using both elastic and elas- 
tic-plastic approaches for quasi-static and dynamic 
conditions [8-12]. Studies have also been made of 
strength degradation due to particle impact [13]. 
These investigations have led to a better understand- 
ing of damage behaviour and its relationship to mater- 
ial properties, and that knowledge has begun to be 
applied to materials design for ceramic turbines. How- 
ever, in recent research work on fracture problems in 
gas turbines, it has been noted that more experimental 
and analytical data on impact damage are needed to 
design materials for application to turbine and adjac- 
ent components [1, 14]. 

For impacts of the same types of impacting par- 
ticles, the response behaviour and failure behaviour of 
a ceramic target are reported to be related to the 
properties of the target material, such as its hardness 
1-4, 6]. Studies have also been presented which de- 
scribed differences in damage behaviour according to 
two El] and three types ofimpactors 1-6]. The relation- 
ship between damage under the impact site and mater- 
ial properties of the impactors has not been fully 
explored. Since Cook and Pharr have implied that 
there is no general theory to explain response and 
damage behaviour [12] in designing practical turbine 
component shapes, it is essential to analyse the impact 
damage behaviour of a silicon nitride turbine when 

impacted by several types of particles, under the as- 
sumption that adjacent components generate frag- 
ments and an oxide scale [14]. In this study, the 
impact damage behaviour of silicon nitride for turbine 
components was studied in comparison with earlier 
research [4, 6, 15-] that focused on hardness. 

2. Experimental procedure 
2.1. Mater ia ls  
Commercially available gas-pressure-sintered silicon 
nitride (EC152: NGK Spark Plug Co Ltd Komaki, 
Japan) was used in this study. Steel, partially stabilized 
zirconia (PSZ: Toso Co. Ltd, Tokyo, Japan), alumina, 
sialon (Shinagawa Refractories Co Ltd, Tokyo, Japan) 
and carbon (GCP: Unitika Co. Ltd, Kyoto, Japan) 
spheres 1.0 mm in diameter, the size used in the litera- 
ture [4], were used as impactors in spherical impact 
tests to obtain consistent results. Silicon nitride speci- 
mens, 50 x 8 x 3 mm, were polished with diamond 
paste [6 and 3 gm] to obtain flat and parallel surfaces 
by eliminating machining damage. The material pro- 
perties are listed in Tables I and II, and were taken 
from suppliers catalogues. 

2.2. Impac t  t e s t  a n d  p o s t - i m p a c t  e v a l u a t i o n  
The experimental apparatus used a helium gas pistol, 
and the test procedure was almost the same as that 
described in the literature [3, 4]. In this case, the 
velocity of the PSZ spheres was detected by piezoelec- 
tric accelerometers attached to the stopper and speci- 
men holder. The velocity was measured at each sabot 
firing, based on the time-of-flight principle. This test 
was conducted at room temperature. 
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TABLE I Properties of silicon nitride target 1200: 

Density (gcm- ~) 326 
Poisson's ratio 0.26 
Hardness (GPa) 15.4 ___ 0.4 
Young's modulus (GPa) 305 
Bending strength (MPa) 912 + 110 
Fracture toughness (MPa m)x/z 7.0 _+ 0.3 

TABLE II Properties of impactors 

Steel PSZ A1203 Sialon Carbon 

Density(gem-3) 7.86 6 .05  3 ,88  323 1.5 
Poisson's ratio 0.3 0.3 0.23 0.27 0.I 
Hardness (GPa) 7.0 12.5  18 ,0  16.0 3.0 
Young's modulus (GPa) 200.0 200.0 370.0 320.0 10,0 
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Figure l Residual strength of target after impact indicating critical 
impact velocity for strength degradation: (&) steel, (A) PSZ, (~) 
alumina, (A) sialon, and (O) carbon. 

Surface damage and subsurface cracks were investi- 
gated under a scanning electron microscope (SEM). 
A four-point bending test (inner span 10mm and 
outer span 30ram) was conducted at a crosshead 
speed of 0.5 mmmin -1 to measure the residual 
bending strength. 

3. Results and Discussion 
3.1. Strength degradation 
Fig. 1 shows the residual strength of the specimens 
after impact in relation to the impact velocity. 
Strength plots were connected in order to extrapolate 
the average strength level. An examination of the 
fracture surfaces revealed cracks initiation, and the 
results are shown in Fig. 2a-e. With the steel spheres, 
a Hertzian cone crack (Fig. 2a) was initiated in 
strength degraded specimens. The critical impact velo- 
city, Vc, for strength degradation and also for Hertzian 
cone crack initiation was 330 m s - 1  With the PSZ 
spheres (Fig. 2b), the Vc for strength degradation was 
383 ms -1. 

Although alumina and sialon (Fig. 2c, d) spheres 
produced Hertzian cone cracks in the high impact 
velocity range ( > 500 m s- 1 ), two types of cracks were 
observed at intermediate impact velocities 
(300-500ms -1) depending on the response behavi- 
our. Median-radial cracks (Fig. 3a) caused by elas- 
tic-plastic behaviour [8, 9] were observed in the low 
impact velocity range ( < 300 m s- 1). Median cracks 
were generated by flaws at the deformation zone 
boundary [12], extending the boundary and then 
causing strength degradation behaviour. However, in 
the intermediate and high impact velocity range, 
Hertzian cone cracks (Fig. 3a and b) were initiated. 
With these two impactor materials, the Vc for strength 
degradation differed from that for Hertzian cone crack 
initiation. However, no cracks were observed under 
the impact site for specimens impacted by the carbon 
sphere (Fig. 2e). The presumed reason for this is that 
the sphere velocity was less than the critical impact 
velocity for both bending fracture [1] and Hetzian 
cone cracking [4] in the case of this target and sphere 
combination. 

The following assumptions have been made regard- 
ing crack initiation and response behaviour caused by 
alumina and sialon spheres. 

1. Median cracks (Fig. 3a) were initiated first as 
a result of the elastic-plastic stress field formed at the 
sphere indentation at low impact velocities. In this 
impact velocity range, the stress leve! at impact was 
lower than that for Hertzian cone crack initiation 
E2, 3]. 

2. At intermediate velocities, a Hertzian cone crack 
(Fig. 3b) was initiated at a very early stage by the 
elastic stress field that formed before the sphere 
entered the target. Subsequently, the stress field 
changed to an elastic-plastic one resulting in a median 
crack [11]. 

3. At high impact velocities, a Hertzian cone crack 
(Fig. 3c) was initiated at a very early stage by an 
elastic stress field [8, 14]. The cracks almost reached 
the back surface and since the stress field could not 
change to an elastic-plastic one, only Hertzian cone 
cracks were formed [3, 5]. 

The velocity calculated for Hertzian cone crack 
formation using the equation proposed by Wieder- 
horn and Lawn [13] was compared with the experi- 
mental results (Table III), the Vc values for Hertzian 
cracks were found to be in close agreement. This 
suggests that an elastic stress field was generated in 
each material in the intermediate to high impact velo- 
city range. However, median cracks were initiated at 
lower velocities than Hertzian cracks in the case of the 
alumina and sialon spheres. Hertzian cone cracks 
were critical for steel and PSZ spheres, but median 
cracks were critical for alumina and sialon spheres. 

3.2. Relation between material properties 
and damage behaviour 

Response behaviour (Fig. 4) resulting in strength 
degradation due to crack initiation has been shown to 
be related to the contact situation using the hardness 
ratio between the spheres and the target, Hr/H~, [2, 3, 
6, 15]. The Hp/H1 ratio [3] determines the response 
behaviour. Elastic response occurred when the ratio 
was less than 0.8, and both elastic-plastic and elastic 
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Figure 2 Fractured surfaces after high speed impact showing Hertzian cone cracks except (e). (H: Hertzian cone crack under the impact site.) 
(a) steel sphere, V = 646ms-1; (b) PSZ sphere, V = 600ms-l; (c) alumina sphere, V = 595ms-1; (d) sialon sphere, V = 520ms-I; 
(e) carbon sphere, V = 728 m s- x. 

responses occurred when it was over 1.0. Response 
behaviour changed according to the Hp/Ht ratio and 
impact velocity. These ratios differed from the values 
cited in the literature [6, 15]; but as suggested by 
Cook and Pharr  [12], crack and d a m a g e m o r p h o l o -  
gies are completely material dependent and correlate 
closely with the ratio of Young's modulus and hard- 
ness. Therefore, further study is needed to define this 
relationship more accurately. 

A comparison with results from the literature [6] is 
shown in Fig. 4. As reported in the literature [6], 
chipping caused a half size Hertzian cone crack, when 
the whole sphere was impacted within the target. Con- 
tact behaviour differences causes a different stress 

state, and the stress level resulted in different crack 
initiation velocity. Chipping fracture may be gener- 
ated by a lower load and impact velocity resulting 
from stress concentration. Therefore, half Hertzian 
cracking (chipping crack) is assumed to be generated 
at a lower velocity level than that of complete Hertz- 
ian cracking. 

4. Conclusions 
A silicon nitride ceramic was impacted by spherical 
particles of steel, PSZ, alumina, simon and carbon to 
investigate its impact damage behaviour. It  was found 
that steel and PSZ particles caused Hertzian cone 
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Figure 3 Crack m0rphology change with impact velocityfor alumina spheres:(a) median M, crack at V = 319ms- l , (b)  Hertzian, H, and 
median cracks at V = 356ms-1,(c) Hertzian crack at V = 467ms -~. 

TABLE III  Comparison of calculated and experimental critical impact velocities 

Critical impact velocity, Vo (m s- 1 ) 

Sphere material Hertzian crack (calculated) Hertzian crack (experimental) Median crack (experimental) 

Steel 334 330 - 
PSZ 360 383 - 
A1203 327 356 275 
Sialon 400 394 190 
Carbon 960 - 
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Figure 4 Response behaviour in relation at Hp/Ht and impact 
velocity: (O) Hertzian cracking, (Q) median cracking, and (A, [E) 
chipping cracking from Tsuruta et al. [-6]. 

cracks resulting from the elastic response of the mater- 
ial in accordance with the Hertzian contact theory. In 
contrast, alumina was sialon particles induced me- 
dian-radial crack systems showing elastic-plastic re- 
sponse in the intermediate velocity range, and also 
induced Hertzian cone cracks resulting from elastic 
response in the high impact velocity range. Differences in 
response behaviour were related to the material hard- 
nesses of the spheres and the ceramic target. The critical 
impact velocity for Hertzian cracks and median cracks 
was found to be higher than that of chipping fracture. 

References 
1. J. CUCCIO and H. FANG, "Impact Damage Study of Silicon 

Nitride", Proceedings of the 26th Automotive Tech Develop- 
ment Coordination Meeting (Society of Automotive Engin- 
eers, PA 1988) pp. 281-288. 

1003 



2. K.C.  DAO, D. A. SHOCKEY, L. SEAMON, D. R. CUR- 
RAN and D. J. ROWCLIFF, "Particle Impact Damage in 
Silicon Nitride", Annual Report, Part III, Contract No. 
N00014-76-057, (Office of Naval Research, CA, 1979) pp. 1-2. 

3. Y. AKIMUNE, Y. KATANO and K. MATOBA, J. Amer. 
Ceram. Soc. 72 (1989) 1422. 

4. ldem, in "Proceedings of the Third International Symposium 
of Ceramic Materials and Components for Engines", edited by 
V. J. Tennery (The American Ceramic Society, OH 1989) pp. 
1495-1507. 

5. T. TERAMAEand S. HAMADA, Trans. Jpn. Soc. of Mech. 
Eng. A55 (1989) 2423. 

6. H. TSURUTA, M. MASUDA, T. SOMA and M. MATSUI, 
J. Amer. Ceram. Soc. 73 (1990) 1714. 

7. H. R. HERTZ, "Hertz's Miscellaneous Papers", (Macmillan, 
London, 1896). Chapers 5 and 6. 

8. B.R. LAWN and T. R. WILSHAW, J. Mater. ScL 10 (1975) 
1049. 

9. A.G. EVANS and T, R, WILSHAW, ibid. 12 (1977) 97. 
10. Y.M. TSAI, lnt. J. Solid Struct. 7 (1971) 543. 
11. M.M. CHAUDHRI and C. R. KURKJIAN, J. Amer. Ceram. 

Soc. 69 (1986) 404. 
12. R.F.  COOK and G. M. PHARR, ibid. 73 (1990) 787. 
13. S. M. WIEDERHORN and B. R. LAWN, ibid. 60 (1977) 

451. 
14. T. ITOH and H. KIMURA, "Status of the Automotive Ce- 

ramic Gas Turbine Development Program", International 
Gas Turbine and Aeroengines Congress and Exposition, 
92GT-2 (American Society of Mechanical Engineers, Boston, 
1992) p. 92GT-2. 

15. D.A. SHOCKEY, D. C. ERLICH and K. C. DAO, J. Mater. 
Sci. 16 (1981) 477. 

Received 30 September 1993 
and accepted 6 July 1994 

1004 


