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The erosion rates and impact damage of two sintered silicon nitride materials with identical 
compositions but different microstructures were determined as a function of impacting particle 
(SIC) kinetic energy and temperature (25-1000 ~ using a slinger-type erosion apparatus. 
The coarse-grained silicon nitride had significantly better resistance to impact damage than the 
fine-grained material. Crack-microstructure interactions were characterized using scanning 
electron microscopy and showed that crack-bridging was an important toughening mechanism 
in the coarse-grained material. Post-impact strength data were significantly less than those 
predicted from the indentation-strength data, due to impact flaws linking up prior to fracture. 
Consistent with its greater fracture resistance, the erosion rate of the coarse-grained material 
was less than that of the fine-grained material for erosion at 25 deg, and was independent of 
erosion temperature. 

1. Introduction 
Ceramics are susceptible to localized surface cracking 
when subjected to impact by hard, sharp particles. It is 
generally believed that sharp-particle impact damage 
in ceramics can be modelled by the idealized flaw 
system produced by a sharp indenter such as Vickers 
[1-3]. The sharp indenter produces two distinctive 
crack systems: radial cracks that are responsible for 
strength degradation, and lateral cracks that are the 
source of material removal. The indentation fracture 
mechanics model predicts the extent of cracking in 
terms of indentation load (or impact energy) and 
target material properties (toughness, hardness and 
elastic modulus). The indentation fracture mechanics 
model has recently been extended to include sharp- 
particle impact damage of ceramics that exhibit crack 
resistance toughening [4]. 

This study examines the influence of the micro- 
structure of two sintered silicon nitrides on resistance 
to sharp-particle impact damage. The erosion rate and 
post-impact strength were measured as a function of 
impacting particle (SIC) kinetic energy and temper- 
ature (25 1000~ using a slinger-type apparatus. 

2. Experimental procedure 
The two sintered silicon nitride materials studied here 
have the same composition, about 6.4 vol % of an 
amorphous yttria-based grain-boundary phase. This 
composition can be pressurdess sintered to 99% 
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theoretical density to produce a fine-grained silicon 
nitride, designated AS44. The microstructure of AS44 
is characterized by a bimodal distribution of acicular 
grains. The coarse grains are about 0.8 pm in diameter 
and 6 pm in length, and comprise about 15 vol % of 
the material. The finer grains are about 0.07 tam in 
diameter and 1.0 gm long, and form the matrix of the 
material. Any residual porosity is finely distributed. 
The second material, designated AS440, is prepared by 
annealing the AS44 material at a high temperature to 
coarsen the microstructure. The coarse grains in the 
AS440 material are about 5 pm in diameter and about 
40 gm in length. The fine-grained matrix also coarsens 
during annealing to about 1 pm in diameter and 6 I.tm 
in length. The residual porosity in the AS440 material 
results from the coalescence of the finely divided pores 
in the AS44 material. These porous regions, as large as 
1 tam in size, are distributed throughout the material 
and have the shape of "snowflake-like" dendrites. The 
dendrites are not interconnected and AS440 has the 
same overall density as AS44. The specimens for this 
study were prepared from slip-cast billets of AS44/440 
material and were in the form of discs (40 mm dia- 
meter and 2 mm thick) for the impact sampms and 
bars (3 by 6 by 50 mm) for the indentation tests. These 
samples were ground down to a surface finish of better 
than 0.4 pm on the impact/indent face. The fracture 
toughness of the samples was measured by the short 
rod, chevron notch technique [5]. For AS44, the 
fracture toughness was 5.75 MPa m -2 and for AS440 
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8.30 M P a m  -2. The elastic modulus for AS44 was 
3"10 GPa  and its hardness is 15.6 GPa. For AS440 the 
elastic modulus is 365 GPa  and hardness 14.0 GPa. 

Indents for subsequent strength testing were placed 
on the centre of the tensile surface of the specimen, and 
the indent impression and radial crack size measure- 
ments were taken immediately after indentation. The 
samples were indented with a Vickers diamond in- 
denter over a load range of 30-200 N. Three samples 
per indentation load were used. 

Multiparticle impact tests (5 samples per test condi- 
tion) at normal incidence were conducted in air at 25, 
800 and 1000~ using a slinger type apparatus as 
described in [6]. In this apparatus, commercial-grade 
SiC particles are fed into the centre of a 50.8 cm 
diameter tubular rotor rotating in a horizontal plane, 
are accelerated to the end of the tube, and leave the 
rotor  to strike specimens that are positioned around 
the perimeter of the apparatus. In this study, two 
particle speeds of 37 m s - 1 and 80 m s-  1 were used in 
combination with two grit sizes (1015 and 360 I~m 
diameter) to give four different impacting kinetic ener- 
gies. The erosion rate, defined here as the volume loss 
per particle impact, was calculated from the mass loss 
by the sample and an estimate of the number of 
particles impacting the sample [4]. 

After indentation or impact the samples were 
strength tested at room temperature in air at a fast 
crosshead speed with the eroded/indent surface 
covered with mineral oil to minimize any fatigue 
effects. The indentation samples were tested in four- 
point bending with an inner span of 20 mm and an 
outer span of 40 mm. The impact samples were tested 
in a ring-on-ring biaxial bending fixture and the app- 
ropriate equation to calculate fracture strength is 
given in [7]. After strength testing, fractographic ana- 
lysis was carried out to ensure that the strength- 
controlling flaw was that produced by indentation or 
impact. 

3. Results and discussion 
Both silicon nitrides exhibited the classical indenta- 
tion pattern: indent impression with radial cracks 
emanating from the four corners of the indent. How- 
ever, with AS440 the radial crack path was irregular 
and predominantly intergranular (see Fig. 1). The im- 
pact damage sites were similar to the indentations 
with both radial and lateral cracks surrounding the 
impact site (Fig. 2). 

Fig. 3 summarizes the post-indentation strength 
data. By assuming that fracture resistance, K R, de- 
pends on crack size, C, by [4] 

Figure 1 Vickers indentation in AS440. Indentation load 
P = I85 N. 

Figure 2 Isolated particle impact in AS44. Impacting kinetic energy 
Uk = 1942 gJ. 
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Figure 3 Average post-indentation strength as a function of in- 
dentation load. The solid line represents the best-fit line with slope 
[3. II, AS44:13 = -0.3146; m = 0.0214. 0 ,  AS440:J3 = 0.219; m 
= 0.141. ~f czPl~; [3 = (2m - 1)/(2m + 3). 

K R  = kC m (1)  

Post-indentation strength (~f) can be derived to be 
related to the indentation load (P) by [43 

~f = (k/y)(3 4 2m) 
x [ 4 z P / k ( 1  - 2 r n ) ]  ~2m - 1)/12,,, + 3) (2) 

where k and m are fracture resistance constants, Z is an 
indent residual stress constant, and Y is a flaw shape 
parameter, equal to 1.128 for a semicircular flaw. 
Based on Equation 2, m can be determined from the 
best-fit slopes of the curves ([3) in Fig. 3. For  AS440, 
m was calculated to be 0.141, and for AS44, 0.0214. 
The significantly higher m for AS440 is indicative of 
the greater crack resistance toughening of this material. 
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The fracture resistance curves for these two mater- 
ials can be determined by substituting into Equation 1 
the chevron-notch toughness and assuming that this 
toughness is reached at a crack size of 1000 gin. The 
predicted fracture resistance curves are summarized in 
Fig. 4. It is evident that the coarser microstructure of 
AS440 leads to a significantly greater fracture resist- 
ance. This influence of microstructure on fracture 
resistance is consistent with previous results where it 
was found that silicon nitride [8] and alumina [-4] 
with large grain sizes exhibited strong crack-resistance 
toughening. It is believed that the coarser micro- 
structure, especially with the bimodal grain size, 
leads to the irregular, tortuous crack path in AS440 
and that this in turn enhances crack bridging by 
leaving unbroken grains behind the crack tip. The 
cumulative effect of the crack bridges setting up clos- 
ure stresses behind the crack tip leads to crack resist- 
ance toughening [9]. 

The indentation results in Fig. 3 can be used to 
predict the post-impact strength results. Assuming 
that the impact event can be modelled as a quasi-static 
indentation, the relationship between impacting par- 
ticle kinetic energy (Uk) and equivalent indentation 
load is [10] 

P = ~ H  1/3 1]'2/3 ~k (3) 

where ~ is a constant related to the fraction of energy 
transferred to the target material, ~ is an indenter 
constant equal to 4.8 for the Vickers geometry, and H 
is hardness. Substituting Equation 3 into Equation 2 
gives the post-impact strength as a function of kinetic 
energy: 

of = (k/Y)(3 + 2m)/4 

X LF4Z(~ - 2m)U2/3)l(2m- 1)/(2m + 3) (4) 

Based on Equation 4, the slope of the of - U k curve 
on logarithmic axes should be equal to two-thirds 
(2m - 1)/(2m + 3). 

Figs 5 and 6 compare the post-indentation strength 
data to the post-impact strength data for AS44 and 
AS440, respectively. Note that Equation 3 was used to 
relate the Uk and P scales in Figs 5 and 6, assuming 

= 1.0 and ~ = 4.8. It is evident that the m values 
determined from the post-impact strength data are 
significantly greater than those determined from the 
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Figure4 Predicted fracture resistance curves. AS44: CNK~c 
= 5.75 M P a m  1/2. AS440: CNKIc  = 8.3 M P a m  v2. K R = k(c) m. 
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Figure5 Compar i son  of post- impact  and post- indentat ion strength 
data for AS44. The solid line represents the best-fit line with slope !3. 
Indenta t ion load was related to impact kinetic energy by P = 4.8 
H 1/3 U~/3. @, Indent  data: 13 = - 0.315, m = 0.021; �9 impact data; 
13 = - 0.211, m = 0.151. 
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Figure 6 Compar i son  of post- impact  and post- indentat ion strength 
data for AS440. The solid line represents the best-fit line with slope 
13. Indenta t ion load was related to impact kinetic energy by P 
= 4.8 H 1/3 Uk z'3. @, Indent  data: 13 = 0.219, m = 0.141; �9 impact 

data: 13 = 0.142, m - 0.251. 

post-indentation strength data. However, it is import- 
ant to note that, consistent with the post-indentation 
strength data, AS440 exhibits a greater resistance to 
impact damage than AS44. 

The geometric irregularity of the impacting "sharp" 
particle can cause it to hit on an edge or face rather 
than a "sharp" point. This would cause less energy to 
be transferred and would also be expected to affect 
both the indenter constants Z and ~ as well as the 
crack geometry parameter Y. All of these factors taken 
together would lead to the conclusion that the post- 
indentation strength data in Figs 5 and 6 should 
represent a lower bound for the post-impact strength 
data. However, Figs 5 and 6 show that the post-impact 
strength data is significantly lower than the post- 
indentation strength data. We believe that the in- 
ability of the post-indentation data to accurately 
reflect the post-impact strength data is related to 
multiple impact flaws linking up prior to final fracture 
(see Fig. 7). Examination of the fracture origins in all 
the post-impact strength samples showed that two or 
more impact flaws were adjacent to one another at the 
fracture origin. Thus it is likely that these flaws linked 
up prior to final fracture and caused the lower than 
expected strengths of the post-impact data [11]. 
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Figure 7 Fracture origin in AS440 showing multiple impact flaws 
linking up prior to final fracture. 
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Figure 8 Post-impact strength as a function of temperature for an 
impacting kinetic energy of 9080 pJ. C.L. _+ 95%. Uk = 9080/aJ. 
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Figure 9 Erosion rate as a function of erosion temperature for an 
impacting kinetic energy of 5712 laJ. C.L. _+ 95%. U k 5712 p.J. 

Fig. 8 shows the pos t - impac t  s t rength as a funct ion 
of e ros ion  tempera ture .  F r o m  these results it can be 
seen that  the pos t - impac t  s t rengths  are somewha t  
h igher  after high t empera tu re  e ros ion  than  after ero- 
sion at 25 ~ These results indicate  that  the ma jo r  
influence of the eros ion  t empera tu re  is to help relieve 
the res idual  stress a r o u n d  the impac t  zone. 

The eros ion  rate  da t a  as a funct ion of e ros ion  
t empera tu re  are summar ized  in Fig. 9. Cons is ten t  with 

its greater  fracture resistance, the eros ion  rate  of 
AS440 at  25 ~ is less than  tha t  of AS44. Al though  
eros ion  t empera tu re  has little effect on the eros ion rate  
of AS440, the eros ion  rate of AS44 con t inuous ly  de- 
creases with increasing eros ion  tempera ture ,  so that  at 
800 and  1000 ~ the eros ion  rate of AS44 is a b o u t  the 
same as that  of AS440. Unfor tunate ly ,  eros ion rate 
da t a  are not  as amendab le  to inden ta t ion  fracture 
mechanics  analysis  as are s t rength data ,  because lat- 
eral  cracking is not  the sole means  for mater ia l  re- 
moval .  It was also observed in these mater ia l s  that  
mater ia l  removal  occurred  by extensive gra in  bound-  
ary cracking  and  subsequent  gra in  fall-out.  Thus,  it is 
possible  that  the decrease in e ros ion  rate for the AS44 
mater ia l  at high eros ion  t empera tu res  is due to a 
change in the p r imary  mate r ia l  removal  mechanism.  

4,  Conclusions 
A large acicular  grain micros t ruc ture  in s intered sili- 
con ni t r ide  gives rise to fracture resistance toughening  
tha t  leads to an increased resistance to pos t - impac t  
s t rength degrada t ion .  Pos t - impac t  s t rength is signific- 
ant ly  lower than  pos t - inden ta t ion  strength,  due to the 
poss ibi l i ty  of impac t  flaws l inking up pr io r  to final 
fracture. Cons is ten t  with its greater  fracture resistance, 
the eros ion  rate  of coarse-gra ined  sintered sil icon 
ni t r ide  is lower than  the f ine-grained mater ia l  at  25 ~ 
erosion,  and  is independen t  of e ros ion  tempera ture .  
The eros ion  rate  of the f ine ,grained mate r ia l  decreases 
with tempera ture .  
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