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The anisotropic flexural strengths, static Young’s moduli and the corresponding fracture
toughnesses were measured for the three orthogonal fracture surface orientations, S,, (inter-
laminar cleavage), S,, and S,, (layer rupture across and along the layers, respectively), of an as
deposited substrate-nucleated pyrolytic carbon. Both S,, delamination and S,, along-layer rup-
ture produced smooth fracture surfaces with mean K|, values (MPam'/?) of 0.53 for S,, and
0.93 for S,,, independent of notch length. A different type of behaviour was observed for S,,
across-layer fracture. Delamination cracking during failure resulted in rough fracture surfaces,
crack arrests, and high apparent toughness values dependent on sample size and crack length.
The nature of this induced delamination toughening is discussed.

1. Introduction

The mechanical properties of the common forms of
polygranular synthetic carbons and graphites often
exhibit marked non-linearities due to the combined
effects of the strong intrinsic anisotropy of the graph-
ite layer structure, and extensive inelastic micro-
cracking and slippage at the crystalline interfaces
and filler/matrix boundaries. Although these non-
linearities may cause considerable difficulty during
fracture mechanics studies of these materials, several
such investigations have been reported over the last
decade [1-4]. Recently, Sakai et al. [5] have developed
a quantitative experimental method to separate the
elastic and inelastic contributions to the crack exten-
sion energy. They concluded that 30 to 40% of the
total energy dissipation during crack extension in
synthetic graphites can be consumed by inelastic
processes.

A complete understanding of the non-linear inelas-
tic fracture mechanisms in graphitic materials is dif-
ficult because of their microstructural complexity and
its role in microcracking and slippage processes.
Studies of materials with simpler, well-defined micro-
structures are needed to facilitate a more fundamental
understanding of the complex fracture processes in
carbons and graphites. The near ideal density and the
laminar microstructure of pyrolytic carbon recom-
mend it for such a study, one directed toward under-
standing of the intrinsic fracture behaviour of carbon
and graphite materials. Investigation of a substrate-
nucleated pyrolytic carbon by fracture mechanics and
energy methods is the main objective of the present
work. Values of the anisotropic fracture toughnesses
and the appreciable toughening that can result from
induced delamination cracking are reported and
discussed.

2. Pyrolytic carbons

The production and properties of pyrolytic carbon
have been reviewed in detail by Smith and Leeds [6].
Pyrolytic carbons are formed by chemical vapour
deposition from hydrocarbon gases on substrates that
are, typicaily, polygranular synthetic graphites.
Deposits made in hot-wall furnaces at elevated tem-
peratures (1900 to 2300° C) and low source gas con-
centrations yield substantially homogeneous, dense
(~2.2gem™?), anisotropic, brittle carbons with a
strong sheet-type layer orientation texture. Depo-
sition nucleates primarily at irregularities on the sub-
strate surface, resulting in a characteristic columnar
“growth cone” structure comprising graphitic hex-
agonal layers with apparent (diffraction coherence—
length) diameters of 10 to 30nm that are aligned
approximately parallel to the substrate, with random
stacking and a mean interlayer spacing,
dyo, ~ 0.344nm (turbostratic carbon). For physical
property considerations, the structural morphology of
pyrolytic carbon may be conveniently approximated
by a simple model comprising a wrinkled stack of
parallel sheets. Although this type of pyrolytic carbon
is sometimes called pyrolytic graphite, that termin-
ology is appropriate only for material that has been
heat treated at temperatures > 2700° C to develop the
regular ABAB layer stacking sequence of hexagonal
crystalline graphite.

Some aspects of the anisotropic nature of the mech-
anical failure of substrate-nucleated pyrolytic carbon
were investigated by Berry and Gebhardt [7] using
optical microscopy. They have reported that in
addition to interlaminar cleavage, two distinct types
of layer rupture fracture surfaces, corresponding to
crack propagation parallel to or perpendicular to the
layers, may be obtained. The appearances of these two

*On leave from Toyohashi University of Technology, Tempaku-cho, Toyohashi 440, Japan.
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Figure 1 The three flexural deformation orientations D, of pyrolytic
carbon. (a) Dy; (b) Dy; (€) Doy

latter fracture surfaces are quite different. The surface
for the parallel crack extension is smooth and gently
undulating, but that for the perpendicular propa-
gation direction is rough and irregular with a distinct
parallel-to-layer texture. These characteristics of the
fracture surfaces were later confirmed in more detail
by scanning electron microscopy [8] and imply signifi-
cant differences in the effective fracture surface ener-
gies for the different crack orientations.

3. Deformation and fracture modes of
pyrolytic carbon

In laminar materials such as pyrolytic carbon there are
three distinct flexural deformations, D;, and three
corresponding crack opening fracture surface orien-
tations, S;, where i, j = a, b, or ¢ are the principal
axes of the material. In pyrolytic carbon, ¢ is perpen-
dicular to the deposition plane (the average layer
plane orientation) while ¢ and b are equivalent
orthogonal axes within the deposition plane, parallel
to the layers.

In the deformation designation, D;, the initial sub-
script, i, indicates the direction of the tensile (or com-
pressive) stress during bending, while j is the direction
of the deflection (perpendicular to the stress and paral-
lel to the applied load). The three deformations D,

D,, and D, are illustrated in Fig. 1. For example, D,,
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Figure 2 The three fracture surface orientations Sj; of pyrolytic
carbon, illustrated for a compact-tension specimen geometry.
(a) Sap; () S5 (©) S

represents deformation with both the tensile stress
(a-direction) and the deflection (b-direction) parallel
to the layers. The other two deformations are similarly
defined. D,, is termed “‘the parallel orientation” and
D, “the perpendicular orientation” by Berry and
Gebhardt [7].

The three corresponding opening-mode fracture
surface orientations are S, S,., and S,. These are
illustrated in Fig. 2 for a fracture specimen geometry.
In the notation S, i denotes the direction normal to
the surface and j the direction of crack propagation.
For example, S,, means that the fracture surface is
nominally perpendicular to the layers (normal to the
b-axis) and the crack propagates perpendicular to the
layers (c-direction). Generally, the D,, deformation
may be expected to yield an S,, fracture surface, D,  an
S,., and D, an S, surface.

4. Experimental procedure

A commercial* substrate-nucleated pyrolytic carbon
in the form of an 11 mm thick plate deposited from
natural gas at about 2200° C was obtained for study.

*Super Temp. Co., 11120 S Norwalk Boulevard, Santa Fe Springs, California 90670, USA.
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Figure 3 Geometries and dimensions of the fracture mech-
anics specimens. (a) S, (CT); (b) S,, (DCB); (¢) S, (three-
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Its bulk density is 2.186 gcm ~*. The mean interlayer
spacing, as determined from the (004) X-ray diffrac-
tion line, is dyy, = 0.344nm. From these results it
may be inferred that the micropore volume is about
1%%. The layer orientation distribution function
I(w)/I(0) was determined by measuring the intensity
I(w) of the (002) X-ray diffraction peak as a function
of the angle w between the diffraction vector and the
normal to the deposition plane using a thin bar sample
(1 x 1.5 x 10mm®) cut from the plane of the
deposit. The half-width at half-maximum intensity
was 20° and the distribution fit Bacon’s expression,
I{@)/I(0) = cos”w with n = 11, yielding a root-
mean-square misorientation angle of 17.5° [9].
Fracture testing employed standard fracture mech-
anics geometries in the opening mode (Mode I) for
each of the three crack-plane orientations. These
specimens are shown in Fig. 3. Double cantilever
beam (DCB) specimens were used for the S,, orien-
tation and compact tension (CT) specimens for S,;,.
Both CT and notched three-point bend specimens
were used for the S, orientation. In practice, the
S,.-oriented CT specimens always failed by delami-
nation (S,, type fracture) for all notch depths.
Therefore, it was necessary to use the three-point bend
specimens (38.1 mm span) to obtain S, fracture. Frac-
ture data were obtained as a function of notch depth
in the (a/W) = arange of 0.2 to 0.8. Notches were cut
with a 0.6 mm thick diamond saw and then extended
about 0.5 mm with a very thin saw made from a razor

point bend); (d) S;, (CT).

blade to finally yield a sharp crack. The resulting tip
radius, ~ 10 um, was suitable for reliable K, measure-
ment [10].

Load (P) against loadpoint displacement () curves
for the CT and DCB specimens were determined with
a commercial testing machine (Instron Model 1122).
The test arrangement is shown schematically in Fig. 4.
The load was applied via steel wire loops confined in
grooves near the beginning of the notch, formed by
drilling a hole before the notch was sawed. The load
was measured with a load cell. The loadpoint displace-
ment was measured with a strain-gauge extensometer
(Instron G-51-11) bearing on two small aluminium
blocks glued to the end of the specimen. The displace-
ment () at the load point was computed from the
measured displacement u(exp) at the face of the alu-
minium blocks using the proportionality relationship
ufu(exp) = a/(L + t — W + a), where ¢ is the block
thickness and L, W and a are specimen dimensions;
and rigid-beam deflection about the notch tip is
assumed. The load was applied incrementally to facili-
tate accurate determination of the (P—u) curves from
separately recorded load and displacement data.

For the bend specimens, load against time curves
were recorded at a constant crosshead speed (0.05 mm
min~') and the specimen deflection was calculated
from the crosshead displacement, corrected for the
machine compliance which was small. Un-notched
three-point flexure (Modulus of Rupture) specimens
for all three deformation orientations were also tested

*For crystalline graphite d,,, = 0.3354nm and the ideal density is 2.266 gem~>. The turbostratic disorder in PC increases dy, but has
negligible effect on the in-plane atomic spacing; thus the ideal density of this pyrolytic carbon is 2.266 (0.3354/0.344) = 2.209 gem 3. The

volume fraction of pores is then 1 — (2.186/2.209) ~ 0.01.
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Figure 4 Experimental arrangement for fracture tests.

in a similar manner to determine the flexural strengths
and the static elastic moduli. Young’s modulus, E’,
was calculated from the slope of the linear portion of
the load against time curves corrected for the machine
and test fixture compliances; and the flexural strength,
o;, from the load at failure. Specimen dimensions
(mm) were: W = B = 4, L = 50 for D,; W = 1.5,
B=4 L =50 for D,; and W = 3.5, B = 10,
L = 42 for D,,. The span S was 38.1 mm in all cases.
Very thin specimens (W/S = 0.04) were required for
the D,, orientation to avoid basal plane shear dela-
mination near the neutral axis. Four thicknesses of the
pyrolytic carbon were glued together with cianoacry-
late adhesive to make the D, specimens since the
11 mm plate thickness was insufficient.

5. Results and discussion

5.1. Flexural strengths and elastic moduli

The flexural strengths, 6,, and elastic moduli, £’ (= E/
(1 — v?) for plane strain and = E for plane stress)
were measured for several specimens in each of the
three deformation orientations and their averages are
listed in Table 1. Values reported for a similar pyro-
lytic carbon by Pappis and Blum [6, 11] are also listed
for comparison. Elastic moduli were calculated from
the observed compliances C using the relationship
[10]:

E' = (1/BC) (S/WY[S/4W) + (1 + v)/@2S/W)].
The contribution of the term containing v is very small
when (S/W) > 10, the case here. Although this term

was dropped in [11], it was retained here, settingv = 0
since the variation in E’ is <3% for0 < v < 1.

The strengths for D,, and D, layer rupture are
comparable in magnitude, but 15 to 20 times larger
than the D,, delamination strength. The D,, and D,,
elastic moduli are also four to five times that for D,,.
These differences are consistent with the different
nature of the bonding within the layers (covalent) and
between the layers (van der Waal’s). The modulus
ratio is smaller than that for single crystal graphite
because of the layer misorientation in the pyrolytic
carbon, and perhaps a higher interlayer shear stiffness
in the disordered pyrolytic carbon structure.

The layer rupture strengths and elastic moduli
reported in Table I agree with those of Pappis and
Blum [11], but their delamination strength and modu-
lus are about twice the present values. This can prob-
ably be associated with differences in both the pre-
ferred orientation textures and the material densities.
The RMS layer misorientation angle of only 17.5° for
the present material is somewhat lower than values
typically reported for pyrolytic carbons deposited at
2100 to 2200° C, about 20.5° for substrate-nucleated
and even higher values for continuously nucleated
structures [12]. Moreover, the 2.20 gcm ™ density [11]
is closer to the ideal turbostratic value of >2.21g
cm* (dependent on the d,,, value).

5.2. Fracture surfaces

Fractographic observations on the fracture mechanics
specimens suggest that the toughness is quite aniso-
tropic, increasing in the order S,,, S,,, S.;,. Scanning
electron micrographs (SEM) of the fracture surfaces
are shown in Fig. 5. Figs. 5a, b and ¢ were taken at a
low acceleration voltage (5kV) and a zero tilt angle.
Fig. 5d shows the same area as Fig. 5c, but tilted 45°
(and at 20kV) to illustrate more clearly the charac-
teristic roughness of the S, surfaces; a portion of the
deposition surface on the compression side of the
sample is also visible at the bottom of this micro-
graph.

These fracture surface micrographs agree very well
with previous observations that the three fracture
orientations exhibit entirely different features [7, 8].
Except for some cleavage steps and fracture debris, the

TABLE I Elastic moduli, strengths, and toughnesses of pyrolytic carbon. The values in parentheses are from [6, 11]

(a) MOR specimens (un-notched)

Property Orientation

Dab Dbc Dca
E'(GPa) 28.1 £ 0.5 20.1 £ 0.5 55+ 05

(26.2) (23.1) 10.7)
o;(MPa) 190 + 1 158 + 7 9.6 + 2

(183) (165) (20.7)
(b) Fracture mechanics specimens (notched)
Property Orientation

S (CT) Sy (CT) She S, (DCB)

(three-point)

E* (GPa) 27 + 2 12 + 2 - 13+2
% . (Jm™?) 378 + 10 - - 22245
J(Im™2) 344 £ 5 - - 211 + 4
K, (MPam'?) 0.93 £+ 0.10 - 7.5t0 1.4 0.53 + 0.05
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Figure 5 Scanning electron micrographs of fracture surfaces: (a) S,, (DCB), (b) S,;, (CT), (c) S,, (three-point bend), all zero tilt; (d) S, same

area at 45° tilt.

S,, delamination fracture surface shown in Fig. Sa
virtually replicates the as-deposited surface. The nod-
ular “growth cone” morphology characteristic of
pyrolytic carbon can be seen here and also at the
bottom of Fig. 5d (where it is accented by the high
viewing angle). Although the S, and S, layer rupture
orientations differ only in the direction of crack
propagation, the resulting fracture surfaces are quite
different from each other, as well as from the S,
surfaces. The S, surface, Fig. 5b, is fairly smooth at
distances > 100 um from the notch tip (visible at the
top of the micrograph). However, some small steps,
evident as bright lines on the micrograph, persist par-
allel to the crack propagation direction. These result
from basal cleavage joining segments of the main
crack propagating along slightly different S, paths,
and thus comprise a hackle-type of feature that foll-
ows the local layer orientation. The “waviness’ of
these features reveals the wrinkled sheet structure
characteristic of pyrolytic carbon. At much higher
magnifications, the areas that appear smooth here are
seen to be slightly rougher, on a < 1 um scale, perhaps
corresponding to a fine substructure [8].

The S,, fracture surface, shown in Figs. 5¢ and d,
appears very rough even at low magnifications, and
comprises layer plane packets ruptured alternately
above and below the average fracture plane. The
wrinkled sheet structure is evident on these surfaces
and traces of primary and sub-cone boundaries of the
columnar structure can be identified. The S, surface

evidently results from crack propagation alternately
across and between the layers, and is a consequence of
the intensely anisotropic structure. Indeed, macro-
scopic crack branching due to delamination was com-
monly observed and had an important effect on the
apparent toughness for S,, fracture as discussed in
Sections 5.4 and 5.5. An example is shown in Fig. 6.
The lengths and numbers of these delaminations dif-
fered substantially from specimen to specimen.
Detailed examination using a fluorescent liquid pen-
etrant revealed that delamination microcracks were
present even in those specimens where macroscopic

- 10 mm

Figure 6 Macroscopic crack branching due to delamination in an
S;.-oriented bend specimen (W = 11 mm).
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delamination was not obvious. This is consistent with
the SEM observations.

These fractographic indications of toughness ani-
sotropy are confirmed by the fracture mechanics
measurements, as shown by the values in Table I and
described in the following sections.
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Figure 7 Load against loadpoint displacement curves
for (a) S,,, (b) S,, and (c) S, -oriented specimens with
different notch depths a/W.

5.3. Fracture toughnesses of S, and S,,
orientations

The load against loadpoint displacement (P—u) curves

of the DCB and CT specimens for various notch lengths

are shown in Fig. 7 for the three orientations. Linear

behaviour was observed only for the S,, specimens,
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Fig. 7a. The non-linear curves for the S, and S,,
orientations (Figs. 7b and ¢) may result from the slow
growth of subcritical delamination cracks during
loading. Although no direct evidence was obtained for
this process, both of these specimen orientations ulti-
mately failed by delamination. Small features con-
sistent with delamination events were often seen in the
S;. load/displacement data prior to failure. The S,
fracture toughnesses could not be determined from
the Fig. 7c data because of the premature cleavage
failure of these specimens.

For the S,, and S, orientations, fracture tough-
nesses were determined three different ways. The criti-
cal stress intensity factor, K., was calculated directly
from P,,, using the relation

KIc = YPmax/(BWl/Z) (1)

where the dimensionless factor, Y, depends on the
specimen geometry and dimensions [10, 13, 14]. For
the S, -oriented DCB specimens,

Y = (12)2(W/H)?[(a/H) + 0.7]  (2a)

which is valid fora = (a/W) < [l — QH/W)] = 0.5
for these specimens. For the S,,-oriented CT specimens,

Y = aF[1 — a)” (2b)

where the detailed form of Fis discussed by Munz et
al. [14]. The specimen dimensions a, B, W and H are
those given in Fig. 3. The K| values determined in this
manner are represented by the open circles in Fig. 8.

The fracture energy parameters %, and J;, were also
determined from the load displacement data, and K,
values were derived from them using the Irwin
relations [13],

K. = (%E"" = (JEH" €)

where E* is the effective elastic modulus of the appro-
priate fracture mechanics specimens. For anisotropic
materials, E* generally differs from the conventional
Young’s modulus, E’, because the elastic strain in the
notched S; specimens results from a combination of
two different types of deformation, D; and D;, each
with different elastic moduli. In the specimens for S,
fracture, the deformation is a mixture of D,, in the
beam and D,, in the ligament. An analogous situation
occurs for the S,, CT specimens. However, for the S,
specimens only a single type of deformation is

involved because the a and b directions are equivalent.
Consequently, E* = E’ for this orientation.

Appropriate E* values may be estimated from the
observed initial compliances C(x) determined from the
load—displacement curves using the relationship
[14, 15],

E* = 2[C)BW]™ | YXa/W)da (4
where the correction term involving the compliance of
an unnotched specimen has been deleted because it is
negligible for these samples. The integration may be
done analytically for the DCB geometry so that E*
can be computed directly. For the CT geometry,
where numerical intergration is required, the value
was determined as that which yields the best fit of the
computed compliances to the observed values. The E*
values for the three fracture specimen orientations are
listed in Table I. The agreement between E* and E’
for the S,, orientation confirms the validity of the
estimation procedure. The E* values for the S,, and
S, orientations are intermediate between the E’ values
for these orientations as expected, and also of a com-
parable magnitude.

The critical energy release rate for crack extension
is defined by 4, = AU/(BAa) where AU is the area
between adjacent (P—u) curves corresponding to initial
crack lengths a and a + Ag, and B is the specimen
thickness. The J-integral was estimated using Rice’s
approximation [13], Ji, = 24/[B(w — a)] where A4 is
the area under the (P-u) curve. This approximation is
valid only for short ligaments and used only for
o = 0.5. The average values obtained for these two
energy toughness parameters are given in Table I. The
fracture toughness values derived from individual
energy measurements using Equation 3 are shown in
Fig. 8 by the filled circles and open squares and agree
well with those determined from P, . This agreement
indicates that the linear elastic assumption for the
plane strain fracture toughness is valid for both S,
and S,, fractures of this pyrolytic carbon over the
range of crack-lengths investigated, despite the non-
linearity of the S,, orientation (P-u) curves.

The average fracture toughness values, correspond-
ing to the solid lines in Fig. 8, are 0.53 MPam'?for S,,
fracture and 0.93 MPam'” for S, fracture. This S,
toughness is comparable to published values for
polygrannular synthetic graphites [2-5]. The low S,,
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toughness, only about half of the S, value, further illus-
trates the anisotropy effects of the weak van der
Waal’s interlaminar bonding. According to a simple
atomistic model for crack initiation, K, is pro-
portional to E’A'?, where A is the interatomic distance
[13]. The measured values of E’ for the D, and D,
orientations listed in Table I and the A values for the
a- and ¢- directions of pyrolytic carbon (~ 0.142 and
0.344nm, respectively) yield a calculated ratio of
Ki.(S,,)/K.(S..) ~ 3 which is comparable to the
experimental ratio of ~2. However, the observed
ratio of the flexural strengths for these two orien-
tations is considerably larger. Applying the relation
o:.c*'? oc K., where c* is the critical flaw size domi-
nating the flexural strength, it becomes evident that
the low D, flexural strength must result in large part
from the presence of large interlaminar flaws. It is
reasonable to expect that some of the ~ 1% micro-
porosity in this pyrolytic carbon occurs in the form of
interlaminar defects. Additional delamination micro-
cracks may also have been generated during specimen
preparation.

5.4. Toughness of the S,, orientation

Some of the most interesting observations during the
present investigation are the high apparent exper-
imental toughnesses observed for the S, orientation
fracture, shown by the open symbols in Fig. 9. These
values were calculated from the observed P,,, data for
three-point bend specimens, using Equation 1 with

Y = LS (S/W) Iya'?/(1 — 2)*? %)
where

Iy = 1.99 — 1.330¢ — (3.49 — 0.68x¢ + 1.35¢%)

x (1= a) @/ + o

after [10]. These apparent toughness values are 4 to 8
times as large as those observed for the S,, orientation
layer rupture fractures. Although there is considerable
scatter in these results, the maximum value obtained,
7.5 MPam'?, is comparable to some of the toughest
brittle ceramic materials at room temperature [16].
Extensive, macroscopic crack branching in the form
of delaminations occurred in several of the S,,-orien-
ted specimens as illustrated in Fig. 6. These delami-
nations were directly associated with multiple crack
arrests during the main-crack propagation as illus-
trated by the (P—u) curves in Fig. 10. The compliance
increase as the load approaches a P,,, is typical for the
S,.-oriented specimens and can probably be attributed
to the nucleation or development of delaminations
prior to the initiation of macrofracture processes. The
arrows indicate probable points of the onset of
delamination processes which were usually signaled
explicitly by a minute load drop, and sometimes by an
audible acoustic emission. The extent of the com-
pliance increase as well as the number, size and distri-
bution of delamination cracks which could be
observed after failure varied considerably from speci-
men to specimen. However, the fracture surfaces of all
of the S, orientation specimens that yielded
K > SMPam'? were characterized by an obvious
delamination at, or very near to the tip of the original
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Figure 9 Apparent fracture toughnesses of S -oriented bend speci-
mens, determined from P, for two thicknesses W and various
notch depths. Broken lines show calculated delamination-toughen-
ing maxima.

notch. In one instance, that of the specimen with
o = 0.59, all of the delaminations appeared to occur
in the ligament ahead of the notch tip. It is noteworthy
that the apparent toughness of that particular speci-
men was also smaller, only about 3.8 MPam'”?.
These results indicate that a process of “induced
delamination toughening” is responsible for the high
apparent toughness values observed for the S, -oriented
specimens. Delamination microcracking at the main
crack tip is not a new toughening process, having been
discussed by Cook and Gordon [17} two decades ago.
In the present case, it may be related in part to the
shear stress developed during the bend test. Delami-
nation ahead of the main crack tip can contribute to
increased fracture resistance in at least two ways [13,
17]. One factor is the obvious reduction of the normal
stress, o,, in the direction of the crack extension as a
consequence of the generation of the internal delami-
nation free-surfaces. This results in a decrease of the
stress intensity factor, K| at the main crack tip. More
importantly, delamination ahead of the main crack
reduces the crack tip acuity when the main crack
actually encounters the delamination surface. The
crack blunting process has a very strong effect of
decreasing the K| value at the crack tip and can com-
pletely dominate the crack propagation process. The
crack arrests observed experimentally in Fig. 10 are a
direct result of this crack blunting process, as are the
high apparent toughness values obtained from P,
when delamination actually occurs at the main-crack

tip.
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delamination events.

The rapid decrease in the apparent toughness with
increasing « for the S, orientation fractures as
indicated by the open data points in Fig. 9 suggests
that the intrinsic S, fracture toughness, in the absence
of any macroscopic delamination cracking, is probably
less than 3 MPam'? However, the large scatter and
the limited o range of these results does not permit a
confident estimate of the intrinsic value. To obtain
additional information about the S, orientation
fracture, additional tests were completed using bend
specimens with a smaller cross-sectional area (W =
B = 3mm) and for a wider range of « values under
the premise that the tendency for delamination might
be reduced by a smaller ligament length, and therefore
allow a direct experimental determination of the
intrinsic toughness. The apparent toughness values
obtained with these smaller specimens, shown by the
solid symbols in Fig. 9, are indeed much lower, but the
data scatter is still present and the values still decrease
as a increases. Furthermore, these specimens failed in
exactly the same manner as the larger ones, with
delamination at the notch tip preceding the initiation
of layer rupture. Crack branching and multiple crack
arrests also occurred during failure. It must be con-
cluded that the delamination process is characteristic
of S, orientation failures over a wide range of W and
o values. This delamination can be attributed directly
to the combined influences of the strong structural
anisotropy of the pyrolytic carbon and the shear and
perpendicular-to-layer components of the stress distri-
bution at the main crack tip. The scatter of apparent
toughness values which was observed for the S,
orientation failures can probably be attributed to the
sample-to-sample variation of the size and distri-
bution of these delaminations, coupled with the strong
influences of the delamination process. These vari-
ations may in turn result from differences in the local

internal stresses, the influence of microstructural
variations in the vicinity of the advancing crack tip,
and also from possible damage associated with the
specimen preparation.

The general trends of the observed apparent tough-
ness values with W and « can be appreciated from a
simple extreme-case model: if a delamination occurs
exactly at the notch tip and is sufficiently long, the
fracture load, P,,, can be approximated by the
bending-failure load, P;, of an unnotched specimen of
thickness (W — a) = W(1 — a), i.e. the remaining
ligament of the notched specimen. Then, P,,, ~ P =
2BW?(1 — «)*0;/(3S), and using Equations 1 and 5,

K¥P*(max) ~ o ;W' (1 — 0)'2a'?Ty, (6)

Thus, KifP(max), the maximum apparent fracture
toughness calculated from the observed P,,,, when the
stress concentration at the notch tip is reduced to zero
by the delamination mechanism, is predicted to be
proportional to the square root of the specimen
dimension W, and to vary with the notch depth as
[@(1 — «)]"?Ty. The values predicted by Equation 6
for the two W values used here and the measured D,,
flexural strength in Table I are shown by the two
broken curves in Fig. 9. It is noteworthy that the
highest experimentally observed toughness values
approach the calculated limits for each case; and that
the trends of the dependence on both W and « are
consistent with Equation 6. This provides further
support for the proposed induced delamination
toughening mechanism.

The intrinsic toughness for fracture in the S,
orientation may be estimated by considering the mini-
mum experimental values in Fig. 9. On that basis, it is
< 1.4 MPam'? and therefore comparable to the value
for S,, fracture. Physically, the intrinsic toughnesses
for these two orientations should be similar because
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both comprise rupture of the covalent intralayer
bonds, a point which is further substantiated by the
similarity of their measured flexural strengths. The
greater roughness of the S,, fracture surface results
mainly from the occurrence of small segments of low-
energy cleavage surface or delamination cracks. The
presence of these could account for a slightly greater
S, toughness.

5.5. Delamination toughening

Cook and Gordon [17] appear to have been the first to
recognize the importance of delamination micro-
cracking as a toughening mechanism, noting that
secondary failures at weak interfaces oriented perpen-
dicular to the main crack could resuit in increases of
the strength and also in the fracture toughness of a
brittle material. Kelly [18] subsequently discussed this
type of toughening mechanism with respect to the
failure of unidirectional fibrous composites. Delami-
nation microcrack toughening can be considered with
that of toughening by a general process zone of micro-
cracks surrounding the main crack tip as discussed
initially by Hoagland et al. [19] and more recently by
Evans and Faber [20], among others.

A general description of delamination toughening
may be developed by considering a material in which
delamination cracks are induced during extension of
the main crack. The actual stress intensity factor
(K))4a at the crack tip experiencing stress reduction
due to delamination microcracking may be written as

(Kl)del = Yy P /(BWI/Z) (7)

where Yy, is the dimensionless geometric factor of the
main crack tip adjacent to delamination cracks. Y
will always be smaller than the Y values defined by
Equations 2 or 5. The apparent stress intensity factor,
K = YP/(BW'?), can then be written in terms of
the actual stress intensity factor as

K = (Y/Ys)(Ki)aa ()

where the toughening factor (Y/Y,,) is always greater
than unity because of the reduction in stress level due
to the delamination crack array. It is a function of the
size, number and distribution of the delamination
cracks, which may be influenced by the main-crack
length, the specimen geometry and the test method as
well as by material characteristics that affect the
microcracking propensity of the material. Y values for
various crack arrays have been summarized by Sih
[21], but the specific situation of a delamination crack
that is perpendicular to the main crack has not been
solved.

It is also possible that the fracture toughness could
be decreased by the presence of microcracks for they
may join the main crack and thus enhance crack
extension. In that situation,

ch = f(gc)Kllc (9)

where g, is the delamination crack density and Kj, is
the intrinsic fracture toughness of the material with-
out delamination microcracks. The embrittling factor,
f(o.), will be less than unity. At the critical condition
for the onset of unstable crack propagation, (K;)g =

1500

K., and Equations 8 and 9 may be combined to give
K@ = (YY) f()Ki. = DK, (10)

The magnitude of the combined coefficient, D =
(Y/Y4,) f(0.), is determined by the relative magnitudes
of the toughening and the embrittling factors, which
will depend on the delamination crack distribution.
Thus, the apparent fracture toughness, Ki?®, is a vari-
able which depends on the main crack length, the
specimen geometry, etc., as well as the intrinsic tough-
ness of the material. Experimental evaluation of either
D or Kj, may be quite difficult. However, the results
obtained here suggest that D can exceed five for the
notched three-point bend measurements of pyrolytic
carbon. Furthermore, for this geometry, the maximum
KifP values obtainable from delamination toughening
can be estimated from directly measured parameters
using Equation 6. As is evident from Fig. 9, the cal-
culated values are consistent with the observed results
for a range of specimen dimensions and initial crack
lengths.

6. Conclusions

The anistropic fracture characteristics of an as-
deposited pyrolytic carbon were investigated by
measuring the fracture thoughnesses, flexural
strengths and elastic moduli for three orientations.
Nomenclature was introduced for designating the
three distinct flexural deformations and correspond-
ing crack-opening fracture surface orientations in this
and other laminar materials. The toughnesses were
determined by linear fracture mechanics and energy
methods over a wide range of initial crack lengths, and
the fracture surfaces were examined by scanning
electron microscopy.

For basal cleavage (S,, fracture) and layer rupture
parallel to the layers (S,,) the fracture surfaces are
smooth; K, is independent of crack length; and the
toughness values computed from the maximum load
at fracture agree with those derived from the measured
energy parameters %, and Ji., validating the linear
elasticity assumption. The S,, toughness is quite low,
K. ~ 0.5MPam'? while that for layer rupture is
nearly twice as large. Greater anisotropies were found
for the strengths and Young’s moduli. These results
are consistent with the bonding anisotropy and the
microstructure.

Although the intrinsic toughness for layer rupture
by S,. crack propagation across the layers appears to
be comparable to that for S,, rupture along the layers,
the experimental results for these two orientations are
quite different. Rough fracture surfaces, crack arrests
during failure, and large apparent toughness values
(as much as an order of magnitude higher than for S,
fracture) that depend strongly on specimen size and
crack length were observed for S, fracture. All of
these phenomena result directly from delamination
microcracking that accompanies the failure. Delami-
nation is a consequence of the large structural
anisotropy of pyrolytic carbon, and is favoured by the
shear stresses that accompany loading of the S,-
oriented specimens. The general characteristics of this
induced delamination toughening process were



described phenomenologically and the upper limit of
the apparent toughness was defined as a function of
specimen size and initial crack length by a simple
model for the notched bend geometry used in the
present measurements.
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