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Abstract 

The spherical impact damage 0[' two SiC- 
whisker~silicon nitride matrix composites was inves- 
tigated. Both exhibited elastic response and Hertzian 
cone crack initiation when the projectile impact 
velocio, exceeded a critical velocity. The composite 
prepared Jrom nitrided silicon powder exhibited a 
higher resistance to crack initiation and strength 
degradation than that prepared using Si3N4 [i'om 
thermally decomposed Si(NH)2 powder. This was 
because the higher oxygen content and lower Ji'ee 
carbon content vieht glass and a deformable micro- 
structure more able to dissipate impact energy. 

Die Schddigung zweier SiC-Whisker/Si3N4-Matrix 
Verhundwerkstoffe durch A u['prall kugel/~rmiger 
Teilchen wurde untersucht. Beide zeigten ein elast- 
isches Verhalten und die Ausbihlung Hertz'scher 
Risse wenn die Projektilgesehwindigkeit einen kritis- 
chen Wert iiberschritt. Der aus nitridiertem Silizium- 
pulver hergestellte Werkstqffwar gegeniiber der Ri[~- 
bildung widerstand.sJdhiger und zeigte einen gerin- 
geren Festigkeitsabfall als der Werkstoff bei dem 
durch thermische Zersetzung yon Si( NH ) 2 Pulvern 
hergestelltes Si3N ~ verwendet wurde. Der Grund.[iir 
~fieses Verhalten lag an einem h6heren Sauerstoff- 
gehalt und einem niedrigeren Gehalt an Ji'eiem 
Kohlenstoff" was zur Bildung yon Glas und einem 
vet~lbrmbaren, die Energie des Au/pralls besser 
ableitenden Ge/~ige [iihrte. 

On a ~tudiO l'endommagement pat" impact sphOrique 
de deux composites ~ matrice nitrure de silicium 
relTlor¢~;e par des whiskers de carbure de silicium. Les 
deux kchantillons prksentent un comportement blasti- 
que et-une initiation de.fissuration en c6ne Hertzien 
Iorsque la vitesse d'impaet du projectile dbpasse une 

valeur critique. Le composite prOparO (4 partier de 
poudre de silieium nitrurOe prbsente une rOsistance ~ la 
propagation des fi'ssuresplus OlevOe que celui blaborO d 
partir de Si3N 4 issu de la d~composition thermique de 
poudre Si( NH ) 2. Ceci s'explique par une teneur en 
oxygbne plus Olevde et une teneur en carbone plus 
basse dans la phase vitreuse et par une microstructure 
dO[ormable, plus apte d dissiper l'Onergie d'impact. 

1 Introduct ion  

331 

Silicon nitride is a prime candidate material for heat 
engine components because of its high strength, 
thermal resistance, and modest fracture tough- 
hess. 1 However, the demand exists for increasing 
fracture toughnesses for anticipated applications in 
gas turbine components. 2 Reinforcement of silicon 
nitride by a SiC-whisker dispersion has been 
reported to improve both the fracture toughness and  
strength of silicon nitride composites, 3 5 although 
Li and Bradt 6 indicate the residual stress distribu- 
tion is not a favorable one. The mechanical 
properties of these composites depend on the 
whisker shapes, length to diameter ratio and other 
characteristics. 

It is well known, however, that the properties of 
silicon nitride composites are also related to the 
sintering behavior and the powder characteristics of 
the silicon nitride matrix. 7'8 For these reasons, it is 
anticipated that the silicon nitride powder character- 
istics will influence the mechanical properties of SiC- 
whisker/silicon nitride composites. 

Impact damage is a serious problem for ceramics 
utilized as turbine components. 9-13 Even with fiber- 
or whisker-reinforced composites, there exists the 
possibility for damage to occur from particle impact 
and/or point indentation and there have been recent 
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studies considering the practical use of ceramic 
composites for impact damages. ~ -~4  However, 
before ceramic composites can be practically applied 
as engine components, additional impact damage 
studies must be conducted in parallel with the 
studies already completed on their microstructural 
development. 

This paper reports a study of the mechanical 
properties of two hot-pressed 20 vol. % SiC-whisker/ 
silicon nitride matrix ceramic composites prepared 
using different types of silicon nitride powders. 
Impact tests were conducted and the strength 
degradation of these composites was examined at 
room temperature. The relationship between the 
mechanical properties of these two ceramic com- 
posites and their microstructures, as produced by 
different Si3N 4 powder additions, was then studied 
by means of scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM). 

2 Experimental Procedures 

2.1 Materials 
Two types of commercially produced silicon nitride 
(Si3N4) powders and one kind of SiC-whisker 
(supplied by Tateho Chemical Industries Co. Ltd, 
Akoh, Hyougo, Japan) were used. One powder was 
made using the silicon nitridation method (supplied 
by W. C. Starck, PO Box 2540, D-3380 Goslar, FRG) 
and the other by means of  Si(NH)2 thermal 
decomposition (El0, supplied by Ube Industries 
Ltd, 1-12-32 Akasaka, Tokyo, Japan). Chemical 
compositions and properties of the two powders and 
the one whisker-type compound are listed in Table 1. 
Each Si3N 4 powder and 20vo1.% of the SiC- 
whiskers were mixed with 10wt% yttria (Cerac: 

Table 1. Properties of Si3N 4 powder and SiC-whisker 

Properties Silicon nitride powder SiC-whisker 
1-0"7S 

LCIO EIO 

Chemical composition 
(wt%) 

N 38.43 > 38 -- 
O 1.96 1.27 0.45 
C 0.17 0-30 0.20 
AI 0.05 0.05 0.29 
Ca 0-01 0.05 0-14 
Fe 0-01 0.10 0-04 
Mg -- --  0.11 

Crystallographic > 95wt% > 95 % fl-SiC 
structure ~-Si3N 4 o~-Si3N4 

Diameter (/am) 0.5 0.5 0.78 
Length (#m) -- --  20-200 
Specific density (g/cm 3) 3.18 3"18 3.18 
Surface area (m2/g) 14'6 10'3 -- 

99.9% pure, particle size 325 mesh under) and 5 wt % 
alumina (Alcoa: 99.5% pure, particle size 325 mesh 
under) in a ball mill using ethanol as the vehicle. 
After ball-milling (Chuuou Chem. & Engineering 
Co.: 2.4liters) for 24h, the slurry was dried in a 
rotary evaporator and sieved to <210#m.  The 
mixtures were then separately hot-pressed (Shimazu 
Co. Ltd.: VHL18/15PRS) into 50 x 40 x 6 mm plates 
at a pressure of 30 MPa under 0"1 MPa of N2 in a 
BN-coated graphite mold for 1 h at 1840°C (heating 
and cooling speed: 20°C/min). The microstructures 
of SiC-whisker/Si3N 4 composites were examined 
using transmission electron microscopy (Hitachi 
Co., H-800). 

The hot-pressed plates were first ground to 
eliminate the surface graphite layer and then 
diamond sawed (average particle size: 180#m) into 
4 x 3 × 40 mm specimens for subsequent mechanical 
testing. Impact test specimens (6 × 3 x 50 mm) were 
polished using two grades of diamond paste (6 and 
3 #m) to remove the machining damage from the 
surface layer and produce mirror-like flat and 
parallel surfaces. A four-point bending test (inner 
span: 10mm; outer span: 30mm) with the crack 
plane parallel to the hot-press direction and at a 
crosshead speed of 0"5 mm/min was used to measure 
bending strength (ten specimens). The results were 
analyzed using Weibull statistics. 15 Fracture tough- 
ness (15 measurements) was estimated by the 
indentation method, 16 Young's modulus (five speci- 
mens) by resonance and the hardness (15 measure- 
ments) with a Vickers indenter at a 300-g test load. 

2.2 Impact test 
For the impact test, a partially stabilized zirconia 
(SZP) sphere (1-0 mm in diameter, supplied by Tosoh 
Co. Ltd, 1-7-7 Akasaka, Japan) was shot into the 
specimen parallel to the hot-pressing direction using 
a He gas pistol at room temperature. 12'13 The 
impact apparatus is shown in Fig. 1. The PSZ sphere 
was attached to the top of a plastic sabot with a small 
magnet. The sabot was set in the pistol of the 

He-Gas 

isobar 

Fig. 1. 
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Diaphragm 

I , . . , .7°., 
° , .  
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Schematics of the impact test apparatus. 
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apparatus after the gas pressure from an He gas 
cylinder had risen to a specified level in the chamber. 
The diaphragm was then punctured by a needle, 
releasing the gas toward the pistol. The sabot was 
driven toward the end of the steel pipe at a rate 
dependent on the volume of gas released. At the end 
of the pipe, the motion of the sabot was halted, 
ejecting the PSZ sphere toward the target. The 
velocity of the sabot (80-380 m/s), including the PSZ 
sphere, was analyzed by three electromagnetic 
detectors aligned coaxially with the pistol to measure 
flight time. Only a single impact was made for each 
sabot firing. The velocity was determined for each 
firing based on the time-of-flight principle. The 
velocity was assumed equal to that of the ejected 
sphere at short range. 

2.3 Post-impact evaluation 
After the impact test, surface damage to the two 
types of SiC-whisker/Si3N 4 composites was inves- 
tigated using both optical microscopy and SEM. 
Crater depths and diameters were measured by 
profilometry. Post-impact bending strengths were 
measured by the four-point bending test (inner span: 
10ram; outer span: 30ram) at a 0.5ram/rain 
crosshead speed. Fracture surfaces were also 
examined using optical microscopy and/or SEM. 

3 Results and Discussion 

3.1 Mechanical properties and microstructures 
Table 2 summarizes the mechanical properties of the 
two 20vo1.% SiC-whisker/silicon nitride com- 
posites (SiC-W/SN). The SiC-W/SN(A) made from 
Si(NH) 2 thermal decomposition powder and the 
SiC-W/SN(B) made from silicon nitridation powder 
both had densities equal to or greater than 98% of 
theoretical density. The addition of the SiC-whiskers 

Table 2. Mechanical  propert ies 

Properties EIO LCIO PSZ 
SiC- W/SN SiC- W/SN sphere 

(A) (B) 

Relative density (%TD)  98 98 > 99 
Crystal  phase fl-SN fl-SN T Z P  

fl-SiC fl-SiC 
Bend strength (MPa) ~ 1 145 + 71 950 + 40 1 120 
Weibull  modulus  19.1 29.0 - -  
K~c(MPa m 1,,2)h 6'0 + 0'2 6-0 + 0'2 7-5 
Young 's  modulus  (GPa) 315 _+ 4 298 ___ 4 200 
Hardness  (GPa) 18.7 ___ 0-7 16.9 + 0"5 12.5 
Ht/Hp 1.50 1.35 - -  

a Four  point  bending test. 
h lndentat ion.~6 

probably introduced some low density materials 
such as SiO2 and/or pores, which in turn resulted in a 
slightly decreased composite density. The Young's 
modulus for the composite with the thermally 
decomposed Si(NH)2 powder (SiC-W/SN(A)) shows 
a higher value than that for the composite SiC- 
W/SN nitridized silicon powder (SiC-W/SN(B)). 
Hardness values of SiC-W/SN(A) are also higher 
than the hardness of SiC-W/SN(B). These Young's 
modulus and hardness differences reflect differences 
related to microstructural differences in the two 
composite materials caused by the choice of starting 
SiaN 4 powders. According to these Young's 
modulus and hardnesses the SiC-W/SN(A) com- 
posite yields a more rigid and harder microstructure 
than that of the SiC-W/SN(B) composite, although 
their densities are essentially the same. 

The fracture toughness values (Kic) are also the 
same, but the bending strengths exhibit a large 
difference. Figure 2(A) and (B) show cross-sectional 
microstructures of the specimens broken in the four- 
point bending test. The grains of SiC-W/SN(A) are 
needle-like and the fracture path is inter-granular, 
which results in moderate fracture toughness. 
Similarly, SiC-W/SN(B) also exhibits needle-like 
grains (1-3 # m x  10#m) which are much larger than 
those of SiC-W/SN(A) (0.5-1.5/tm × 5~tm). Both 
composites display the same fracture toughness 
values, which indicates they possess similar toughen- 
ing attributes despite the difference in their fl-Si3N 4 
grain sizes. Table 2 lists the Weibull moduli and the 
bending strengths, which show that SiC-W/SN(B) 
has a higher Weibull modulus, but lower strength 
level than that of SiC-W/SN(A). Through the 
addition of SiC-whiskers, the critical flaw size for the 
SiC-W/SN(B) composites converges, which results 
in a higher Weibull modulus. 7 Composite (B) 
exhibits a lower strength, indicative of the large 
fl-Si3N 4 grains. 

The microstructures of the SiC-W/SN(A) and (B) 
composites were also observed, as shown in Fig. 3(A) 
and (B), using TEM. SiC-whiskers are observed with 
fl-Si3N 4 grains and a glassy phase. The grain sizes of 
the fl-Si3N 4 in SiC-W/SN(A) are smaller than those 
of SiC-W/SN(B). Although not readily observed, a 
glassy layer is believed to encompass the SiC- 
whiskers and to contain a combination of the SiC- 
whisker and Si3N 4 grains. 17 The SiC-whisker 
additions are more effective in giving a rigid 
microstructure to SiC-W/SN(A) than to SiC-W/ 
SN(B). This rigid microstructure is a combination of 
small silicon nitride grains, SiC-whiskers and glassy 
interfacial films between the SiC-whiskers and 
silicon nitride grains. 1 s 
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Fig. 2. Scanning electron micrographs of fracture surfaces of the SiC-W/SN composites (bar = 5 lira). (A) SiC-W/SN(A}, (B) SiC- 
W/SN(B). 

Fig. 3. Transmission electron micrographs of SiC-W/SN composites showing SiC-whiskers and fl-Si3N 4 grains (bar = 1/lm). (A) 
SiC-W/SN(A), (B) SiC-W/SN(B). 
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Fig. 4. Scanning electron micrographs of surface damage morphologies near the impact sites at 320+ 10m/s impact velocity 
[bar = 500llm; Ri, ring crack; Ra, radial crack). (A) SiC-W/SN(A), (B) SiC-W/SN(B). 

3.2 Post-impact evaluations 
Figure 4(A) and (B) show typical macroscopic 
surface damage morphologies of the two composites 
at the impact velocity of 320+ 10m/s. The SiC- 
W/SN(A) composite displays a series of concentric 
ring cracks (Ri), radial cracks (Ra), a crater and some 
fragments of the PSZ sphere. The SiC-W/SN(B) 
composite shows only concentric ring cracks and a 
crater. Judging from this damage morphology, SiC- 
W/SN(A) displays elastic/plastic response behavior, 
whereas SiC-W/SN(B) exhibits purely elastic re- 
sponse. Thus, these two composite exhibit different 
impact responses. The subsurface crack morphol- 
ogies are expected to differ also. Considering the 
ratio of the target hardness to the projectile hardness 
(Ht/Hp), however, as shown for each specimen in 
Table 2, these two composites should both fall into 
the elastic response range (Ht/Hp> 1, Ht/Hp> 
1-2). 10.12 Therefore, the subsurface cracks under the 
impact sites should be further examined. 

As the first step of this examination, the residual 
strengths of the impacted specimens were measured 
using a four-point bending test. The results are 
shown in Fig. 5. Although SiC-W/SN(A) exhibits 
distinct strength degradation at an impact velocity 
of only 150m/s, SiC-W/SN(B) does not exhibit 
serious strength degradation, until 290m/s. The 
critical impact velocity for strength degradation is 

V c, which for composite SiC-W/SN(B) is in good 
agreement with a previous report. 13 However, V~. 
does not agree for SiC-W/SN(A), which is made 
from thermally decomposed Si(NH)2 powder. 

After examining the strength degradation 
behavior, the fracture surfaces of broken cross- 
sections were examined to determine the type of 
cracks initiated beneath the impact site. Examples 
for each specimen are shown in Fig. 6(A) to (C). 
Figure 6(A) shows a cone crack, which is the 
cause of strength degradation in the SiC-W/SN(A) 
composite at a low impact velocity. A Hertzian 
cone crack 12"13'19 is also initiated (Fig. 6(B) at a 
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Fig. 6. Fracture surfaces showing Hertz cone crack initiation by impact (bar = 500 #m). (A) SiC-W/SN(A) (V = 181 m/s); (B) SiC- 
W/SN(A) (V = 331 m/s); (C) SiC-W/SN(B) (V = 324 m/s). 

sphere impact velocity of above Vc. However, SiC- 
W/SN(B) composites do not display any cracks 
until the impact velocity reaches or exceeds 290 m/s. 
At these velocities, vary cone cracks are initiated 
(Fig. 6(C)), immediately resulting in the sudden 
decrease of the bending strength. Therefore, the 
dominant  impact response behavior of these two 
materials, ceramic composite was seen to be an 
elastic response, even though a small crater was 
created at the impact site. Radial cracks at the 
surface may have been produced by structural 
delamination of the plates of needle-like fl-Si3N 4 
and SiC-whiskers which occurred during the hot- 
pressing process.X 3 

The hardness value has been defined as an elastic/ 
plastic parameter in the literature. 2° Using the 
hardnesses of the these two ceramic composite ma- 
terials, phenomenological analyses were attempted. 
Shockey et al. 1° showed that target response 
behavior changes from an elastic one to an elastic/ 
plastic one with a decrease in the ratio of the 
hardness of the target to the hardness of the 
projectile particle (Ht/Hp). Calculations show that 
SiC-W/SN(A) has a Ht/Hp ratio of 1.5 and the SiC- 
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W/SN(B) a ratio of 1.35, These ratios are in 
agreement with literature data. 1°'12 This indicates 
that the behavior of SiC-W/SN(A) should be more 
elastic than that of SiC-W/SN(B). 

Contact behavior can be strongly influenced by 
the microstructure consisting of  a mixture of needle- 
like fl-Si3N 4 grains, a glass phase and SiC-whiskers. 
In the Si3N4 powder oxygen and carbon contents 
(which are thought to be in the form ofSiO 2 and SiC, 
respectively) are reported to influence the micro- 
structural development of the matrix material/ '8 
The nitrided silicon powder has a higher oxygen 
content, but less carbon than the thermally decom- 
posed Si(NH)2 powder (see Table 1). This higher 
oxygen level and lower carbon level make it easier to 
produce the glass phase or layer with Y203 and 
A1203 between the Si3N 4 grains, resulting in a 
higher sinterability, 8 but also a less rigid structure. 
This microstructure, achieved through the sintering 
process of silicon nitride powders, which has a high 
oxygen content  and less carbon provides the 
resistance to crack initiation caused by localized 
stresses upon point indentation. Figures 7 and 8 
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show cra te r  d iameters  and  depths  for  the specimens. 
In Fig. 7, little difference is seen in the cra ter  
diameters ,  but  the S iC-W/SN(A)  compos i tes  exhibit  

a shal lower cra ter  depth,  which conf i rm that  SiC- 
W/SN(A)  should have an elastic response behavior .  
This difference in the cra ter  dep th  results f rom the 
micros t ruc tura l  differences. 

4 Summary 

T w o  types o f  SiC-whisker/si l icon nitr ide mat r ix  
composi tes  were p roduced  by hot-pressing.  One 
compos i t e  was made  f rom nitr ided silicon p o w d e r  
and the o ther  f rom thermal ly  decomposed  Si(NH) 2 
powder .  Af ter  invest igat ing the mechanica l  pro-  
pert ies and mic ros t ruc tu re s  o f  these materials ,  
impact  tests were c o n d u c t e d  to eva lua te  their  
damage  morpho log ies  and s t rength  degradat ion .  

These  compos i tes  showed elastic behav io r  as their  
d o m i n a n t  response behavior .  The  S iC-W/SN com- 
posite made  f rom ni t r ided silicon powde r  displayed 
lower hardness,  which resulted in higher  resistance 
to dynamic  Her tz ian  cone crack ini t ia t ion and 
extension upon  spherical  impact .  On the o ther  hand,  
a l though  the S iC-W/SN compos i tes  made  f rom 
thermal ly  de c omposed  Si(NH)2 powde r  displayed 
higher  bending  s t rength  and  higher  hardnesses,  they 
showed  less resis tance to c rack  ini t ia t ion and 
s t rength  deg rada t ion  upon  spherical impact .  The  
reason for  this is cons idered  to be that  the ni t r ided 
silicon p o w d e r  conta ins  a higher  oxygen con ten t  and 
lower c a r bon  con ten t  and thus yields a less elastic, 
less rigid micros t ruc ture ,  one  which is bet ter  able to 
dissipate energy dur ing  impact .  
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