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Size effect on the strength of glassy carbon

R. E. BULLOCK,J. L. KAAE

General Atomic Company, San Diego, California, USA

Three-point bend tests were conducted on three sets of commercial glassy carbon
specimens having volumes of V, 2V, and 4V, and mean strengths of these specimens
decreased with increasing volume (from 37 to 32 to 28 x 103 psi). These results are in
good agreement with Weibull predictions of a(V) = 1,12¢(2V) = 1.266(4V), which are
based on a uniform distribution of flaws throughout a volume of material that is
characterized by a Weibull moduius of m = 6.0. Moreover, the resulting strength
formulation for any volume V/(in.2), ¢ = 6 V™6 x 103 psi, correlates well with wider-
spread data from other sources. In common with other brittle materials, glassy carbon
satisfies the crack bifurcation relationship of or/? = constant, and this was used to
provide additional support for the validity of the volume-dependent Weibull theory.
Failures in this material usually originated at interior spherical pores, and the mean size
of these flaws for different sets of specimens increased with test volume.

1. Introduction
Weibull theory accounts reasonably well for
differences found in the mean strength of a brittle
material when specimens of roughly the same size
are tested by various methods that produce
different stress distributions [1—10], but predic-
tions are not usually as good when sets of speci-
mens of widely differing sizes are tested by the
same method [8—18]. However, there are at least
two sources of error that apparently have not been
simultaneously eliminated in most of the studies
on size effects, namely: (1) the change in strain-
rate with size has not usually been considered
[19], and this effect can be large for those non-
carbonaceous ceramics that are more subject to
static fatigue [20—21], and (2) specimen sizes for
most graphites and other large-grained ceramics
have often not been large enough to adequately
represent polycrystalline behaviour [22].
Strain-rate effects tend to cancel Weibull stat-
istical effects on measured strengths for the cases
most often studied in which specimens of different
thicknesses have been tested over the same span
length [19], and it is noteworthy that such experi-
mental size effects are usually considerably less

than Weibull predictions based on statistical
effects alone [8—16]. Fewer studies have been
conducted in which different lengths of specimens
having the same cross-section were tested, where
strain-rate effects augment statistical effects [19],
but the influence of size on strength does appear
to be stronger here [23-25]. In any case, strain-
rate effects should not be neglected for those
brittle materials that are most susceptible to
fatigue during loading. While carbonaceous
materials are not very sensitive to such fatigue
[26—30], the large-grained graphites most often
studied from this class of materials have usually
suffered from an inadequate ratio of specimen-to-
grain size {22], and Weibull predictions are known
to improve as this ratio increases [11—13]. There-
fore, it is of interest to examine the size—strength
relationship for a carbonaceous material of small
grain size that is relatively insensitive to static
fatigue, and glassy carbon seems to be an excellent
material for this purpose {21, 28].

2. Experimental details
The plate of commercial glassy carbon* from
which all specimens were taken was 125 milT thick

*GC-1800, Beckwith Carbon Corp, Van Nuys, California, USA.

T 1mil=2.540 X 105 m.
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and had a bulk density of 1.39gcm™. The
apparent X-ray crystallite size of this material was
less. than 20 A [31]. When thin strips cut from the
surface of this material were polished to a mirror
finish and viewed in an optical microscope under
the proper angle of incident light, a great many
spherical pores with diameters as large as 40 um
were observed. These observable pores become
much more scarce at depths greater than 8 mil into
the material, however, as previously reported [32].
Therefore, a 10 mil thickness was removed from all
outer surfaces of the glassy carbon plate in order
to leave the less porous bulk material; this is justi-
fied because it is possible to produce glassy carbon
in the laboratory that does not have such a porous
surface layer [33]. Also, the removal of surface
material eliminates a residual compressive stress in
that layer [28, 32], which could obscure size
effects. Such a compressive surface layer, similar
to that in tempered glass, is to be expected [34]
when crossdinking begins at the surface during
heat-treatment of the resin precursor used in
producing glassy carbon [35], with the interior of
the shrinking material taking longer to solidify.

In order to minimize any interior residual stress
gradient [36], slices of various thicknesses were
cut in such a way as to be centred about the mid-
thickness plane of the plate. These thin slices,
which were 4mil thicker than the desired thick-
nesses of the final specimens (3, 6 and 12mil),
were sealed between glass slides with wax and then
were cut into strips of the desired width (20,40 or
80mil) with a mechanically controlled diamond
sectioning wheel. Finally, these strips were attached
to an arbor and sanded down uniformly by 2mil
on each side to obtain the desired thickness, while
at the same time removing the small edge chips
(<20 um) that often resulted during cutting of the
brittle glassy carbon. The final polishing compound
was 3um diamond paste, which produced test
specimens with mirrordike faces; the sides of the
specimens were usually left as cut, with the
diamond grit of the cutting wheel being less than
60 um.

The finished specimens were examined under a
microscope to ensure that they were free from
noticeable chips or scratches, and the surface that
appeared most perfect was selected to be the
tension face in the three-point bend tests that were
conducted. To ensure uniformity before testing,

*lin.min™’ =4.233 X 102 cmsec™.

the width of each specimen was measured in a
toolmaker’s microscope to an accuracy of
+0.04 mil at three points, which corresponded
roughly to the load points during subsequent
testing, and the thickness was measured at about
the same points to an accuracy of *0.05mil with
a sharp-pointed micrometer. Then, after testing,
dimensions of each fragment were measured
adjacent to the fracture and averaged to obtain
values for the actual failed section. Specimens
were tested on a variablespan three-point bend
fixture, having razor blades as the outer knife-
edges and a sharp-pointed anvil suspended on a
thin reed as the centre knife-edge; this fixture had
been carefully designed for performing similar
tests on pyrocarbon of the type used to coat
nuclear fuel particles [37-39]. Specimens were
loaded with the use of a table-model test machine
at a cross-head speed of 0.01in.min™'*, and the
load and deflection were simultaneously recorded.
Stress-strain curves for the thinnest specimens
tested became non-linear at high stresses because
of large deflection effects and frictional effects at
the outer knife-edges [40]. These effects were
accounted for in calculating all failure stresses
[39], but the resulting corrections were significant
only for the 3mil specimens, where calculated
failure stresses exceeded those obtained from
simple beam theory by as much as 10% for the
strongest specimen tested.

3. Results and discussion

3.1. Size effect on strength

The first series of three-point bend tests conducted
to determine the size effect on the strength of
glassy carbon was for sets of 40 mil wide specimens
having thickness of 3, 6 and 12mil. In each case,
24 specimens were tested to failure over a span
width of 0.2in., with the specimen length being
0.4 1in. Strength distributions from these tests are
shown in Fig. 1, where the n = 24 strength values
ordered from r=1 to r =n in decreasing magni-
tude have been plotted against a probability of
P=r/(n+ 1) that an additional specimen would
have for surviving each of these stresses [41]. The
cumulative distribution curves for the three differ-
ent specimen sizes all have essentially the same
shape, as demonstrated by the near-constant value
of the Weibull modulus m in the keyed upper
legend of Fig. 1; this suggests that the mode of
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Figure 1 Strength distributions for three sizes of glassy carbon specimens.

failure is the same for all specimens. However, the
strength distributions are progressively shifted to
lower values as specimens become larger, with the
mean strength dropping from 37 to 32 to 28 x
103 psi* as the specimen thickness goes from 3 to
6 to 12mil. These differences in strength are sig-
nificant at the 99% confidence level for the data in
question [42], and there definitely appears to be a
size effect in the direction predicted by Weibull
theory. In agreement with theory, standard
deviations of the strength distributions also
decreased with increasing specimen size in roughly
the same proportions as did mean strengths, going
from 6.8 to 6.1 to 5.4 x 10 psi.

Additional support for the fact that thinner
specimens fail at higher stresses than thicker ones
can be gained from a comparison of their fracture
modes, which can be related to the stress at failure.
Selected fracture modes are illustrated in Fig. 2
for specimens having a common thickness (6 mil),
where fractures are shown from top to bottom in
order of increasing stress. In general, a crack
initiates at some point along the width of a speci-
men and runs straight across the tensile face in
both directions until one end of the crack
branches to form a pie-shaped wedge, and it is
observed that the total length, d, of the crack path
before branching decreases as the stress increases.
At the highest stress (d), the crack initiates at the

*10% psi = 6.895 Nmm 2.
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edge of the specimen and runs a very short dis-
tance before branching, producing essentially a
full-width wedge. As the fracture stress becomes
progressively smaller for weaker and weaker
specimens (¢ to b), the total crack path before
branching lengthens, and the resulting wedges
become smaller and smaller. Finally, the crack
runs completely through the width of the speci-
men without branching at a still lower stress (a),
and a clean break is produced. The origin of
failure in weaker specimens (a and b) is generally
located well away from the edge of the specimen,
as will be discussed more fully in a subsequent
section. For orientation purposes, the positions of
the four specimens of Fig. 2 within the middle
strength distribution of Fig. 1 are located by
beginning at the top of the curve and marking
points 1,9, 21 and 24.

If the downward shift of the strength distri-
butions of Fig. 1 with increasing specimen size is
a real effect, rather than some unrecognized
experimental or calculational error in determining
flexural strengths [43—45], then the number of
clean breaks should increase with increasing
specimen size and the number of near-full wedges
should decrease, because of the changing pattern
of fracture mode with stress (Fig. 2). This is
exactly what is found in the lower keyed legend
of Fig. 1. The number of clean breaks increases
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Figure 2 Selected failure modes in 40 mil wide strips of
glassy carbon, looking down on tensile faces of specimens
and showing (a) clean break at lowest stress (23.4 X
10° psi), (b) small wedge at moderate stress (29.0 X
102 psi), (c) large wedge at higher stress (37.2 x 102 psi),
(d) full wedge at highest stress (46.3 X 10° psi), and
(e) remaining collection of wedges from 6mil thick
specimens.

from two to five to ten as specimen strengths
decrease with increasing size, whereas the number
of near-full wedges drops from seven for the
thinnest specimens to three for each of the thicker
ones. A more quantitative argument along these
lines will be presented after all strength measure-
ments have been discussed, but for the moment
it will be mentioned only that the changing
pattern of failure mode with specimen size is in
keeping with a strength decrease for increasing
size,

3.2. Differentiation between various
Weibull flaw distributions

Relative magnitudes of the experimental strength
shifts with specimen size are compared in Table I
to Weibull predictions based on three types of
flaw distributions: (1) volume, (2) surface area,
and (3) area of as-cut edges. The expressions
given in the footnote of Table I for the strength
ratios of two different sizes of specimens tested
in three-point bending were obtained by setting
1 =8,, where the probability of survival S; had
been obtained by performing the integration

[

S = exp {—j [o(a)/ool'"da} o
over the appropriate distribution of tensile stress
o(a) [46], with the spatial o integration being
conducted, in turn, over the specimen volume,
surface area, and cut-edge area. The Weibull

parameters for volume flaws in glassy carbon are

TABLE I Weibull predictions versus experimental results for 40 mil wide specimens

Strength ratios Theory for flaws over the: Experimental
P results §
volume surfacel cut edge”t
o (3 mil)/o (6 mil) 1.12 1.00 1.12 1.15
o (6 mil)/o (12 mil) 1.12 1.00 1.12 1.14
o (3 mil)/o (12 mil) 1.26 1.01 1.26 1.32
*01 [ ‘, vm
g, S Wt
T mm
g, 5, [t, + wy(m +1)]
o, |5, [t +w,0m+1)]
i:al $,1, vm
0, - 8§,y

where s is the span length for three-point bending (0.2in.

), t and w are the thickness and width of the specimen,

m = 6.0 is the Weibull modulus for glassy carbon, and § is the ratios of standard deviations, which follow closely those

of mean strengths, going from 1.11 to 1.13 to 1.26.
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TABLE II Weijbull predictions versus experimental results for different width specimens

Strength ratios™ Theory for flaws over: Experimental
results
volume cut edge
7 (3,80,75)/¢ (12,20,75) 1.00 1.26 0.93
¢ (3,80,75)/0 (3,40,200) 1.05 1.18 1.04
¢ (3,80,75)/0 (6,40,200) 1.18 1.32 1.20
0 (3,80,75)/0 (12,40,200) 1.32 148 1.37
0 (12,20,75)/0 (3,40,200) 1.05 0.94 1.11
0(12,20,75)/0 (6,40,200) 1.18 1.05 1.28
¢ (12,20,75)/0 (12,20,200) 1.32 1.18 1.47

*a (2, w, 5) is the mean three-point bend strength of a specimen of thickness ¢ and width w that is tested over a span

length s, where all dimensions are in mil.

assumed to be defined by the values m =6 and
00 =3.0x 103 psiin.¥™*  which were deter-
mined by averaging the closely grouped values
(Fig. 1) obtained from a maximum likelihood
estimate [47] for each of the three specimen
sizes tested.

Agreement with experimental results is excel-
lent for the predictions of Table I based on either
a uniform distribution of flaws throughout the
volume or over the surface of the cut edges of
specimens, these being identical for specimens of
the same width, but agreement is poor for the case
where flaws are distributed over the entire surface
area. In the latter case, results are dominated by
the much larger surface area common to the highly
polished faces of all specimens, which were thin in
relation to their width, and no significant size
effect is predicted. In order to separate the size
effects of volume and edge flaws, additional
specimens of different widths were tested. In
particular, 20mil wide specimens with a 12mil
thickness and 80 mil wide specimens with a 3 mil
thickness were tested in three-point bending over a
span width of 75 mil.

There should be no difference in mean
strengths of these two specimens if volume flaws
are controlling failure, whereas the wider 3 mil
specimens should be about 26% stronger if failure
is controlled by edge flaws resulting from cutting
of the specimen strips. Instead, the 3 mil speci-
mens were actually slightly weaker, based on
about a dozen tests of each type only, indicating
that a volume distribution of flaws is best satisfied
for the glassy carbon in question. This conclusion

is supported by a comparison of all combinations
of the results from the two new tests with previous
data for 40 mil wide specimens (Table II). Thus,
intrinsic interior flaws in this glassy carbon must
be more severe than edge flaws, in general, and
failure will initiate at cut edges in only the very
strongest specimens where interior flaws happen
to be sufficiently minimized to allow edge flaws
to come into play. This conclusion is confirmed
by studying failure surfaces to determine origins
of failure, as will be discussed in Section 3.

3.3. Strength comparisons based on a
volume distribution of flaws

The appropriate probability of survival for a speci-

men having flaws throughout its volume and being

subjected to a maximum tensile stress of 0,,,, in

three-point bending can now be obtained from

Equation 1 as

|4 Omax "
§ = exp {—Z(m n 1)2(‘50—) ] @

where V is the volume of that portion of the
specimen located between the outer knife-edges.
For any volume V, this equation can be used to
estimate S-0p,,, curves of the type determined
experimentally in Fig. 1. The mean value of the
strength distribution from Equation 2 is given
by [17]

g =fm (_dS/dUmax) Omax90max €))
0

= [2(m + 1)*/V] V™0, (1 + 1/m),

*The location parameter o, is often written in terms of stress units only, with the volume obtained on integration then
being regarded as a dimensionless quantity that expresses the number of unit volumes involved. This eliminates an
awkward unit, but it could lead to confusion when o, is rewritten in another system of units, e.g. a, = 3.29 MNm~¥2,
Notice that o, does not appear in the strength ratios of Table I and that the derived m value does not depend on any

assumption regarding the type of flaw distribution.
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TABLE III Three-point bend data for glassy carbon

Test Dimensions (mil) No. Mean strength (10° psi)

no. Thickness Width Span Spec. Expt. Calc.* % diff.
1 3 40 200 24 36.8 35.0 4.9

2 6 40 200 24 31.9 31.6 0.9

3 12 40 200 24 27.9 27.8 0.3

4 3 80 75 10 38.2 36.1 5.5

5 12 20 75 12 40.9 36.9 9.8

*

. 2(m+1)2l”m
7= [ o, T(1 + 1/m),

where m = 6.0 and o, = 3.0 X 10° psiin.*™.

where ['(x) is the gamma function of argument
x=1+1/m.

Mean strengths for the five different sizes of
glassy carbon specimens tested are given in Table
III, and these experimental results are compared
to calculated values obtained from Equation 3
using the best single set of Weibull parameters
determined from the first three tests, which were
considered to be the most reliable. Differences
between experiment and theory are less than 5%
for the three different thicknesses of 40 mil wide
specimens, where 24 specimens of each type were
tested, and differences are less than 10% for the
specimens of other widths in which only about
one-half as much testing was done. This agreement
is regarded to be entirely satisfactory, considering
the uncertainties involved, and lends strong sup-
port for a Weibull size effect based on the volume
of glassy carbon under test.

The volume dependence of the mean flexural
strength of glassy carbon predicted by Equation 3
is shown in the upper curve of Fig. 3, and exper-

imental values for the three specimen sizes that
were used to determine the Weibull parameters
are also shown. The lower curve of Fig. 3 shows
the expected volume dependence of the mean
tensile strength of glassy carbon, which is given
by

g =V"'"g(l+ 1/m). 4
From another source [48], the measured tensile
strength is shown for a 1cm gauge length of a
25 um glassy carbon fibre having the same elastic
modulus (£ =4 x 10° psi) as the material investi-
gated, and this too agrees well with theory. Yet
another strength measurement within the volume
range of Fig. 3 that agrees well with theory is the
three-point bend strength of 31.9 x 10° psi
reported [49] for a test volume of 4 x 107% in.3.
It can also be inferred from the literature that the
two curves of Fig. 3 project very nicely to larger
volumes of glassy carbon. The measured flexural
strength for a volume of 0.01in.> is about
12 x 103 psi [50], whereas Equation 3 predicts

80([)
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B MODE MEAS. CALC.
FLEXURAL ° o
80
2 TENSILE A A
[=%
g 1 95% CONFIDENCE INTERVAL
=
[6a)
=
w40
% i
30
20
10 ] | 1 1 | | |
Figure 3 Size effect on mean strength of 0 2 3 4 5 6 7 8 9 10

glassy carbon.

VOLUME (1075 183



12.9 x 103 psi. Likewise, the measured tensile
strength for a volume of 0.006in.? is about
6 x 10® psi [S1], and Equation 4  gives
6.5 x 10° psi. Therefore, strengths reported for all
commercial glassy carbons seem to correlate well
with Weibull theory when the common set of
parameters determined in this study is used.

3.4. Implications of crack bifurcation

The most common type of fracture for the 40 mil
wide specimens in the first series of tests involved
running cracks that branched on one end only
(Fig. 2). With the exception of those cases in
which near full-width wedges had been produced
by the branching of cracks originating at a speci-
men edge (Fig. 2d), it was not possible to pinpoint
the origin of failure within the tail of the Y-shaped
cracks from an examination of specimen tensile
surfaces. Instead, a detailed study of that part of
the thin fractured cross-section that fits together
smoothly was required to locate the likely origin
of failure within the smooth “mirror region”
produced by the straight running crack before it
first began to branch (Fig. 4). The second series of
tests on different width specimens was undertaken
before such likely origins had been determined in
order to assess the relative importance of volume
and edge flaws, as there was concern at that time
that failures might be originating from edge flaws
produced in cutting the specimen strips. However,
strength ratios of the different width specimens
indicated that edge flaws were not primarily
responsible for failure (Table II), and this con-
clusion was supported by examining fracture
surfaces to locate internal flaws (Fig. 4). Also the
testing of wider specimens allowed increased
opportunity for branching to develop on both
ends of cracks emanating from interior flaws, as
illustrated in Fig. S, and a simple examination of
specimen tensile faces served to locate failure
origins at the centres of single-path segments when
this occurred. A view of the fracture cross-section
for a failure of this type is shown in Fig. 6, where
the source of failure S is now located along the
vertical centreline of the mirror region M.

In addition to verifying a volume distribution
for the Weibull flaws that control strengths of
glassy carbon, a study of crack bifurcation also
provides quantitative support for the Weibull
strength shifts shown in Fig. 1. When strength

(- - 44‘_[_—“1—"1] ]

Figure 4 SEM fractographs of (a) the mirror region M
surrounding the likely source of failure S, which is well
away from the nearest specimen cut edge to the right,
and (b) the inherent spherical pore where failure probably
initiated. Notice that the crack has formed a Y-type
branch at C, producing a wedge W that did not com-
pletely separate as in Fig. 2. The total crack length d
before branching, which was used in Fig. 1 as the basis
for a preliminary classification of failure that did not
require the location of S, would be measured here from
C to the specimen edge toward which the apex of W
points, since no other branch point is encountered along
that distance.

FRACTURE [
ORIGIN e

values o; of Fig. 1 for specimens of all thicknesses Figure 5 Double-wedge fracture from an interior flaw in

are plotted against the distance r; from the origin
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Figure 6 SEM fractographs of (a) mirror region and (b)
origin of failure for a double-wedge fracture. Noting the
flaw half-length to be ¢ = 7.5 um for this specimen that
failed at 29.2 x 10° psi, the energy required to produce
each new unit area of fracture surface is calculated from
a modified Griffith relationship for circular flaws to be
vy=0.04in."! = 7.0Im"™?; this is roughly the average
value obtained for the glassy carbon in question, as is the
r/c ratio of 13.5 found for this specimen. Thus, the
modified Griffith equation for this case reduces to give
the observed bifurcation relationship of or¥? = 1.9 X 10°
psiin.¥?,

of fracture to the point of bifurcation (Fig. 6),
measured along a line of constant tension in the
fracture surface, the points scatter about a straight
line of slope —4 on a log—log plot [50]. This

implies that

or¥? = constant,

(%)

a relationship initially derived for glass [52—55]
and subsequently verified for a wide variety of
brittle materials [S6—61]. The value of this
constant, K, for gross branching of glassy carbon
is 1.9 x 10% psiin.'’2(2.09MNm™¥2); this is
about 20% larger than the value previously re-

ported [50], but that value was obtained by
measuring # from the failure origin to the closer
“hackle boundary”, h, where microscopic
branching could first be detected by surface
roughening (Fig. 6).

Data points for glassy carbon specimens of a
particular size are concentrated within different
regions when o¢; is plotted against r;, as found
for ordinary glass [62], but all sizes define essen-
tially the same value of K. Therefore, an average
strength for the » specimens of each size can also
be calculated by the use of Equation 5 as

K

F o= — =1/2

o = Zri 5
=1

(6)

and these values are in roughly the same pro-
portions for the different size specimens as the
directly measured strengths (Table I). Thus, given
the validity of Equation 5, which is equivalent to
the Griffith relationship [63] since r is found to
be a constant multiple of the flaw size responsible
for brittle failure initiation in a given material
[59, 64], there is independent support for the
measured downward shift of strength with increas-
ing specimen size.

Most studies on crack branching have made use
of thick specimens in order to observe the full
mirror, mist, and hackle patterns that are pro-
duced on the fractured cross-section [50, 55], but
wedge-shaped fragments such as those shown in
Figs. 2 and 5 are not usually produced in such
cases. The sides of these triangular wedges were
usually straight, and the wedge shape did not
change as its size varied with stress (Fig. 2e). The
average branching angles were inclined at about
+15° with respect to the initial plane of the crack,
producing wedges with an apex angle of about
30°. A brief outline of the physical basis proposed
for crack bifurcation will be useful in discussing
this branching symmetry. The propagation speed
of a running crack in a brittle material increases
with increasing path length until it reaches a
limiting value, which is about 60% of the speed
of a shear wave in that material [50]. The stress
distribution about the tip of the running crack is
sufficiently distorted [65] when this occurs to
give maximum tangential stresses at angle of 0
with respect to the initial direction of propagation
[66]}. Consequently, the observed symmetric
Y-type branching is expected from theory.

There is a large discrepancy as to what the
branching angle should be, however, for theory
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Figure 7 SEM micrographs of secondary cracks on tensile
faces of (a) the two main segments of a failed specimen
and (b) the wedge-shaped fragment formed by primary
crack bifurcation.

predicts maximum stresses at *60° for high
crack speeds [66] and the average measured
valve from separated wedges is only *15, with
values ranging from +11° to +23°. Branching
cracks with wider angles than these were occasion-
ally observed on the tensile face of the two main
sections of reassembled specimens (Fig. 7a), where
these cracks did not extend through to the com-
pression face, but the wider angles were never
more than *30°. Also, wedges were often bisected
part way through by the undeviated primary
crack, and this partial crack itself sometimes
branched more narrowly further on along its path
(Fig. 7b). Therefore, branching angles seem to
narrow with distance of travel, and better agree-
ment might be expected if angles could be
measured where microscopic cracking first begins
[67], which is also the region where theory has
the most validity [68]. However, the theory
itself is still unsettled [68, 69], as there is disagree-
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ment as to whether branching is more critically
dependent on crack velocity [66], the attainment
of sufficient total energy to form and propagate
new crack surfaces [50], or the reaching of a
critical stress intensity factor at the crack tip
[56, 70].

4. Conclusions
The more important results of this study on
commercial glassy carbon are as follows:

(1) The strength dependence on size is well
represented by Weibull theory when flaws are
assumed to be distributed throughout the volume
of the material.

(2) The Weibull parameters
m = 6.0 and 0 = 3.0 x 10 psiin.

(3) Mean strengths in three-point bending and
in tension, respectively, are well approximated for
any volume V(in.®) by 5.98V V¢ x 103 psi and by
2.78V 16 % 102 psi.

(4) If o is the failure stress for a specimen and »
is the distance from the origin of failure to the
point where the crack branches macroscopically,
then or'? =constant, with 1.9 x 10° psi in."?
being the value of the constant.

(5) The observed values of 7 can be used in
conjunction with the bifurcation relation above
to compute mean strengths for the different
specimen sizes that were tested; these strengths
are in general agreement with the directly
measured ones, providing additional support
for the validity of the Weibull volume relationship.

(6) Shapes of the triangular wedges separated
from specimens as a result of crack branching did
not change as their sizes varied with failure stress,
and the branching angles were found to be tightly
grouped around =15°.

(7) Origins of failure were usually internal
spherical pores with diameters in the range of
5 to 40 um for this glassy carbon, and measured
strengths for specimens having these various
flaw sizes agreed well with Griffith theory if the
fracture surface energy was taken to be 0.041b
in.™ (7.0Jm™), where the usual sharp-crack
form of the Griffith equation was multiplied by a
geometrical factor of 7/2 to account for the
presence of interior circular flaws [71] . The mean
size of critical flaws for the different sets of
specimens tested increased with test volume, going
from approximately 10um for 3mil thick speci-
mens to 20um for 12mil thick specimens. If the
mean critical pore size of a glossy carbon could be

are given by
3/m



reduced to the rather uniformly distributed 1 um
background pores observed here, then the flexural
strength should increase to over 100 x 10 psi if
no other flaw types were present.
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