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A fractographic criterion for subcritical crack
growth boundaries at internal fracture origins in

hot pressed silicon nitride

H. P. KIRCHNER, R. M. GRUVER, D. M. RICHARD
Ceramic Finishing Company, P.O. Box 498, State College, PA 16801, USA

Using the eliiptic integral method, stress intensity factors (K|} were estimated at
boundaries defined by fracture features observed at various distances from internal
fracture origins in H.P. silicon nitride. The fracture origins are surrounded by regions of
transgranular fracture. At the outer boundaries of these regions K is less than K¢
showing that these are regions of subcritical crack growth. Regions of hummocks and
depressions were observed surrounding the regions of transgranular fracture. K, was
calculated at the elliptical boundary determined by the outer edge of the nearest of
these features to the fracture origin. At this boundary, K; ~ K|¢. Therefore, these
features can be used to locate the subcritical erack growth boundary.

1. Introduction

Development of fracture theories and methods of
failure analysis has been handicapped by the lack
of fractographic criteria for locating subcritical
crack growth boundaries in fracture surfaces of
ceramics. In this paper such a criterion is des-
cribed for a particular hot pressed (H.P.) silicon
nitride ceramic.

Fracture origins in H.P. silicon nitride, frac-
tured at room temperature, are easily located in
most cases at the intersection of the extensions
of lines drawn through the hackle. In some cases
other types of lines oriented in the direction of the
fracture origin can be observed in the fracture
surface. Because the material is strong and fine
grained, these fracture features are well defined,
aiding in location of the fracture origins. Although
individual grains in fracture surfaces may strongly
reflect incident light, the areas of reflecting spots
that are so helpful in locating fracture origins in
alumina ceramics are not observed in H.P. silicon
nitride.

Flaws at fracture origins in H.P. silicon nitride
specimens, fractured at various temperatures and
loading rates, were located and characterized by
Kirchner, Gruver and Sotter [1, 2] and Baratta,
Driscoll and Katz [3]. Recently, D. G. Miller ez
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al. [4] described a number of such flaws. At room
temperature, fracture may originate at various
types of flaws including machining damage, pores,
large crystals and inclusions. However, with im-
proved surface finish and increased volume under
stress (tensile tests or large specimens) there is
increased tendency for fracture to originate at
internal flaws, frequently inclusions associated
with pores. The fracture stress increases with
increasing transformation of alpha to beta silicon
nitride [5, 6]. This increase has been attributed
to increased particle elongation.

Attempts to measure the variation of crack
velocity with stress intensity factor (Ky) at room
temperature using standard techniques such as
the double torsion beam test have, thus far, not
been successful. Apparently, crack velocity in-
creases so rapidly with K that it has not been
possible to achieve stable crack propagation. How-
ever, there is a small slow crack growth effect in
H.P. silicon nitride [1]. Twenty cylindrical rods
were loaded in flexure to a constant stress of
629 MPa in air at 18 to 22% relative humidity.
Four of the specimens fractured on loading
(< 1sec) and seven survived for more than 1000 sec
after which the test was terminated. The remaining
specimens (nine) fractured after various times
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ranging from one to 863sec. Results consistent
with these observations were obtained by Gulden
and Metcalfe [7]. They observed a substantial
stress corrosion effect but 10% of the fractures
originated at internal flaws to which the test
environment did not have direct access perhaps
showing that a corrosive environment is not necess-
ary for slow crack growth to occur in this material.

Evans and Tappin [8] and Bansal, Duckworth
and Niesz [9, 10] -have attempted to locate critical
flaw boundaries after subcritical crack growth and
flaw linking in several ceramics. However, as indi-
cated by Rice {11], considerable subjective judge-
ment is involved in such attempts. It would be
desirable to have more objective criteria for
locating these boundaries. Kirchner and Gruver
[12, 13] have used the variation of the per cent
intergranular fracture (PIF) with K; to develop
such criteria for H.P. alumina and 96% alumina.
In the present investigation, this technique was
used to develop a criterion for locating subcritical
crack growth boundaries in silicon nitride.

2. Procedures

The present research was done by fractographic
analysis of H.P. silicon nitride specimens™ fractured
in tension in an earlier investigation. Preparation
and testing of these specimens was described
previously [1. 7]. The specimens were cylindrical
rods necked down to form a test section about
1.4mm diameter. The loading rate was rather
slow, requiring more than one minute to fracture
the specimens. The fracture surfaces were studied
by optical and scanning electron microscopy
(SEM) including stereo SEM.

The fractures originated at internal flaws which
were surrounded by regions of transgranular frac-
ture. Two principal methods of analysis were
used. The first method involved outlining the
outer boundary of the region of transgranular
fracture and using the elliptic integral method
[14] to calculate the stress intensity factors at
the intersections of the major and minor axes
with this boundary. The stress intensity factor
(K;) was calculated using

172
Y
Ky = l(ﬂ) (@® cos? 8 + c? sin? 9)4 (1)
¢

i

in which a, ¢ and 8 are defined as in Fig. 1. That
is, a is & the minor axis of the ellipse, ¢ is 3 the

*NC-132, Norton Company, Worcester, MA, USA.
2714

N |

Figure 1 Definition of ¢, ¢ and 6.

major axis of the ellipse, and @ is the angle be-
tween the major axis and a radius of the ellipse.
® is defined by the following integral

1/2
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which is an elliptic integral of the second kind.
Mathematical tables were used to determine the
values of this integral. To determine Ky at the
intersection of the minor axes with the boundary
of the ellipse, 6 is taken as n/2 in Equation 1
yielding
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Similarly, for the intersection with the major
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The values of K} were compared with the critical
stress intensity factor (Kyc).

The second method involved determining the
percentages of intergranular and transgranular
fracture along radii from the fracture origin.
Scanning electron micrographs (1000 to 5000 x)
were taken at intervals along the radii and as-
sembled to form composite photographs of the
fracture surfaces. A grid with spaces approxi-
mately equal to one grain size and ten spaces wide
was prepared. The grid was placed on the compo-
site photograph and the fracture surface at the
centre of each grid space was examined and classi-
fied as to whether it was intergranular or trans-
granular, characterizing a ‘path about ten grains
wide. This process was repeated for adjoining rows
of the grid. The percentages of intergranular and
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Figure 2 Fracture surface and internal fracture origin, specimen 2T. (a) fracture surface (X 50); (b) fracture origin

(X 4900).

transgranular fracture varied considerably from
one row to the next so averages were calculated
for each row which included the results of the
preceding and following rows to form three row
running averages. The percentages of intergranular
fracture (PIF) were ploited versus the stress
intensity factors calculated at the various points
along the radii when the crack front was at each,
point, The calculations of Ky were done using
the fracture stress so that the results are strictly
correct only for delayed fracture (constant load)
specimens for which the applied stress is constant.
For specimens fractured by a linearly increasing
load, the Ky values are overestimated at all crack
lengths except the critical crack length because
the stress is overestimated. However, calculations
show that almost all of the crack growth occurs
in less than the last 10% of the loading time. In
this time the applied stress varies by less than 10%.
Therefore, the error in the calculated Ky values is
small for most of the crack growth.

3. Results and discussion

3.1. General observations

Most of the results of this investigation were
obtained from five specimens fractured in uni-
form tension. All of the fractures originated at
what appeared to be inclusions, pores or porous
regions (Fig. 2). The flaws at the fracture origins
ranged in size from the average grain size (1 to

"2 um) to several times that size. When the fracture

surfaces were rotated in the SEM, it was observed
that, in particular orientations, each fracture
origin was surrounded by a rather dark elliptical
region (Fig. 3). Such a dark region was observed
previously by Baratta ef al. [3] At slightly higher
magnification it was observed that these regions
contained a large fraction of transgranularly frac-
tured grains (Fig. 4).

Outside the dark elliptical region is a region in
which the surface is more uneven, as indicated
by light and dark blotches. At higher magnifi-
cation using stereo SEM these blotches are ob-

Figure 3 Dark region surrounding fracture origin, speci-
men 4T (X 680).

Figure 4 Transgranular fracture at fracture origin, speci-
men 1T (X 3400).
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TABLE I Stress intensity factors™ at the boundaries of the dark ellipses in H.P. Si, N, specimens fractured in tension

Specimen Fracture Minor Major Eccentricity ® Stress intensity factor
number stress axis axis (@/c) X K
(MPa) @ © Lmax Imin
(um) (1m) (MPamV?) (MPam''?)

1T 529 17 31 .55 1.242 3.16 2.34
2T 896 9 11 .82 1.432 3.38 3.06
3T 716 20 36.7 .54 1.240 4.65 342
4T 651 19 23 .83 1.437 3.55 3.23
ST 708 17.5 35 .50 1.211 4.40 3.11
" Yoz(a)'? .

KImax = ———— where Y was taken as 1.8 for internal flaws.

served to be hummocks and depressions which
form a wide band outside the dark elliptical
region.

Numerous pores are observed in the wide band
of hummocks and depressions. Many of these
pores are surrounded by small regions of trans-
granular fracture. These observations are additional
evidence of the tendency of cracks originating at
pores to grow by subcritical crack growth.

3.2, Stress intensity factors at boundaries
of dark elliptical regions

The elliptic integral method was used to calculate
values of Ky at the intersections of the major and
minor axes with the boundaries of these ellipses
yielding the results shown in Table L. As expected,
the higher values of K; occur at the intersections
of the minor axes with the boundaries of the ellip-
ses. These values range from 3.16 to 4.65 MPam!/2,
The highest value is slightly less than a widely
accepted value of Kjc which is 4.7 MPam'/? [15,
16].
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The Ky values in Table I seem to be too low to
support the hypothesis that the suberitical crack
growth boundary is the boundary of the dark
region of grains fractured mainly by transgranular
fracture. Therefore, the fracture surfaces were
examined for other features that might serve to
locate the subcritical crack growth boundary.
Outside the boundary of the dark area are
numerous features that might be described as
hummocks and depressions as shown in the
stereo pairs in Fig. 5 and 6. Many of the hum-
mocks and depressions are elongated radially
from the fracture origin. These features are not
hackle which are observed at much greater dis-
tances from the fracture origin. At low magnifi-
cation the elongated hummocks and depressions
give the fracture surface a somewhat fibrous
appearance. The normal range of sizes of these
features is about 4 to 8 um.

Based on the above observations, it was hy-
pothesized that the hummocks consisted of
agglomerates that were resistant to fracture so

Figure 5 Hummock surrounded by depressions, specimen 5T, stereo pair (X 6000).
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Figure 6 Hummock surrounded by depressions, specimen 1T,

that, for crack propagation to occur at the velocity
characteristic of the particular Ky value, it is
necessary for the crack to propagate around the
agglomerates. Assuming this to be the case a rough
boundary outside the first “row” of these  hum-
mocks and depressions was visualized and the
minor axis was measured. The eccentricity of the
ellipse was assumed to be the same as that of the
dark region. The resulting Ky values are given in
Table II. These values are more consistent with
the measured Kyc.

The fact that these Ky values are- somewhat
scattered is not surprising because of experi-
mental uncertainties in measurement of the
ellipses and local variations in material properties
such as Kjc. One expects fractures to originate
in the regions that have the most vulnerable

stereo pair (X 5800).

combination of flaw severity and reduced local
KIC.

The mechanism by which the agglomerates
resist fracture was studied. An etched fracture
photographed by Miller ez al. [4] shows hum-
mocks and depressions of the same size as those
observed in the present investigation. The
hummocks appear to contain elongated grains
with preferred orientations tending to be per-
pendicular to the fracture surface. Therefore,
the agglomerates may resist fracture because
they consist of elongated grains with preferred
orientations perpendicular to the crack front.
The hummock illustrated in Fig. 6 evidently
resisted fracture because of the presence of the
elongated grains at the “leading” edge of the
hummock. In other cases such as Fig. 6 similar

TABLE II Revised stress intensity factors for boundaries at the far side of hummocks and depressions near minor axis

of the dark ellipse

Specimen Fracture Revised i} Revised Revised Comments

number stress minor axis () K Timax K Limin

(MPa) (um) (MPam"?) (MPam!?)

1T 529 34 1.242 4.47 3.31

2T 896 20 1432 5.04 4.56

3T 716 20 1.240 4,65 3.42 (@) was not revised
because projecting
agglomerates were
not prominent features

4T 651 30 1.437 447 4.07

5T 708 26 1.211 5.37 3.80 Projecting
agglomerates off minor
axis

Average 4.8 3.8
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grains were not observed but may have been
present within the hummock. Fig. 28 of Bowen
[6], Fig. 6, and some of the composite photo-
graphs not included because they are too large,
show that the depressions contain many grains
elongated paraliel to the fracture surface. Inter-
spersed among these grains are individual elongated
grains that have either pulled out of the opposite
surface of the crack or fractured through the grain.
These observations are interpreted to mean that
the crack propagates by transgranular fracture
until it speeds up to the point that it no longer
can pass through the hummocks by transgranular
fracture. Therefore, the cracks are deflected over,
under and around the hummocks. The preferred
paths are those in which the grains are elongated
parallel to the fracture surface. In these paths,
those grains oriented perpendicular to the fracture
surface pull out or fracture, as suggested by Bowen
[5, 6], contributing to the fracture resistance,

The ellipticity of the dark regions remains to
be explained. The tensile specimens were sixin.
long and were cut from hot pressed billets,
6in. x 6in. x 1in. The fracture surfaces were
roughly perpendicular to the long axes of the
specimens so that each surface can be considered
to contain axes perpendicular and parallel to the
hot pressing direction. It is well known that the
average strengths of specimens cut with the long
axes parallel to the hot pressing direction are
lower than those of specimens cut perpendicular
to the hot pressing direction [17]. Therefore, one
possible explanation is that the ellipticity is caused

by differences in the fracture energies for crack

propagation in the directions perpendicular and
parallel to the hot pressing direction.

An alternative explanation of the ellipticity of
the dark areas is that the flaws are elongated and
that the cracks tend to propagate in all directions
from. the flaw preserving this elongation. Examin-
ation of the flaws revealed that they were rather
irregular in shape and were more or less elongated.
In some cases the ellipticity of the dark region
seemed to correspond to that of the flaw. However,
it should be noted that the flaws may be elongated
perpendicular to the hot pressing direction so that
the suggested explanations may not be independent
of each other.

The large variations in eccentricity (a/c) of the
dark region indicate the possibility of rather large
variations in the fracture energy anisotropy and
the flaw anisotropy from specimen to speci-
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men. Therefore, the present evidence is most
useful for defining the nature of the problem
but is not sufficient to permit conclusions to be
drawn. In any case; Lange [14] and Miller ef al.
[3] both observed a 20% reduction in the
strengths of specimens fractured in the weak
direction compared with the strong direction.
The average difference between Ky and Ky .
is consistent with this difference in the strengths.

It is also interesting to note that the fracture
mirror {crack branching) boundaries are circular
or almost circular indicating that the ellipticity in
the early stages of crack propagation does not
extend to the later stages. This observation, to-
gether with the variations in the mode of fracture,
indicates that the mechanism of fracture at
branching is not necessarily the same as that near
the fracture origin. This has implications for the
relative sizes of critical flaws and fracture mirrors
in various ceramics.

3.3. Stress intensity factor versus per cent
intergranular fracture

The PIF was determined along the major and
minor axes of the ellipses formed by the boundaries
of the dark areas. The results were somewhat
variable, in part because of variations in the
quality of the photographs. Emphasis was placed
on determinations along the minor axes because
the highest K values are observed there.

Two of the resulting curves of Ky versus PIF
are given in Figs. 7 and 8. At low values of Kj,
the PIF is determined mainly by the character-
istics of the particular flaw at the.fracture origin
which may vary widely as indicated in these
figures. However, in both cases the curves pass
through low values of PIF (high percentages of
transgranular fracture) which are followed by a
strong trend toward higher PIF.

These curves confirm that the fracture origins
are surrounded by a band of primarily trans-
granular fracture. In addition, they indicate that
K; = Kjc in a region of relatively high PIF. This
result is consistent with expectations if crack
propagation is inhibited by agglomerates that
finally pull out when Ky = K.

Recent data of Govilla [18] raises some doubt
about the correctness of the Kjc values chosen
for use in analysing the above data. Govilla
tested nominally similar material and observed
Kic =4.1MPam'? (range 3.9 to 4.4MPam'?).
Analysis on the basis of Govilla’s data would lead
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Figure 7 Stress intensity factor versus per cent intergranu-
lar fracture, specimen 24T, minor axis of ellipse.

to some difference in interpretation because the
subcritical crack growth boundary would be
shifted closer to the outer edge of the dark ellipti-
cal region. However, the PIF at 4.1 MPam'?, as
indicated in Figs. 7 and 8, is well above the value
at minimum PIF so that the difference in fracture
modes of H.P, silicon nitride and H.P. alumina at
criticality is still evident. Despite the availability
of the new data it was decided to retain the
original interpretation for the following reasons:
(1) Govilla stressed that his new data are pre-
liminary; (2) the material used in our investigation
was manufactured at a much earlier time (1973)
and therefore is more likely to be like the materials
used by Petrovic er al.[16] and Evans and
Wiederhorn than that of Govilla; (3) K¢ values of
Lange [19] for research specimens having varying
percentages of o-SiyN; in the starting powders
and, therefore, varying degrees of particle
elongation, rznged from 4.16 to 6.0MPam*? so
that, considering the fact that NC-132 silicon nit-
ride contains a substantial fraction of elongated
grains, it seems unlikely that the NC-132 silicon
nitride would have Kjc as low as 4.1 MPam'/?;
and (4) the essential aspects of the interpretation,
especially the difference in the fracture mode at
the subcritical crack growth boundary compared
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Figure § Stress intensity factor versus per cent intergranu-
lar fracture, specimen 3T, minor axis of ellipse.

with that in H.P. alumina, would remain un-
changed.

4. Conclusions

Study of fracture origins, dark ellipses surrounding
the fracture origins and the hummocks and de-
pressions has shown that there is an orderly
sequence of fracture features observed along radii
extending from internal fracture origins in H.P,
Si3N,. Initially, the cracks grow from the fracture
origin by transgranular fracture. Similar results
were obtained previously for H.P. alumina and
96 % alumina [12, 13]. Apparently, as the crack
accelerates with increasing K, there is insufficient
time for transgranular fracture to occur and the
crack is forced to find another path. Based on our
previous observations in alumina ceramics we
would have expected simply increased intergranular
fracture. However, this appears to be prevented
with the result that the crack diverges from the
average fracture plane forming a continuing series
of hummocks and depressions. Present evidence
indicates that these features are formed because
of the presence of fracture resistant agglomerates.
This fracture resistance may arise because of the
presence of elongated crystals which may tend to
bind the agglomerates together. Such an expla-
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nation is consistent with the increased strength of
H.P. SizN, bodies derived from high alpha pow-
ders which form elongated crystals on conversion
to beta silicon nitride [5, 6] .

Based on these observations a criterion for
locating the subcritical crack growth boundary in
a particular silicon nitride, can be suggested. First,
the dark elliptical region formed by transgranular
fracture should be outlined. Then, the hummocks
formed along the extensions of the minor axis of
the ellipse should be located. An ellipse of the
same eccentricity as the dark region, drawn
through the outer edge of the first of these hum-
mocks should coincide approximately with the
subcritical crack growth boundary.
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