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Fracture energy of Si3N4 

R. W. RICE*,  K. R. McK INNEY,  C. CM. WU, S. W. F R E I M A N  t ,  
W.J .M.  DONOUGH 
Naval Research Laboratory, Washington, DC 20375, USA 

The fracture energy of Si3N4 made by hot pressing, reaction sintering, and chemical 
vapour deposition (CVD) was studied. Extrapolation of fracture energies to zero additive 
or porosity levels, as well as analysis of CVD Si3N4 all indicate an intrinsic fracture 
energy of 20-30J m -2 . Higher fracture energies in dense bodies with increasing additive 
content, or in some more porous bodies (relative to expected porosity dependence) are 
associated with crack branching. In dense bodies such branching may arise due to micro- 
cracking from combined effects of crack tip stresses and mismatch stresses due to dif- 
ferences in properties, especially thermal expansion, between Si3N4 and the additive or 
its reaction products. In porous bodies such branching appears to be due to spatial 
distribution of pores. 

1. Introduction 
There have been numerous measurements of  the 
fracture toughness and fracture energy of  SiaN4 and 
SiC due to interest in these materials for thermal- 
structural applications such as critical components 
in gas turbine engines. These measurements show 
that fracture energies of  dense, hot pressed, Si3N4 
(HPSN) are commonly two to three times higher 
than those of  dense SiC. However, relatively little 
is understood about the basic determinants of  these 
fracture energies and hence the source of  the dif- 
ferences in fracture energy between these two 
materials, i.e. the extent to which the differences 
are intrinsic or extrinsic. Some evidence exists that 
elongated grains can increase the fracture energy 
of  SiaN4 [1, 2]. There is also limited data [3, 4] 
supporting the general expected decrease of  frac- 
ture energy of  SiaN4 as porosity increases. How- 
ever, there has been no systematic study of  the 
fracture energy of  Si3N4 as a function of  the 
amount and type of  hot pressing or sintering addi- 
tives, and little or no measurement of  the fracture 
energy of  chemically vapour deposited (CVD) 
Si3N4. Further, there have been no studies of  the 

interrelationship of  fracture energy data of  HPSN 
and CVD Si3N4, the porosity dependence of  the 
fracture energy of  reaction sintered Si3N4 (RSSN), 
or the mode of  fracture of  these materials. 

This paper reports studies of  the room tempera- 
ture fracture energy of  hot pressed Si3N4 as a 
function of  the amount and type of  additive, as 
well as studies of the fracture energy of  CVD Si3N4 
and RSSN. The character of  cracks and fracture 
mode in all materials, as well as strength and 
Young's modulus behaviour of  some materials 
were also determined to aid in interpreting results. 
While each of  these studies has its uncertainties, we 
will show that collectively they indicate that the 
intrinsic fracture energy of  dense, pure Si3N4 is in 
the range of  2 0 - 3 0  J m -2 , i.e. about the same as 
SiC [5], and that Si3N4 fabricated with additives 
are toughened by the additives, and hence may be 
appropriately looked upon as composites. 

2. Experimental technique 
Si3N4 was obtained from a variety of  commercial 
and laboratory sources$. These materials were 
supplemented by a substantial number of  bodies 

*Present address: W. R. Grace Co, Columbia, Maryland 21044, USA. 
?Present address: The National Bureau of Standards. 
:~RSSN of varying amount and size of pores (from burn out of various size particles from ~ 20 to ~ 200#m average 
diameter) from The Boeing Co, Renton, Washington, were the predominate source of RSSN for test in this study. 
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T A B L E I Elastic properties of hot pressed Si3N 4 bodies 

Additives Density Young's modulus 

(wt %) (g cm-3) 10 6 psi GPa 

Poissons Source 
ratio 

~ 1%MgO 3.224 46.1 318 
5% MgO 3.175 44.0 304 
5% Y203 3.258 45.2 312 

10%Y203 3.305 44.2 305 
15%Y203 3.165 43.9 302 
10% SiO 2 3.082" 41.2 284 
20% SiO 2 

+ 3% MgO 2.792t 29.3 202 
8% ZrO 2 3.201 43.4 300 

12% ZrSiO 4 3.300 42.9 296 

0.273 Norton Co (NC132) 
0.273 Ceradyne 
0.285 Ceradyne 
0.283 Ceradyne 
0.270 Ceradyne 
0.253 This work 

0.247 This work 
0.280 This work 
0.278 This work 

*Stereological measurements indicated ~ 0.5 to 1% porosity. 
JStereological measurements indicated - 4  to 5% porosity. 
of a fully dense body of this composition by ~ 15%. 

Correction for this porosity would raise Young's modulus 

hot  pressed w with varying single or combined addi- 
tives in our ownlaboratory.  K i c  was measured using 
double cantilever beam (DCB) specimens with the 
applied moment  loading technique [7]. Specimens 
typical ly had dimensions of  approximate ly  1 cm in 

width, 3 to 4 cm in length, and 2 mm in thickness�82 
A crack guiding groove, approximately  1 mm in 
width and approximate ly  half  the specimen thick- 
ness was machined down the centre of  one side of  
the specimen�82 Cracks were init iated either from a 
notch,  approximately  0.5 cm long and ~ 1 mm wide 
sawn in one end of  the specimen, or from a sharp 
crack introduced at the base of  the notch. (No dif- 
ferences were observed in the two techniques.) For 
most hot  pressed bodies the plane of  crack propa- 
gation was perpendicular to the hot  pressing direc- 
tion while for most RSSN and all CVD bodies the 
plane of  crack propagation was parallel with cold 
pressing and deposit ion directions respectively. The 
nature of  cracks in some DCB specimens while 
under load, but with the crack stationary,  were 
observed by optical and microradiographic tech- 
niques [8, 9]. These, as well as all other, measure- 
ments were typical ly made at ~ 22 ~ C and ~ 40% 
relative humidity.  

Fracture energy (3') values of  hot  pressed Si3N4 
bodies were calculated assuming a Young's modulus 
(E)  of  310 GPa since all such bodies used had little, 
or no, porosity.  (However, later E values of  some 
of  these bodies were measured by a pulse echo 
technique as discussed later since composit ion was 
found to effect E more than first suspected.) For  

RSSN bodies E was determined by either a pulse 
echo technique or use of  strain gauges on flexure 
specimens. Strengths were measured on many 
specimens in three point flexure (1 .8cm span, 
cross head speed 1 . 8 m m m i n  -1) using bars ~ I x 
2 mm in cross-section machined from arms of  the 
DCB specimens. Densities of  RSSN specimens 
were determined by water immersion and the 
per cent porosi ty  calculated based on a theoretical 
density of  3 . 2 g c m  -a .  Scanning electron micro- 
scopy was used to examine fracture surfaces. 

3. Experimental results 
Fracture energies of  a variety of  HPSN bodies having 
essentially zero porosi ty  are shown as a function 
of  the volume percent additive in Figs. 1 to 3. Note 
that  these data include measurements on all of  the 
commonly available commercial materials and that  
many materials with different combinations of  
additives are also represented. The primary fracture 
mode of  all of  these materials was intergranular 
(Fig. 4). Young's modulus and other pert inent data 
of  some bodies hot  pressed with additives are given 
in Table I. 

Figs. 5 and 6 present respectively our Kic  and 
3' results, as well as li terature values [ 10 -16 ]  of  
RSSN as a function of  the volume fraction porosity.  
Use of  Kic  data allows evaluation of  data where E 
values were unmeasured or unreported.  Use of  3' 
data allows incursion of  other, e.g. work of  fracture 
(WOF) data (plot ted directly in Fig. 5) and also 

. more clearly allows identification of  a major source 

w pressed in graphite dies in a N 2 atmosphere at temperatures of 1700-1900 ~ C for ~ i h at ~ 35 MPa. Typically 
AME 85 Si3N 4 powder was used, see [6] and Table I. 
~I The CVD materials were an exception since some specimens were thinner. Results will be shown as a function of web 
thickness, with greater web thicknesses in thicker samples. 
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Figure 1 Fracture  energy o f  Si3N 4 ho t  pressed with MgO or MgO plus another  oxide as a func t ion  of the total  volume 
per cent additive. Vertical bars show the  standard deviation and associated numbers  are the  number  of  measurements .  
Where more  than  one additive was used (solid data points),  the  points  are plot ted at the  total  volume % additive, and 
the  % and type  of  the  second additive is shown next  to the  data point.  Note the  substantial  toughness  that  can be 
achieved with substantial  SiO= addit ions.  The solid line is a least square fit to the  data at a confidence level of  95%. The 
dashed line is a least square fit  of  the  data assuming a zero additive fracture energy intercept of  30 ] m -2 is at the 99% 
confidence level. 
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Figure 2 Fracture energy of  Si3N 4 ho t  pressed with ZrO 2 or ZrO 2 plus another  oxide as a funct ion  of the  total  volume 
per cent  o f  additive. Vertical bars ' show the  standard deviation and subscripts the  number  o f  measurements .  Where more  
than  one additive is used (solid data points),  the  points  are plot ted at the  total  volume % additive, and the  % and type 
of  the  second additive is shown next  to the  data point .  The  solid and dashed lines are least squares fits to the  data 
assuming respectively no defined zero additive intercept  and a zero additive intercept of  30 J m -2 . Both fits are at the  
99% confidence level. 
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Figure 3 Fracture energy of 
Si3N 4 hot pressed with YzO3 
or Y:O 3 plus another oxide as a 
function of the total volume 
per cent of additive. Vertical 
bars show the standard deviation 
and subscripts the number of 
measurements. Where more than 
one additive is used (solid data 
points), the points are plotted 
at the total volume % additive, 
and the % and type of the second 
additive is shown next to the 
data point. The solid and dashed 
lines are least squares fit to the 
data assuming respectively no 
definite zero additive intercept 
and a zero additive intercept of 
30J m -a . These fit are respect- 
ively at the 80% and 99% con- 
fidence level. 

of Kic  and 3' scatter, i.e. based on X-ray micro- 
radiography of cracks in selected samples, the 3' 
data could be separated into two groups. The first 
group (A) through which lines are drawn in Fig. 6, 
typically showed a single simple crack, as previously 
reported, [8] while samples of specimens from the 
second group (labelled B in Fig. 5) showed two or 

more cracks as shown in Fig. 7 ~. Neither the 
extent of crack branching nor K m or 3' showed 
any correlation with the size of the pores. How- 

ever, higher 3' values generally correlated with 
more or longer branches. For comparison, results 

of flexure strength and Young's modulus measure- 
ments as a function of porosity are shown in Figs. 

8 and 9 for the same RSSN bodies along with other 
RSSN data [13-18] .  SEM examination showed 

the RSSN fracture mode to be mainly transgranular 

(Fig. 10). 
Fracture energy results for two different sources 

of CVD Si3N4 are shown in Fig. 11 as a function 
3f web thickness. Note that 4 thin specimens from 

a third source~, having a web thickness of 0.4 mm, 
averaged 2.8 +- I MPam 1/2 in agreement with the 

data of Fig. 11. Examination of specimens from all 
three sources showed fracture to be exclusively 

transgranular through the typically large columnar 

grains oriented parallel to the web thickness (Fig. 
12). The large columnar grain structure of the 
UTRC and DCI materials was fairly uniform across 

the test web of the DCB specimens. The General 

Electric Company (GE) material graded from a 
finer columnar, to a larger columnar grain size, 
such that much of the DCB web had finer grains 
than the DCI or UTRC materials. X-ray micro- 
radiography and optical examination showed pri- 

marily a single crack with limited, or no, wandering 

and branching. Strengths of samples of these CVD 
materials are shown in Table II. 

TAB LE I I Room temperature flexural strengths of 
CVD Si3N 4 

Strength Number of Source 
tests 

103 psi MPa 

17 -+ 6 110 ~+ 40 5 General 
Electric 

32 -+ 2 220 �9 20 6 Deposits and 
Composites Inc 

21 -+ 3 150 • 20 18 Deposits and 
Composites Inc 

*Such crack branching is not to be confused with the branching that occurs at high crack velocities. The present 
observations are on stationary, but stressed cracks. The branching occurs at quasi-static velocities. 
tMaterials supplied by United Technology Research Centre (UTRC), East Hartford, Connetticut. 
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Figure 4 Fracture mode in SigN 4 hot pressed with zr02 (a) and (b) 8 wt% ZrO2, and (c) 2 wt % ZrO 2. Note substantial 
intergranular fracture, especially around elongated grains, which was also typical of SiaN 4 bodies with other additives. 

4. Discussion 
4.1. Fracture energy behaviour 
4. 1.1. Hot pressed SiaN 4 
Consider first the fracture energy data for HPSN, 
which is the source of  high 7 values for Si3N4. A 
plot of  these data as a function of  the volume 
fraction of  hot pressing additive (Figs. 1 to 3) 
shows substantial scatter, probably due to vari- 
ations of  trace porosity, distribution and degrees 
of  reaction* of  the additive phase with the Si3N4, 
impurity (especially starting oxygen) content, and 
grain size and shape. It was clearly impossible to 
conduct detailed characterization of  all these para- 
meters. Some will be discussed later. However, it is 
clear that fracture energy generally increases with 
the volume fraction of  addition; e.g. least square fit- 
ting of  the data in Figs. 1 to 3, show fracture energy 
increasing with additive level at the 80-90% confi- 

dence level. Further, the fracture energy for com- 
bined additions was typically greater than for either 
additive alone, again showing fracture energy to 
increase with the total amount of  additive. Due to 
the scatter, extrapolations of  each set of  the data 
in Figs. 1 to 3 back to zerovolume fraction addition 
is not particularly precise, e.g. upper and lower 
bounds of the data indicate fracture energy of  pure 
dense Si3N4 in the range of  15 to 40 J m -2. How- 
ever, the HSPN data is consistent with the RSSN 
and CVD data which show 7 to commonly be 
20 to 30 J m -2. Thus, for example least squares 
fitting of  the data through a common zero additive 
intercept, in the more probable range, e.g. of  30 J 
m -2 increases the confidence levels to 99% for all 
three sets of  data. Use of  25 J m  -2 gives similar 
results. 

As noted earlier, all 3' values in Figs. 1 to 3 were 

*The effect of variable reaction is suggested, for example, by the wide scatter of the 3' values of specimens fabricated 
with substantial SiO 2 additions since X-ray analysis of such bodies in earlier studies of the authors showed widely 
varying Si2N20 contents in such specimens. 
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Figure 5 Fracture toughness 
against volume fraction porosity 
of RSSN. The data are from this 
(NRL) study (mostly on Boeing 
material) as well as other studies 
as shown. Note the least squares 
fitting of the exponential 
relationship to all the data com- 
bined. One Boeing data point 
of KIC = 0.21 MPa m 1/2 at P = 
0.81 is not shown on this graph 
and was not used in the above 
curve fitting. This excluded data 
point as well as three other 
Boeing data points for P > 0.6 
fall progressively below the fitted 
line consistent with Young's 
modulus (Fig. 8) and strength 
(Fig. 9) behaviour as well as the 
generally expected trend from 
most ceramic materials [4]. The 
curve fitting was carried out 
using the actual number of 
measurements involved in each 
data point (5 on average) which 
are not shown here for clarity. 
Note also that the intercept 
value and the slope are probably 
low as discussed in the text. 

calculated using E = 310 GPa. Subsequently it was 
recognized that some of  the additives, especially at 

higher levels of  additions, may have changed the E 
values. Results of  subsequent E measurements on 
sample compositions are shown in Table I. These 
show slightly higher values of  E for low additive 
levels, and progressively lower values for increasing 
levels of  additives. Correction for these actual values 
against the constant 310GPa used in calculating 
data in Figs. 1 to 3 would increase the agreement of  
the data with intrinsic 3' of 20 to 30 J m -2. Variable 
E from variable degrees of  reactions between addi- 
tives are probably another factor in the data scatter. 

Other studies of HPSN containing little or no 
grain boundary phase corroborate the observed 
increases, in 3' due to such phases. Palm and Gres- 
kovich [23] recently measured 7 = 27J  m-2 for 
their dense HPSN made with BeSiN2. Both trans- 
mission electron microscopy and high temperature 
strengths of  these bodies show little or no grain 
boundary phases. Thus the single phase, dense 
character of  these bodies and their 3  ̀value are in 
excellent agreement with an intrinsic 3  ̀of  20 to 30 J 
m -2. More recently Shimada and Koizumi [24] 
have reported a KIC of 3 .SMPam I/2,  giving 3  ̀= 
24 J m -2 , for dense ~3-Si3N4 hot  pressed without  

additives under high pressure (3 GPa), in excellent 

agreement with the above results. 
Three factors suggest that an important  mech- 

anism involved in the higher fracture toughness of 
SigN4 bodies hot  pressed with substantial additive 
contents is crack branching. First,  X-ray micro- 
radiography clearly shows branched cracks in DCB 
tests of higher toughness Si3N 4 bodies [8]. Such 
multiple or branched cracks most likely originate 
as a result of  a crack interacting with mismatch 
stresses between grain and grain boundary phases 
or resultant microcracks at or near its tip. Secondly, 
Si3N4, added phases, and most of  the reaction 
products have substantial differences in elastic 
moduli ,  and thermal expansion coefficient (factors 
of  3 - 4 )  or both,  that  lead to substantial micro- 
structural stresses. Resultant stresses and the dimen- 
sion of  most of  the second phase regions are suf- 
ficient to be a possible source of  microcracking 
near the tip of  stressed cracks, as observed in other 
composites [19]. Third, recent application of  
models for composites based on microcracking to 
these Si3N4 bodies results in fracture e n e r g y -  
composi t ion trends similar to those observed 
experimentally [19]. Thus, Si3N4 sintered or hot  
pressed with additives are appropriately viewed as 
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Figure 6 Fracture energy against 
volume fraction porosity of 
RSSN. The data are from this 
(NRL) study (mostly on Boeing 
material) as well as other studies 
as shown. The data points in the 
areas labelled B (all from the Boe- 
ing material) are for those types 
of materials for which micro- 
radiographic studies showed 
evidence of multiple cracks 
(Fig. 7). Region B (bounded 
by dashed lines), is not closed 
because of uncertainty of its 
lower bound. Microradiography 
of other specimens typically 
showed a single, simple crack. 
Note the lines drawn through 
the centroid of the data 
for P < 0.4 (i.e. points not 
in region B) with slopes (b) of 
3, 4 and 5. These lines, which 
have slopes typical for ceramics, 
give fracture energy values 
ranging from ~ 20 to ~ 30 J m -2 
a t P =  0. 

composites where the oxide additive not only aids 
densification, but also increases 7. 

Grain morphology-fracture  mode appears to 
also be a factor contributing to higher 3' values in 
conjunction with, or instead of, microcracking. As 
noted earlier, increased grain elongation is associ- 
ated with increased 7 [1,2].  However, grain elonga- 
tion alone does not cause the increase in 3', since 
for example the CVD Si3N4 had more elongated 
grains, but lower fracture energies. Fracture mode 
is also important. Hot pressed bodies, exhibited 
extensive intergranular fracture, especially around 
elongated grains (Fig. 4) as opposed to essentially 
total transgranular failure for RSSN (Fig. 10) and 
CVD (Fig. 12) materials. Intergranular failure in 
the hot pressed materials is in fact central to the 
common concept of  how elongated grains increase 
7, .i.e. resulting in a more tortuous crack path with 
mixed mode failure on the microstructural scale and 

associated greater total fracture area. However, the 
results of  this study show that such intergranular 
fracture around elongated grains is associated with 
the additives. Thus, the additives also contribute 
to increased 7 due to grain elongation. 

Comparison with other materials supports the 
above arguments. Thus, for example, substantially 
elongated grains, found in some CVD SiC bodies, 
had little or no effect of  fracture energy since cracks 
generally propagated transgranularly right through 
the elongated grains [20]. On the other hand, the 
fracture energy of  A1203 has been reported to 
increase approximately in proportion to the more 
tortuous intergranular failure path around grains 
elongated along the c-axis for the cracks propagating 
perpendicular to the c-axis texture [21]. This is 
attributed to fracture energies of  sapphire being 
~> 40 J m -2 ; i.e. ~> 6 times the fracture energy on 
most other planes [22], inhibiting transgranular 
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Figure 7 Microradiograph of a crack under stress in a RSSN sample showing unusually high fracture energy, "r ~ 12 J m -2 
for its porosity (P = 0.51). The lower magnification shows a larger section of the stressed crack and the higher mag- 
nification photos show areas of particularly clear crack branching of deflections. The crack was branched as far to the 
right as it could be traced (shortly beyond the last high magnification photo). Note the general tendency for the crack 
to propagate from large pore to large pore (as would be expected), suggesting that the spatial distribution of these pores 
plays a role in such branching. 

fracture approximate ly  normal to the c-axis orien- 

tat ion of  the A1203 grains, i.e. nearly on their basal 
planes. The resultant deflection of  the cracks 
around the grains increases the fracture energy, 
but  less than that  required for basal plane fracture. 
Thus, the one probable intrinsic advantage Si3N4 
has over SiC for higher fracture energy is the con- 
t r ibut ion that grain elongation can make to 3' in 
Si3N4. Further ,  the analogy with A1203 and the 
typical  elongation of  Si3N4 grains along the c-axis 
suggests that the fracture energy on the SiaN4 basal 

plane is higher than on other planes and contributes 
to grain morphology- in te rgranular  failure effects. 

4. 1.2. R S S N  
The Kic  (Fig. 5) and especially 3' (Fig. 6) data of  
RSSN also have substantial scatter which can be 
at t r ibuted to a variety of  factors including effects 
of  impurities (especially unreacted Si), inhomo- 
geneous porosi ty distribution, and varying pore 
morphologies t .  Variations between the data of  dif- 
ferent investigators also reflect differences in test 

~'Note however, this study of the Boeing material, Boeing studies of their own materials, as well as studies of Heirtrich 
and Munz [15, 16] show little or no effect of pore size on KIC or 3' contrary to speculations of Danforthetal. [25]. 
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Figure 8 Young's modulus against volume fraction porosity for RSSN. Note the data from this (NRL) study includes 
measurements by a pulse echo as well as a strain-gauge technique (both gave very similar results). The line shown is a 
least square fit at the 99% confidence level, Note the points falling progressively below the line for P > 0.6, consistent 
with KIC (Fig. 5) and strength (Fig. 9) data for these same materials, as well as with other ceramic data [4]. 

technique as discussed below. Again, while it was 
not possible to conduct extensive characterization 
to investigate all of  these variables, basic trends 
could be identified. 

The least square fitting of  the RSSN Kic data 
(Fig. 5) yields an intercept of  3.5 MPa m 1/2 which 
gives a 7 value of  ~ 20 J m -z , which is reasonably 
consistent with, but somewhat lower than for HPSN 
bodies. In addition, several factors affecting the 
RSSN intercept can be identified, indicating prob- 
able closer agreement with the HPSN extrapolation. 
Larsen [14], from double torsion, controlled flaw, 
and indent tests, concluded that the indent results 
were consistently higher by ~ 5 to 100%~'. Since 
these values are concentrated at lower porosity, 
they tend to give a higher intercept value. Similarly, 
the Boeing data were obtained by the notch beam 
method, using the notch as the source of  sharp 
cracks. As the porosity decreases, there is greater 
uncertainty in there being adequate sharp cracks 

at the notch, a trend which would also tend to 
give too high an intercept Kic value. On the other 
hand the high K m values at P > 40% (where P is 
the volume fraction porosity) in this study are 
typically those associated with multiple cracks 
(group B o f  Fig. 6 discussed below) which form on 
a scale much larger than typical strength controll- 
ing flaws. Neglecting such high values, which are not 
pertinent to normal strengths, would increase the 
slope, e.g. to 3 to 5 in better agreement with 
strength and E trends for RSSN (Figs. 8 and 9) and 
with other ceramics [4]. This increased slope would 
probablymore than compensate for the above noted 
corrections lowering the K m intercept still closer 
to the fracture energy extrapolations for HPSN. 

Specific consideration of  RSSN fracture energy 
data allows some added (WOF) data to be included, 
and to more clearly illustrate the deviations at high 
P (group B of  Fig. 6). As noted earlier, materials in 
group B typically showed more complex crack 

tThe average difference between the indent and controlled flaw tests (the two most extensively compared tests) 
averaged 50%. Higher values from the indent test may well result from the tendency to get the clearest readings in 
denser areas, e.g. because of better polishing and more definitive identification of cracks. 
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Also shown are the bounds to a previous extensive survey [17] (fitted to ~ = 58 000 exp-3"gepsi)as well as the least 
square fitting of o = 60000 exp-4"~ to the current data (recognizing the different weightings of the data, e.g. 
20 tests per points of Heinrich). The number of specimens, and most error bars are not shown for clarity, however, 
some sample error bars are indicated. 

character, e.g. branching into two or more cracks 
(Fig. 7), while denser bodies typically showed only 

one crack. Increasing crack complexity at higher 

porosity is consistent with previous studies noting 
enhanced microcracking, crack branching, etc at 
higher porosity [26]. Varying degrees of this micro- 

cracking or crack branching within each group 
(A and B of Fig. 7) of data is probably another 
important source of data variation, and hence scat- 

ter, of the 3' and the Kzc data. 

Evaluation of 3' data for the denser RSSN 
bodies, i.e. those typically characterized by a single 

crack (group A), supports the above analysis of 
Kic data. While covering too narrow a porosity 
range and too scattered by itself to extrapolate 
to zero porosity, typical fracture energy-porosi ty  

behaviour can be utilized. More limited studies of 
RSSN [3] ~, as well as studies of other ceramic 

materials [4] show that the fracture energy depen- 
dence over the more typical range of porosity 

:~Note that earlier studies of fracture energy and strength of RSSN as a function of porosity have commonly used hot 
pressed value for P ~ 0. These have typically given higher slopes (b values of 5 to 7) than commonly found for other 
ceramics. The present work shows such use of HPSN with RSSN values is not correct. The higher b values resulting 
from such use of HPSN data further reinforces the conclusion that strength, fracture toughness, and fracture energy 
(but not Young's modulus, which is more commonly decreased) are substantially increased in HPSN by the additives, 
i.e. as in a composite. 

1401  



Figure 10 Example of typical fracture mode of RSSN. Note that there is substantial transgranular fracture in contrast 
to the predominantly intergranular fracture of hot pressed Si3N 4. Materials are (a) Boeing (P ~ 50%), (b) KBI, (P ~ 
20%), (c) Boeing (P - 19%), and (d) NC 350 (P ~ 24%). 

(<  40%) can typically be expressed by the expo- 
nential relationship, 3' = 3"0 exp -b# where 3' is the 
fracture energy at any volume fraction porosity P, 
3`0 is the fracture energy at P = 0, and b is a con- 
stant which is the slope of  a semi-log plot of  3` 
against P. Based on other studies the typical b value 
for 3' would be 4 +- 2, which is also the same as 
found for more extensive studies of  both Young's 
modulus and flexure strength of  ceramics [4] as 
well as SigN4 [3] as a function of  porosity (Figs. 6 
and 7). Such values are also consistent with more 
probable theoreticalvalues of  3 to 5 [4]. Lines with 
slopes b = 3, 4 or 5 drawn through the centroid of  
the data for bodies wi thP < 0.4 (i.e. excluding those 
in group B) extrapolates to 3'0 ~ 20 to 30 J m -2 
for pure dense Si3N4. Thus, note that extrapolation 
of  K m and 3' for RSSN are consistent with the 3' 
of  20 to 30 J m -2 for pure, dense fine grain Si3N4 
based upon the extrapolations of  fracture energy 
of  HPSN to zero volume per cent additions. 

4. 1.3. CVD S[3N 4 
The fracture energy of  CVD Si3N 4 at first increases 
with web thickness, then levels offat  25 to 30 J m -2 
(Fig. 11) consistent with the extrapolations of 
HSPN and RSSN results to pure dense Si3N4. This 
3,-web thickness behaviour is attributed to cracks 
not encompassing a sufficient number of grains at 
smaller web thicknesses to reflect the true poly- 
crystalline value. Thus, as the web thickness 
decreases so the crack encompasses fewer and fewer 
grains, it approaches the lower single crack crystal 
value of  3' as shown in other ceramics [27]. Vari- 
ations in microstructure, composition, and residual 
stresses (indicated by some cracking) are factors in 
the data scatter. However, the basic agreement 
between materials from three sources (and at least 
two lots from one source) strongly argue that the 
observed trend is that of  Si3N4 and not an artifact 
of  factors leading to the scatter. 

The crystalline phase and its possible interaction 
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Figure 11 Fracture toughness against DCB web thickness in CVD, Si3N 4. Data are shown for two sources of material. The 
line shown is the best visual fit to the most recent DCI material which was more consistent, e.g. there was less cracking 
in the as-deposited Si3N 4 . 

with larger grain sizes must also be considered in 
comparing CVD and other Si3N4 bodies. CVD 
Si3N4 is predominantely a-Si3N4, whereas most 
hot pressed bodies are predominantely /3-Si3N4. 
However, earlier Tg], as well as more recent studies 
[12, 13, 15, 16] show no significant effect of  
varying a and/3 contents on the fracture energy of  
RSSN, questioning whether the a,/3 contents alone 
are a significant factor, even in larger grain bodies. 
(However, in HPSN development of  elongated /3 
grains has been associated with conversion from 

Figure 12 Fracture microstructure of GE CVD Si3N 4. 
Photo taken from DCB fracture surface near the edge that 
was in contact with the graphite substrate from which the 
sample was removed for test. 

mainly c~ phase powder to dense /3-Si3N4 and 
resultant higher 3  ̀values as noted earlier.) 

Recent studies [5, 28] have shown that thermal 
expansion anisotropy can result in 3' increasing, 
passing through a maximum and then decreasing as 
grain size increases. However, two factors show 
that this does not appear to be significant with 
CVD Si3N4. First the X-ray microradiographic 
studies of  CVD Si3N4 show no evidence of  micro- 
cracking or crack branching which is the cause of  
fracture energy changes with grain size observed in 
noncubic materials [4, 5]. This is consistent with the 
second factor; namely, that o~-Si3N 4 has extremely 
limited thermal expansion anisotropy, e.g. less 
than 3% difference in expansion between the a and 
c directions to 1000 ~ C [29]. The extensive trans- 
granular failure in the large grain CVD bodies 
(Fig. 9) is also consistent with the rather limited 
anisotropy of  o~-Si3N 4. Significant thermal expan- 
sion anisotropy would be expected to result in 
substantial grain boundary stresses which would 
enhance intergranular failure at large grains, as 
observed in A1203 [30]. Thus, since neither the 
high c~ content of  CVD Si3N4 nor its large grain 
size appear to have a significant effect on its frac- 
ture energy, the CVD data also support an intrinsic 
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fracture energy of 20 to 30 J m -2 for pure dense 

Si3N4. 
While the intrinsic 3  ̀of Si3N 4 is in the range 20 

to 30 J m -2 a single 3  ̀value in this range may not 
be appropriate for all dense Si3N4. Factors such as 
grain size and shape as well as phase content, while 
not major factors, may be sources of second order 
effects within this range of 20 to 30 J m -2. As noted 
earlier, grain elongation has been correlated with 
higher 3' values in HPSN. However, this was clearly 
not the case for the CVD Si3N4. Thus grain 
elongation, by itself, does not necessarily lead to 
high 3  ̀ values. However, grain boundary phases 
which enhance intergranular fracture around large 
grains should be important in raising fracture ener- 
gies over those obtained with equiaxial grains with 
grain boundary phases. 

4.2. Strength and Young's modulus 
behaviour 

Strength and (Young's modulus of RSSN) results 
reinforce the previous 3  ̀ results. Thus, earlier 
studies [20] found that strengths of HSPN with 
large 3  ̀values were not as high as would be expected 
for such 3' values. This discrepancy was attributed 
to heterogeneities leading to weaker areas con- 
trolling strength [20]. However, more recent work 
has shown that such high 3' values are associated 
with crack branching [7]. This in turn leads to the 
recognition that such branching may often require 
a scale of crack propagation greater than that for 
typical strength controlling flaws, and hence 
another reason why such higher 3' values would 
not translate into higher strengths [26]. As yet the 
mechanism responsible for the 3'-strength differ- 
ences cannot be resolved, however two points 
should be noted, First, the crack branching distance 
argument is consistent with RSSN results discussed 
below. Second, crack branching in 3' tests often 
results from microcracking [7, 26] and hence can 
be consistent with modelling of 3' values based on 
microcracking as noted earlier. 

The strength and Young's modulus of RSSN 
corroborate the basic porosity dependence of 
mechanical properties of Si3N4, as noted earlier, 
showing that some 3`-P behaviour is anomalous. I t  
is also clear that the crack branching associated 
with anomolously high 3  ̀values is on a scale larger 
than the typical flaws controlling strength of RSSN. 
Thus, as noted above for HPSN, the scale of this 
source of higher 3' values is simply not compatible 
with normal strength controlling flaws. More gen- 
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erally, note that extrapolations of not only the 
RSSN strengths of this study, but also of other 
studies (Fig. 7), to P = 0, all give strengths that are 
consistent with an intrinsic 3" (i.e. at P = 0) of 
20 to 30 J m -2 for the typical range of flaw sizes 
(20 to 50/~m) found in Si3N4 [20, 31, 32] and 
most other technical ceramics [32]. Further, the 
more probable P =  0 extrapolated strengths of 
350 to 420MPa are in excellent agreement with 
strengths that Palm and Greskovich [23] measured 
on their single phase, dense HPSN bodies, as were 
their 3' values (as noted earlier). 

Finally, note that the lower CVD Si3N4 strengths 
(Table II) are consistent with the limited crack-size 
sampling of grains noted earlier in discussion of 
CVD 3' values. The strength controlling flaw sizes 
expected, as well as seen [33] in these bodies, are 
smaller than the grains. Thus, based on other studies 
[27] of this same flaw-grain size phenomena, 
strengths of the CVD bodies should be controlled 
by 3' transitioning to single crystal values for 
observed transgranular fracture and hence lower 3' 
values as found. This is also consistent with the 
greater grain size dependence of strength in this 
and other studies [34] in this larger grain size 
range. 

4.3. Correlation with SiC, and development 
implications 

The implication of this work that oxide additives 
used to densify Si3N4 also contribute to its fracture 
toughness; i.e. making it a composite material, is 
reinforced by recent studies of SiC. Fracture ener- 
gies of SiC hot pressed with oxide additives such as 
A1203, BeO, or MgO increase from 20 to 30 J m -2 
for "pure" SiC to a maximum of~> 60 J m -2 , at sig- 
nificant e.g. (30 to 50%) additive contents [35, 36]. 
The large amounts of oxide additions needed to 
produce such increases in 3' in SiC relative to those 
for similar increases in SisN4 are generally consist- 
ent with the higher thermal expansion of SiC, and 
hence less mismatch with oxide grain boundary 
phases in SiC [19]. 

These results have two important implications 
for further development of Si3N4 and SiC. First, 
use of larger amounts of "densification aids" such 
as MgO should be beneficial to applications, e.g. in 
bearings, requiring good lower temperature, but 
not high temperature toughness and strength. 
Second, use of additives, e.g. non-oxides, that can 
be used in substantial quantity, yet be less detri- 
mental to high temperature properties, should be 



sought. Use of such additives to give grain boundary  

phases with substantial thermal expansion coef- 
ficient differences from Si3N4 or (SIC) should give 

rise to high K I c  as achieved with oxide additions, 
but  with substantially reduced compromise of  

mechanical properties at higher temperature.  

5. Summary and conclusions 
Studies of  the fracture energy and strength of  hot  
pressed, reaction sintered, and CVD Si3N4 all 
show that  the intrinsic fracture energy of  dense, 
pure, Si3N4 is 20 to 30 J m -2. A single value in this 
20 to 30 J m -2 may not  be appropriate for dense 
bodies due to possible effects of  factors such as 
phase content ,  grain size, and shape. Values 
higher than this range for dense bodies, and than 
those expected from normal porosi ty  dependence 
in RSSN, are related to crack branching. Such 
branching is often related to, and probably  is a 
more advanced stage of, microcracking. Much of  
the scale of  such crack branching is too large to 
be operative with normal strength controlling 
flaws, and hence strengths do not scale with 7 for 
higher 7 values of hot  pressed or reaction sintered 
bodies (for a given porosity).  The results show that  
bodies hot pressed (or sintered) with additives can 
often be viewed as composites in which the addi- 
tives not only aid densification, but can increase 
fracture energies, due to differences in properties 
between the additive and SiaN 4 . 
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