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SUBCRITICAL CRACK GROWTH IN FINE GRAINED
POLYCRYSTALLINE GRAPHITES
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Abstract—-Subcriticai crack growth was measured in four fine grained polycrystalline graphites in air at
room temperature. Filler and textural effects were observed at stress intensity factors (K;) near the
critical stress intensity (K;) Scanning electron microscope fractography permitted correiation with
processing conditions and microstsucture. The results are compared with those for other carbon

materials,

I INTRODUCTION

Graphites are being increasingly utilized for struc-
tural, load bearing applications. In some of these ap-
plications, subcritical crack growth in the graphite
precedes mechanical failure. Consequently, determi-
nation of subcritical crack growth characteristics and
associated mechanism(s) are of primary engineering
and theoretical importance.

Diefendorf {1} appears to be the first mvestigator
to observe the delayed failure of graphitic materials at
room temperature, coincidentally for the Airco Speer
grade 380 also tested in this study. He reported a 10%
increase in the flexural strength of this material when
tested in vacuum (10~ *'MN/m?) as compared to test-
ing in air. Diefendorf theorized that adsorption of
gases (present in the as-received graphite} on internal
pore surfaces was responsible for a stress corrosion
effect. Rowe [2] similarly observed that degassing at
elevated temperatures increased both the elastic
modujus and the strength when these properties were
measured in vacuum at room temperature. Both of
these properties returned to their as-received levels if
the air was readmitted to the test chamber. Logs-
dail [3] and Vitovec and Stachurski [4], using bend
tests at room temperature, concluded that the pres-
ence of water vapor in air leads to a reduction in the
strength of polycrystalline graphites.

Several investigators have recently utilized fracture
mechanics techniques to examine the slow crack
growth of graphites at room temperature, Freiman
and Mecholsky [51, applying the double-torsion tech-
nique, found only a single, environmentaily-
insensitive region of stress intensity-crack velocity be-
havior. In that region, they reported that the presence
of adsorbed gases acted to enhance slow crack growth
in two graphites (POCO AXF-5Q and Union Carbide

tPresent address: Bendix Aircraft Brake & Strut Divi-
sion, 3520 W, Westmoor St, P.O. Box 10, South Bend, IN
46624, U.S.A.

tAirco Speer Carbon-Graphite, St. Marys, Pennsylvania,
USA.
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ATJ-S). They also observed significant crack growth
anisotropy in the molded ATJ-S material. In particu-
far, they found that the most resistant orientation to
slow crack growth was that in which the ¢rack propa-
gated perpendicular to the graphite lamellae, while
the weakest was that in which the crack propagated
between or parallel to the plane of the lamellae,
Nadean and Hodkinson [6], also using the double-
torsion method, reported that slow crack growth in
three graphites, POCO AXZ, AXF-3Q, and ESP
Union Carbide pyrolytic graphite, occurs only at
farge fractions of K., and attributed it primarily to
mechanical failure.

The micromechanics of fracture in graphites has
also received some attention [7-11]. Primary crack
extension has been modelled to oceur by the linking
of secondary cracks, frequently initiating at pores in
advance of the main crack. Cracks propagate along
the striations in the filler particles, or by a cleavage
process in suitably oriented filler particles. Most
studies report that crack initiation in advance of the
main crack occurs at stress levels which are below the
failure stress, an observation that receives some con-
firmation by acoustic emission studies re2-14].

It has been established that subcritical or slow
crack growth occurs in graphite, having been
observed through conventional strength tests as well
as fracture mechanics techniques. It is the objective of
the present study to examine the effects of fillers,
selected processing conditions and microstruciure on
siow crack growth in several fine grain size polycrys-
talline graphites and to compare the resuits with
other carbon materials.

5. EXPERIMENTAL PROCEDURE
2.1 Preparation of artifacts

Four commercial graphitesi were examined in this
study. Information on the fillers and forming methods
are listed in Table 1. Artifacts based on petroleum
coke were produced by mixing of the filler with coal
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Table 1. Fabrication information for the artifacts

Maximum
Tillar Arvifact
Size Forming Dimensions
Grade Filler (i) Process {in)
580 Patroleum 200 Extrusion 3.5 x 48
Coke
3499 Petrpleun 75 Holding 12 x 12 x 2.5
Coke
1R-16 pecroleum 20 Isostatic 12 x 6 x 2
Coke Molding
40289 Lampblack 125 Molding 10 = 4 x 2

tar pitch, forming, baking and subsequent graphitiza-
tion. In contrast, a preforming process was applied to
the production of the artifact based on lampblack.
The lampblack filler was mixed with a binder, then
formed and carbonized. The carbonized body was
subsequently milled and sized, then mixed with ad-
ditional pitch, formed, baked and graphitized to pro-
duce the final artifact.

2.2 Characterization and mechanical property measure-
ments

Macropore size distributions were obtained by
mercury porosimetry. Helium, X-ray and apparent
densities were used to determine the open and closed
porosity. The apparent densities were calculated from
the specimen mass and dimensions.

Elastic properties (Young's modulus, E, and shear
modulus, G) were determined by dynamic mechanical
resonance lechniques [15}. The shear modulus was
determined from the torsional resonance while
Young's moduius and Poisson’s ratio (v) were deter-
mined using the flexural resonance and an iteration
process based on

v = (Ef2G) — L. (1)

Although this equation is only applicable to isotropic
solids, it is a satisfactory approximation for most
polycrystaliine ceramic materials, Apparent density
and elastic property values represent the mean and
95% confidence limits for 23 samples.

To determine interfayer spacings, solid samples of
each graphite {35 mm x {0mm » 5mm} were com-
pared with a 200-mesh sodium chloride internal stan-
dard. The (002) and (004) peaks of graphite and the
(111}, (200), (220} and (222) peaks of sodium chloride
were observed in the analysis. The experimental
d-vajues of sodium chloride were compared with the
absolute values calculated [rom its lattice constant of
2.800 A at 25 4 1°C. A plot of experimental error in
angle of the (111) peak at 28 = 27.4°, (200) peak at
28 = 31.7°, (220) peak at 28 = 45.5° and the (222} at
28 = 56.5° was used to determine the error in the
angle of the (002) and (G04) peaks of graphite at
approx. 26.5° and 54.5° respectively. The corrected 26
angles were then used to compute the interlayer spac-
ing using Bragg's Law. Crystallite alignment was

obtained through X-ray analysis of the intensity ratio
for the (002) diffraction peak in the transverse (T)
orientation compared to that in the longitudinal (L)
orientation (see Figs. 1 and 2).

The double-torsion test[16] was applied o
measure slow crack growth in these graphites at 22°C
and 40% relative humidity. Specimens (76 mm x
25 mm = 6 mm), aiso used for apparent density and
elastic property measurements, were cut {rom artifacts
in the longitudinal {L) orientation for the extruded
grade and in the transverse {T) and longitudinal (L)
orientations for the molded materials (Fig. 1}. For the
extruded grade, 580, the longitudinal sample has its
long dimension parallel to the extrusion direction. In
the molded grades, 3499 and 4029, the transverse
sample has its plane of maximum area perpendicular
to the molding direction. The longitudinal sample in
the molded grades has its plane of intermediate area
perpendicular to the molding direction. For the iso-
statically molded grade, KK-16, longitudinal and
{ransverse specimens were cul in orientations corre-
sponding to those for 3499 and 4029, as if KK-16 had

MOLDING DIRECTION
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4029
TRANSVERSE

LLONG%TUD!NAL

«——— EXTRUSION DIRECTION
-
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;
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Fig. 1. Artifacts of the graphites with double-torsion speci-
men orientations indicated.
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Fig. 2. Longitudinal and transverse specimens showing
preferential basal plane alignment (grades 3499 and 580)
and molding directions (grades 3499 and 4029).

been unidirectionally molded in a direction perpen-
dicular to the major surface of the arufact. The
dashed lines are added 1o Fig. 2 to suggest that some
preferential alignment of basal planes is expected (as a
function of forming direction) for samples of 3499 and
580, where petroleum coke is the filler. It must be
pointed out that, for the moided materials, “longi-
tudinal” does not refer to a specimen with its long
dimension parallel to the molding direction. To
clearly illustrate microstructural effects on slow crack
growth, “longitudinal” is used to refer to the molded
specimen with crystallite alignment identical to that
for longitudinal specimens of the extruded grade
{Fig. 2).

In the double-torsion method {Fig. 3}, a large, artifi-
cial crack is introduced into the specimen during
ioading. A groove (0.8 mm wide by 3 mm deep) aided
crack propagation along the center-line of the speci-
men. Noting that the crack propagates along the
center line of the double-torsion specimen, it is evi-
dent, from Fig. 2, that the fracture path in the longi-
tudinal sample is parallel to the basal planes of the
crystallites, the easy cleavage direction. Conversely,
the transverse specimens fracture in a direction per-
pendicular teo the basal planes of the crystallites, a
tougher direction.

In the load relaxation test, a slow crosshead speed,
typically 2 x 107 % my/sec, is applied to the double-
torsion specimen until the load levels off to a constant

-

value, indicative of crack motion. The crosshead is
instantapeously arrested and the load allowed teo
relax. The relaxation time is typically a few minutes,
long enough to ultimately resuit in measurable slow
crack velocities, between 107% and 107° m/sec. By
unloading and reloading the specimen, multiple load
relaxation curves can be obtained from a single
sample. The crack velocity (V) and associated opening
mode stress intensity {K;) were calculated from the
load relaxation using the following equations given
elsewhere [17]:

V= [ Po/PoB](F/P?) {2}

where  is the crosshead speed, P is the initial (and
maximum) load of load relaxation curve, Py is the
initial slope of load relaxation curve, P is the load at
any point along load relaxation curve, P is the slope
of load relaxation curve at P, B is the specimen
compliance = 3WL/W'G

where W, is the distance between upper and lower
load points, W is the specimen width, ¢ is the speci-
men thickness, G is the shear modulus and

31 + v)jl”"'

wrt,

Ky = PWM[ 3)

where v is the Poisson’s ratio and ¢, is the specimen
web thickness.

K., the [racture toughness, is measured by the same
configuration at a higher crosshead speed typically
4 % 107% m/sec.

The range of crack velocities easily measured by
the load relaxation technique is limited to
10~ 3-10"% m/sec. The upper limit is governed by the
length of the specimen and the lower himit is imposed
by spurious relaxations of the testing device or by
temperature variations. Load relaxation curves were
digitized using a Numonics Electronic Graphics Cal-
culator. Using computer techniques [18], the digitized
data were subsequently converted to stress intensity
factor (K;)-crack velocity (¥) values and plotted as a
log V,-log K, relationship using a Tektronix 4662
Plotter.

Siow crack growth data are conveniently iliustrated
on a (K;-¥}) diagram such as schematically depicted
in Fig. 4. In the most general case, four regions of

p/2

Fig. 3. Double-torsion loading configuration.
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Fig. 4. Schematic {K,-1}) diagram.

behavior are observed, The point (Ky, %), the fatigue
limit, represents the lower limit of stress corrosion
behavior. Region I, describing velocities just larger
than ¥, can be represenied by a straight line on a
log Vi-log K, plot. It is described by the empirical
equation:

Vi = AKY (4)

where V] is the crack velocity, K; is the mode I stress
intensity factor, and 4 and N are constants. A crack-
tip, stress-corrosion reaction is usually assumed to be
rate-controlling in Region L

In Region I1, the crack velocity exceeds the speed of
corrosive-species mass transport to the crack tip. In
this region, diffusion of the corrosive species is the
rate-controliing step for crack advancement, Crack
velocity is not a function of the stress intensity factor.
Crack extension in Region II is generally attributed
to mechanical failure. Equation {4) also appropriately

describes Region ITL The crack approaches the criti-
cal velocity, ¥, as the stress intensity approaches
K. In Region 1V, the crack velocity accelerates from
V. (~10" ! m/sec) to the terminal velocity, repre-
sented by the speed of sound in the material and de-
termined by the material’s elastic constants,

Both Regions 1 and III are characterized by the
stress intensity exponent, N, a measure of the ma-
terial’s resistance to the slow crack growth process,
For materials which exhibit both regions of slow
crack growth behavior under similar experimental
conditions, the Region III N-value is consistently
iarger than that in Region I, indicating that crack
velocity is more sensitive to incremental changes in
K;in Region IIL

Fracture surfaces of all specimens were examined
by scanning electron microscopy (SEM) methods.

3. RESULTS AND DISCUSSION
1.1 Materials characterization

The four graphites studied are fine grained, highly
porous materials, as scen in Table 2. These materials
consist of large amounts of open porosity and a sig-
nificant percentage of closed porosity. Mean macro-
pore sizes were determined by locating maxima on a
differential mercury penetration plot (Fig. 35). A
second, less pronounced maximum, located at 0.3 ym
in grade 4029, is indicative of porosity within the
lampblack-binder particies produced during the pre-
forming processing steps previously detailed.

Interlayer spacings indicate that the petroleum
coke-filled grades are well-graphitized, approaching
the theoretical value of 3.354 A. The lampblack-filled
grade is the least graphitized of the four. X-ray analy-
sis of crystallite alignment is in agreement with intui-
tive reasoning, based upon the processing of each
grade. The molded petroleum coke-filled graphite,
3499, is most anisotropic grade with regard to X-rays,
with I4/I, = 2.0%. The extruded grade, 380, is aniso-
tropie, while the lampblack-filled grade, 4029, is
nearly isotropic. Isostatically pressed KK-16 is also

Table 2. Selected properties of the graphites

Mpan X~y
Apparent Macreopore Interlayer Crystallite E g ¢ 2
Density Porosity (X) Size Spacing Alignment i/ Hlin’l_'._\jl
frade gmfcc Open Ciesed Total (Lm} 5{232 [¢5) (XTL!_L! (x10 7) (x10_7) ¥

580 1,761,004 22.8 1.9 24.7 -5 3,364 1.62 L 13.57 L 6,27 L ¢.09
2,21 .14 .02
3459 1.714.003 17.8 6.4 4.2 5 3.368 .08 L 8.63 L 3.58 L 0.38
.07 =.02 .01
T 9.44 T 3.463 T 0.0%
+.07 5.005 1.007
KR-16 1.B4%,. 002 12.5 3.9 18.4% 1.5 3.371% 0.8% L 12,40 L 4.34 L 8.11
.07 £,03 .003
T 12.54 T 5.85 T 0.11
£.07 2,03 +.004
4029 1,462,002 29,0 5.3 34.3 -3 3,408 1.05 L 5.31 1. 2.20 L 0.19
.06 .33 1,008
T 3.03 T 2,07 T 0.20
2,14 .04 +.006

E O A A !
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Fig. 5. Differential mercury penetration into artifacts

nearly isotropic. Due to relatively high amounts of
binder in grade 4029; however, the structure of the
filier phase may not be wholily resolved by the X-ray
analysis.

Eiastic moduli of the petroleum coke-filled grades
are higher than those for the lampbiack-filled grade.
The lower moduli of grade 4029 are consistent with
its lower apparent density. For the three grades on
which directional measurements were made, the
transverse (T) and longitudinal (L} moduli are ap-
proximately equal. This is to be expected for grade
3499 since the moduli are measured in directions per-
pendicular to the forming direction, that is in the
plane of orthotropic symmetry of this graphite. It is
also expected for grades KK-16 and 4029, which show
negligible preferred crystallite alignment as measured
by X-ray diffraction.

3.2 Subcritical crack growth

Slow crack growth in these polycrystalline graph-
ites is conveniently represented on the standard
(K ,~V;) diagram. Figure 6 illustrates such a diagram
of experimental resulis for the extruded grade 380. Tt
includes data representing four separate relaxations
for each of two different specimens. Treating all eight
of the relaxations in a single regression analysis of eq.
{4), ¥; = AKY, yields a correlation coefiicient,
R* =097, clearly indicating the applicability of the
empirical equation, as well as the reproducibility of
the data. Values of N and log A for this particular
material are 215 + 14 and —1304 + 84 respectively.

Figure 6 iliustrates that only a single region of
stress intensity-crack velocity behavior is observed.
Previously, when only a single region has been
observed, it has been designated as either
mechanically-controlled Region Il behavior [6], or
as Region I behavior [5] in which stress corrsoion
enhances slow crack growth. The (K;},., value, the
minimum stress intensity measured during a relax-
ation, indicates that the slow crack growth detected in

grade 580 occurs only at K; > 0.96 K., in agreement
with the observation of Nadeau{6] that high frac-
tions of K, are necessary for slow crack growth in
graphite. Extrapolation of the data in Fig. 6 to K
results in a reasonable value of V¥, about
10-1-10" % m/sec, implying that a transition into
another region of slow crack growth behavior prior to
reaching Ky is highly unlikely. The slow crack
growth measured in grade 580 must be Region IIL
This interpretation is further substantiated by analogy
with three other brittle materials for which distinct
Region I and Region III slow crack growths have
been observed: a soda lime silicate glass, single crystal
sapphire, and a poiycrystaliine alumina. Analysis of
the data reviewed by Wiederhorn [19] reveals that
Region I behavior is observed for the respective three
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Fig. 6. Slow crack growth in grade 530
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Fig. 7. Longitudinal fracture surface of grade 580.

materials at (0.63-0.78), (0.11-0.57), and {0.59-0.74) of
their respective K, values. Region III behavior is
observed only at very large fractions, {>0.89}, {(>0383)
and {>093) of their respective K values. These
results, coupled with the high N value, and with the
large (K /K,) ratio, indicate that the slow crack
growth measured in grade 580 at room temperature is
Region III crack growth, primarily determined by
mechanical failure, rather than Region 1 determined
by a stress corrosion mechanism.

The micromechanics of slow crack growth in grade
580 are ciearly revealed by the SEM [ractography.
Fracture in this material occurs by a combination of
binder phase failure and cleavage of the large filler
particles {Fig, 7). However, cleavage only appears to
oceur in those filler particies whose basal planes are
nearly perpendicular to the applied stress. Numerous
fractured filler particles are observed, in agreement
with the preferred crystallite alignment in the longi-
tudinai orientation of this grade, as indicated by
X-ray analysis,

The other three grades measured in this study also
exhibit only a single region of siow crack growth be-
havior. This region, characterized by high N values
{Table 3), is similarly observed cnly at large fractions
of these materials’ respective Kp's (Table 4). In adds-
tion, significant crack growth anisotropy is observed

Table 3. Room temperature slow crack growth

parameters
%109'2 Intercept
Grade Orientation (mjlle‘sec) Log A
580 L 215*14 -1304234
3492 L 198210 1192261
T 14913 ~ §03280
KE-16 L 15227 - 933=164
T 298222 -1B36=133
4029 i 226129 -1270+165
T 1B5%12 -1067267

Tabie 4. Stress iniensity values for the graphites

Fre ( *‘Iw,,)

3/2 —

Grade Otientarion (R ) _Biee
380 i 1.15 C.96
3499 L 1,00 0.96
T 1.5 0.93

¥R-16 L 1.36 0.9¢
T L1.43 0.97

4029 L 0.437 0.95
T 0.586 0.93

for grades 3499 and 4029. For isostatically molded
grade KK-16, crack growth is nearly isotropic with
regard to the toughness and stress intensities observed
during crack propagation.

In agreement with the preferred alignment of basal
planes in grade 3499, considerable slow crack growth
anisotropy also is observed (Fig. 8). As expected from
the crystallite orientation schematically depicted in
Fig. 2, the transverse orientation is tougher than the
longitudinal orientation. Fractography reveals that
crack front-microstructural interactions are respon-
sible for this anisotropy, as extensive cleavage of the
large petroleumn coke particles is apparent in the
longitudinal orientation (Fig. 9a). In contrast, the
transverse fracture surfaces reveal extremely torivous
crack paths, including regions in which filler particle
fractures appear to be perpendicular to the layer
planes (Fig. 9b).

As expected, slow crack growth in the isostatically
molded grade, KX-16, is nearly isotropic, with a

30“2: T E
- K1e=1.00 MN/m372 3
C Kye=h.20 MN/m3/2] ]
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Fiz. 8. Anisotropic slow crack growth in grade 3499,
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Fig. 9. {a) Filler particie cleavage in longitudinal orienta-
tion of grade 3499; (b) Across particle fracture in transverse
arientation of grade 3499,

slightly tougher transverse orientation (Fig. 10). In
contrast to the sharp differences in morphology of the
transverse and longitudinal fracture surfaces for 3499,
there is little apparent difference between the longi-
tudinal (Fig, 11a) and transverse (Fig. 1ib) [racture
surfaces of KX-16. Fracture in this “isotropic” graph-
ite is a combination of binder phase failure and the
transgranular [racture of the fine-grained filler par-
ticles.

In direct conirast to the X-ray analysis, which indi-
cates negligible preferred basal plane alignment, the
lampblack-filied grade, 4029, exhibits strong slow
crack growth anisotropy, the highest of any grade
investigated (Fig. 12). Examination of the {racture sur-
faces reveals that the crack path lies exclusively in the
binder phase for the longitudinal orientation
(Fig. 13a). In contrast, numerous crack interactions
with asymmetric “particles” are clearly observed in
the tougher, transverse orientation (Fig. 13b). Inter-
action takes the form of particle {racture and exten-
sive particle-binder interfacial failure, chipping of par-
ticle edges and occasional particie puilout from the

1
w

binder matrix. A coroliary SEM study of the pre-
formed lampblack filler used in the fabrication of this
graphite identified the asymmetric “particles” as
agpregates composed of lampblack and binder {Fig.
13¢) which are produced during the preforming pro-
cessing step. The aggrepates, which are composed of
discrete polycrystalline lampblack particles in a
binder matrix, appear as an isoiropic entity in X-ray
analysis {due to the absence of any crystallite align-
ment in the individual lampblack particles} despite
some preferential alignment of the asymmetric par-
ticles in the artifact.

The asymmetric aggregates are preferentially
oriented during the “uniaxial” molding process, in a
manner similar to the individual crystallites shown in
Fig. 2. This alignment leads to extensive crack-
aggregate interaction for crack growth in the trans-
verse orientation, while crack propagation in the
longitudinal orientation occurs exclusively in the
weaker binder phase.

From the extensive SEM fractography, some gen-
eral micromechanical features appear to be common
to all of the graphite materials observed here. Al-
though the fracture path intersects pores of all sizes, it
does not appear to preferentially seek out pores. Also,
microcrack density increases, due to the crack tip
stress field, appear to be minimal. Striations or mic-
rocracks visible in the petroleum coke filler particies
are inherent structural features That probably result
from thermal stresses during graphitization and sub-
sequent cooling. In the longitudinal orientation of the
petroleum coke artifacts, only those petroleum coke
particles where the basal cleavage planes are nearly
perpendicular to the applied stress are visible. This
suggests that the crack is frequently deflected around
mis-oriented coke particles and propagates through

50-231 T T T T ]
o 3/2 T R
| K1e=1.36 MN/m % K1c1.63 MN/m372
— —‘L‘- A ud

~ 1073 ° & :
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Fig. 0. Near-isotropic slow ¢rack growth in grade KK-16.
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Fig. 11. (a) Longitudinal {racture surface of grade K¥K-16:
{b) Transverse fracture surface of grade KK-16.

the binder phase. In the transverse orientation, how-
ever, particle fractures are quite numerous. Addition-
ally, the tortuous crack path in the transverse orienta-
tion clearly substantiates that crack defiections
around filler particles are quite common. Apparently,
a combination of energy considerations and crystallite
orientation determines whether a particle fractures or
crack deflection around filler particles occurs in these
materials.

Similar considerations apply to the lampblack-filled
grade, 4029. Exclusive binder phase failure in the
longitudinal orientation suggests that crack path de-
flections around the “preform” lampblack aggregates
Is energetically more favorable than aggregate frac-
ture. In contrast, due to the asymmetry of the aggre-
gates and their spatial distribution, the crack [re-
quently fractures aggregates in the transverse orienta-
tion. It is important to note that, although the
number of fractured aggregates is not large, this
factor, coupled with a more tortuous crack path due
to numerous deflections around aggregates, results in
4 substlantial increase in toughness. For the lamp-
black material, therefore, processing and resultant

J. L. Woon, R. C. BRaDT and P. L. WALKER, JR.

aggregate orientation is of prime importance in
determining fracture path and, consequently, the
toughness. One might speculate that this material
would exhibit isotropic behavior if processing of the
preform completely excluded the aggregate particles.

The slow crack growth data for the graphites stud-
ied here are combined with available literature values
for three other types of carbons in Fig. 14; (a) glassy
carbons [20], (b} two phase artifacts, including a car-
bon refractory brick [21] and polycrystalline graph-
ites {this study, 5}, and (c) a pyrolytic graphite [22].
These three types of carbon can be characterized
roughly as follows. Glassy carbons contain small,
pooriy-aligned crystallites with extensive cross-linking
between them. These single phase carbons exhibit iso-
tropic properties and the lowest toughnesses. Carbon
artifacts are composites, consisting of two phases, a
binder and a filler. The crystallite size and alignment
in each of these two phases depends upon the process-
ing and the precursors used to prepare the phases,
For the artifacts considered in Fig. 14, there is a range
of crystallite sizes, at ieast in the filler phase, but the
size in each case {ar exceeds that of the glassy car-
bons. Antisotropy in toughness depends upon the
extent of ¢rystallite and/or filler particle alignment in
these artifacts. Single phase pyrolytic graphite is
characteristic of the other extreme, ie. large, highly-
aligned individual crystallites with negligible cross-
linking between crystallites. This material exhibits
properties which are highly anisotropic. When a crack
is propagating across (or transverse} to the crystallite
basal planes, pyrolytic graphite appears to be the
toughest form of these three types of carbon.

In summary, single phase glassy carbons are the
lowest toughness form of carbon. Single phase, highly
crystailine pyrolytic graphite, fractured in a direction
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Fig. 12, Anisotropic slow crack growth in erade 4029,




artticel cruck growth in fine grained polyerysiadling

Fig. 13. (a} Longitudinal fracture surface of grade 4029, showing exclusive binder phase failure; (b)
Transverse fracture surface of grade 4029. showing [racture of lampblack-binder aggregates; {c) As-
received asymmetric lampbiack-binder aggregate filler of grade 4029,

transverse to the crystaliite basal planes, is the tough-
est form of carbon. “Composite™ two phase graphites,
a combination of the two extremes in varying degree,
consist of a less-crystalline phase (binder) and a crys-
talline one {filler). The actual toughness and (K i~V
behavior of these “composites” are dependent upon
the relative fractions of the two phases, anisotropy in
the artifacts, and porosity.

4. SUMMARY AND CONCLUSIONS

The room temperaiure suberitical crack growth of
four comrmercial polycrystailine graphites was studied
by the double-torsion method. A single region of slow
crack growth behavior was observed in all materials
at large fractions of their respective [racture toughness
values, suggesting that crack growth is primarily gov-
erned by mechanical processes.

Preferred crystallite alignment in a petroleum coke-
based graphite produced a tougher transverse orienta-
tion, In the longitudinal orientation, cleavage of suit-
ably oriented filier particles and binder phase failure
were observed. In the tranmsverse orientation, trans-

verse filler particle fractures and tortuous crack path
deflections around filler particies were quite common.

Nearly isotropic slow crack growth behavior was
observed in an isostatically molded petroleum coke-
filled graphite. Fracture in this graphite occurred by a
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Fig. 14. Slow crack growth behavior of some carbons and

oraphites: (a} ghassy carbons [203, (b} two-phase carbon

and graphite artifacts {this study, 5, 21), and (c} pyrolytic
graphite [22].
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combination of binder phase failure and the trans-
granular fracture of the fine-grained filler particles.

Preferred alignment of asymmetric lampblack
aggregates produced a tougher transverse orientation
in a lampblack-filled graphite. Crack propagation in
the longitudinal orientation of this graphite occurred
exclusively in the binder phase. In contrast, fractured
lampblack-binder aggregates and a more tortuous
crack path were observed in the tougher transverse
orientation.
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