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Application of an indentation method to the 
fracture mechanics study of a polycrystalline 
graphite 

T. M I Y A J I M A ,  M. INAGAKI ,  M. SAKAI 
Department of Materials Science, Toyohashi University of Technology, Tempaku-cho, 
Toyohashi 441, Japan 

None of the conventional indentation techniques are applicable to carbon and graphite 
materials for determining fracture mechanics parameters because of the difficulty in 
introducing well-defined median/radial cracks. A novel indentation method is proposed in this 
work for fracture mechanics studies and then applied to a polycrystalline graphite fracture. The 
most prominent advantage of the indenter designed is that the residual stresses beneath the 
indentation impression, which prevail in conventional indentation methods (Knoop and 
Vickers indentations) and lead to crucial difficulties in fracture mechanics analysis, are 
negligibly small. This makes possible a quantitative study on the microstructural interaction 
between the indentation-induced micro-flaw and the natural intrinsic flaws of the material. 
The dependence of flexural strength of a polycrystalline graphite on the indentation-induced 
surface flaw size is also discussed by examining the microstructural scaling transition of 
fracture origin from the indentation-induced to the intrinsic flaws with diminishing indentation 
surface flaw. An important role of the Mrozowsky micro-crack system in the scaling transition 
is emphasized. 

1. In troduct ion  
Numerous fracture mechanics techniques are avail- 
able for studying the fracture behaviour of poly- 
crystalline graphite materials, among which both 
compact tension (CT) and single edge-notched bend 
(SENB) methods are most conventional in laboratory 
work, not only because of the ease of machining and 
testing but also because exact expressions exist for 
their stress intensity factors (K0 as a function of crack 
length [1]. Both CT and SENB specimens are classi- 
fied as "macro-notched" from the viewpoint of the 
dimension of the notch introduced, in contrast to 
"micro-cracked" specimens with micro-flaws induced 
by indentation methods. One of the most significant 
advantages of micro-flaw techniques is that the tough- 
ness can be measured for flaws with a similar size to 
the strength-controlling natural flaws existing in the 
microstructure of the material. A prominent difference 
must be recognized between fracture processes taking 
place at macro-crack and micro-flaw fronts. The 
micro-crack front passes only a few grains at incipient 
cracking, while the macro-crack front encounters nu- 
merous grains and grain boundaries not only at in- 
cipient cracking but also during crack extension. 
Hence, the information obtained from indentation- 
induced micro-flaws will be more straightforward and 
significant in some cases for discussing the fracture 
behaviour of strength-controlling natural flaws in 
brittle materials than that obtained from macro- 
notched specimens. In fact, a finite difference in frac- 
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ture toughness values obtained lu macro- and 
micro-cracks has been reported in some ceramic sys- 
tems [2] because of a significant difference in micro- 
structural interactions at macro- and micro-crack tips 
[3, 4]. 

Surface flaws with controlled size and shape can be 
introduced into a brittle material by a sharp hardness 
indentation [5-7]. Two major indenter geometries for 
introducing controlled surface flaws have been the 
Knoop and Vickers configurations, for they are com- 
mercially available. The Knoop indentation gives the 
damage of a single crack, which makes it more amen- 
able to fracture mechanics application to a surface 
flaw [8]. The Vickers geometry, which produces two 
cracks at right-angles, makes it much easier to intro- 
duce well-defined surface flaws on a brittle material 
surface, though the stress-strain field around the in- 
dentation impression is rather more complicated than 
that of Knoop. The dimensions of the impression and 
the flaws induced are readily controlled to a high 
degree of reproducibility by controlling the contact 
load. 

A specific feature of the sharp indenter pattern is the 
plastic central zone and associated residual stresses 
beneath the immediate contact area [9]. A major 
concern in indentation-induced micro-crack tech- 
niques for determining fracture toughness has been 
how to deal with the residual stress field produced by 
the indentation, because of the very complex elastic/ 
plastic stresses generated in these crack systems [10, 11]. 
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Micro-flaw techniques for determining fracture 
toughness are basically classified into two categories: 
one is the controlled surface flaw (CSF) method [12], 
and the other includes the indentation microfracture 
(IM) 1-13 15] and indentation strength-in-bending 
(ISB) [16] techniques. The former technique (CSF) has 
a well-defined expression t'or the stress intensity factor 
(K 0 of the micro-flaw [12] which makes the fracture 
toughness determination quantitative, if the residual 
stress induced by the indentation can be removed 
completely in advance of the fracture toughness test 
1-12]. It is always applicable when the shape and 
dimensions of the indentation-induced surface flaws 
are defined well in the fracture test. The latter tech- 
niques (IM and ISB), on the other hand, are always 
based on semi-empirical expressions [-13-16] which 
lead to a qualitative evaluation of the fracture tough- 
ness in some brittle ceramics, and to difficulty in their 
application to some other ceramic materials including 
carbon, graphite and their composite materials. 

The most attractive advantage of the IM method 
may be in the specimen size requirement, dimensions 
as small as 5 mm x 5 mm x 5 mm being enough for 
determining the fracture toughness: In addition, the 
IM method does not require any time-consuming and 
complicated procedures for machining the fracture 
mechanics test specimens. An optically smooth surface 
obtained by polishing is the only requirement before 
the fracture toughness test. However, it is almost 
impossible to use either the IM method or the ISB 
technique if the induced flaws cannot be identified as a 
well-defined median/radial or Palmqvist crack system. 
This suggests that the fracture toughness determined 
by IM or ISB methods should only be accepted with 
some degree of caution in the absence of any experi- 
mental identification of median/radial or Palmqvist 
crack systems. Upon applying indentation techniques 
to carbon and graphite materials for determining their 
fracture parameters, we are faced with a very crucial 
difficulty. The stress singularity at the sharp indenter 
tip of a Vickers or Knoop hardness tester introduces 
by no means well-defined median/radial or Palmqvist 
cracks into carbon and graphite materials. Even in 
glassy carbon, the most brittle carbon material, it is 
very difficult to generate indentation-induced radial 
cracks [17]. None of the conventional IM or ISB test 
designs can be applied to the toughness determination 
of any carbon or graphite material. 

The major intent of the present work is to propose a 
modified indentation method for determining the frac- 
ture toughness, K~c, of a polycrystalline graphite ma- 
terial, and to address the microstructural interaction 
between strength-controlling micro-flaws and the 
graphite microstructure. In the novel indentation 
method used, troublesome procedures for notching 
~/nd precracking are not required. 

2. Experimental procedure 
An isotropic polycrystalline graphite, IG-11 (Toyo 
Tanso Co. Ltd) was used for the present study. It was 
made of coke grains less than 15 gm in diameter and 
pitch binder through isostatic pressing, baking and 

then graphitization. The microstructural character- 
istics include a mean pore size of 5 gin, bulk density of 
1.76 gcm -3 and a porosity of 15%. 

Three-point bend specimens of width (W) = 8 mm, 
thickness (B) = 8 mm and length (L) = 72 mm were 
used for fracture mechanics tests. The tensile surface of 
the three-point bend specimen was polished to a 
mirror surface using emery papers (SIC, No. 600). In 
order to introduce a single controlled surface flaw on 
the polished surface, the novel sharp indenter shown 
in Fig. 1 was designed. The indenter tip was made of a 
hard steel plate (thickness = 0.5 mm) by machining a 
semi-circle (radius = 2.85 mm) with a sharp periphery 
(tip radius < 5 gm). This indenter is so thin and so 
sharp that the induced residual plastic stresses around 
the indentation flaw on the graphite surface are pre- 
sumed to be negligibly small, which allows us to 
calculate the fracture toughness (K~c) without any of 
the ambiguities associated with compressive residual 
stresses induced by conventional indenters such as 
Knoop and Vickers. The surface flaw was generated 
by a hardness tester (Akashi Co. Ltd, AVK-AII). The 
relationship between the major and minor axes (c and 
a) of the semi-elliptical surface flaw introduced into 
the graphite surface is shown in Fig. 2. By changing 
the indentation load (Pi) from 200 g to 10 kg, the 
induced indentation flaw depth (a) was controlled 
from 20 to 640 gm. The indented surface flaw planes 
orient perpendicular to the tensile stress of the three- 
point bend configuration. 

The flaw length (2c) was optically measured on the 
surface after indentation. Because of the difficulty in 
determining the precise flaw depth (a) on the fracture 
surface after the flexural test, a was calculated using 
the observed c-value and the following expression for 
a (mm) and c (mm) of the indenter ellipse (see Fig. 2): 

a = 2.85 - (2.852 - c2) 1/2 (1) 

Three-point flexural tests were conducted over a load- 
ing span (S) of 60.0 mm ( S / W  = 7.5) at room temper- 
ature in air. The displacement-controlled testing 
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Figure 1 Semi-circular indenter design (dimensions in mm). 
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Figure 2 Interrelationship between major and minor axes (c and a) 
of the surface flaw generated by the indenter, 

machine was operated at a crosshead speed of 
0.5 mm min-  1. 

The flexural strength (or) was calculated from 

of = 3 P f S / 2 B W  2 (2) 

where Pr is the flexural load at failure and S, B and W 
are the loading span, thickness and width of the 
flexural specimen, respectively. The fracture toughness 
(Kic) was determined by the use of the strength (Or) of 
flexural specimens with a semi-elliptical indentation 
surface flaw via the following expression proposed by 
Newman and Raju [18]: 

Kit = F (a/c, a /W)  Uf(ga) 1/2 (3) 

where the shape factor, F (a/c, a /W),  is 0.90 _+ 0.03 for 
0.1 < a/c < 0.35 and a/W<<l. The numerical detail of 
the shape factor is given in the stress intensity factors 
handbook [19]. It was confirmed by comparing the 
obtained fracture toughness values with those evalu- 
ated with conventional fracture mechanics specimens 
(SENB and CT specimens) that the residual com- 
pressive stresses around the indented surface flaw have 
no effect on the toughness value measured. 

3 .  R e s u l t s  
The interrelationship of indentation load (Pi) with the 
induced surface flaw size (half-length of major axis (c) 
of the semi-ellipse) is demonstrated in Fig. 3. The logc 
versus logPi relation is described by a straight line 
with a slope of 0.42. This is completely different from 
the values for median/radial and Palmqvist crack 
systems induced in brittle ceramics by a Vickers in- 
dentation, where the slope should (for example) be 2/3 
for the median/radial crack system. 

The flexural strength (o 0 versus flaw size (a) relation 
is plotted in Fig. 4. Open and solid circles stand for 
failures from the indentation flaws and from inherent 
natural defects (faws), respectively. The hatched zone 
on the ordinate marks the variation of the strength 
(o~') controlled by inherent natural flaws. The broken 
line having a slope of - � 8 9  is calculated from 
Equation 3 assuming a fracture toughness (Kit) of 
0.90 MPa m 1/2. A well-known fracture mechanics rule, 
i.e. of oc 1/a 1/2, holds only in the range of sufficiently 
large flaw size (a > 0.5 ram). The log of versus loga 
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Figure 3 Dependence of the induced flaw size (c) on the indentation 
load (Pi). 
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Figure 4 Flexural strength change (tyf) with the depth (a) ofindenta- 
tion-induced surface flaw. Closed circles and the hatched region on 
the ordinate are, respectively, the flexural strength and its variation 
for failures from intrinsic natural flaws. 

relation deviates from the �89 power law with decreasing 
flaw size. It is likely to converge to a strength plateau 
in the limit of a small flaw. This plateau strength 
coincides with the inherent strength, o~'. 

4 .  D i s c u s s i o n  
4.1.  F rac tu re  t o u g h n e s s ,  Kic 
Two of the present authors and their co-workers 
[20-22] have studied extensively the determination of 



fracture mechanics parameters (for example the frac- 
ture toughness (Kic), crack growth resistance (KR) , 
critical J-integral (Jir and the potential energy-de- 
rived fracture toughness (R)) for polycrystalline gra- 
phite materials using conventional fracture mechanics 
specimens with a "macro-notch", such as CT and 
SENB specimens. The major results obtained so far 
for the present polycrystalline graphite (IG-11) are: 

(a) the fracture toughness, K~r determined at 
"crack initiation" is 0.74 + 0.11 MPamX/2; 

(b) the Irwin similarity relation Jtc = K2r holds, 
while the load displacement relation is not linear even 
for loads much less than the failure load; 

(c) the historical dependence of crack-growth resist- 
ance (KR), which has been referred to as "R-curve" 
behaviour, exists. There is a rapidly rising R-curve 
behaviour at the initial stage of crack extension 
(0 < Aa < 1.5 ram), followedby a toughness plateau 
(K[ )  at about 1.2 MPaml/2; and 

(d) the rising behaviour is dominated by grain 
bridging tractions between fracture surfaces developed 
behind a propagating crack tip. The toughness pla- 
teau corresponds to a steady-state crack bridging. 

The above results (c) and (d) on the rising behaviour 
of crack growth resistance (KR) implies that the ap- 
parent fracture toughness, KQ(Pmax) , which is conven- 
tionally determined by the use of peak load (Pmax) or a 
load for unstable failure, is always somewhat larger 
than the "true" fracture toughness, K~o, because 
of the finite extent of stable crack growth (Aa) before 
reaching Pmax- The K o value must fall between K~c 
( =  0.74 M P a m  1/2) and K~ ( = 1.2 MPaml/2). In 
fact, the KQ values measured on SENB and CT speci- 
mens at failure load are 0.9 4- 0.1 and 1.1 
4- 0.1 MP~t m 1/2, respectively, the difference being de- 

pendent on the difference in the crack growth stability 
for each specimen geometry which results in a differ- 
ence in crack extension (Aa) before the load reaches 
Pmax �9 

On applying the CSF method to fracture toughness 
measurement, we have to recognize the complication 
associated with rising R-curve behaviour, for the frac- 
ture toughness calculation must be conducted from 
the load for unstable failure (Pmax) rather than for 
incipient crack extension (Pc), in addition to the com- 
pressive residual stress problem introduced by in- 
dentation. As shown, and described in the preceding 
section, the fracture toughness determined in the �89 
power law region in Fig. 4 is 0.90 4- 0.03 M P a m  1/2, in 
excellent agreement with values for the SENB design. 
We should note here that none of the treatments for 
eliminating residual stresses around the indentation- 
induced crack have been conducted in advance of 
fracture tests. This exhibits a significant contrast to the 
results of CSF techniques applied to ceramic materials 
With Vickers or Knoop indentation-induced surface 
flaws, where the residual stress around the indentation 
impression results in apparent toughness values of less 
than 30 to 40% of the true toughness [7, 12]. A good 
agreement between fracture toughness values ob- 
tained by the CSF method in the present work and by 
the conventional SENB method suggests that the 
residual stress induced by the present novel indenter 

tip (Fig. 1) is too insignificant to affect the experi- 
mentally determined fracture toughness. We should 
notice an important difference in the tip geometry 
between the present novel indenter and the Vickers or 
Knoop indenter: the former applies the indentation 
load on a sharp line, while the latter does so on a finite 
area which easily produces compressive residual stres- 
ses beneath the impression. 

4.2. Microstructural  interact ion between 
indenta t ion- induced and intr insic 
microf laws 

As represented by the Mrozowsky crack system, poly- 
crystalline graphite materials have numbers of micro- 
cracks, defects and micropores with a wide range of 
dimensions and geometries [23, 24]. These micro- 
cracks comprise intrinsic cracks and pores included in 
filler coke grains as well as those formed by thermal 
mismatch and crystallographic volume change, in- 
duced by both carbonization and graphitization pro- 
cesses. The dimensions of microcracks range from 0.01 
to 500 lain in high-density polycrystalline graphites 
with a fine microstructure. The strength-controlling 
microcracks must be the largest (weakest) cracks of all 
cracks pre-existing in the microstructure. The dimen- 
sions of the weakest crack, i.e. the strength-controlling 
natural crack of the present graphite (IG-11), can be 
estimated from the fiexural strength (or* = 38 MPa) of 
a non-indented specimen with a smooth surface and 
the fracture toughness (K~c = 0.90 MPa m 1/2) through 
the fracture mechanics equation (Equation 3), yielding 
a* = 0.2 mm and c* = 1.0 mm as an equivalent sur- 
face flaw (the semi-elliptical surface crack illustrated in 
Fig. 2). It is very interesting to note that the strength- 
controlling natural flaw sizes (a* and c*) have the 
same order of magnitude as those of indentation- 
induced surface flaws in the CSF method used in this 
work, i.e. 0.02 < a < 0.7 mm and 0.34 < c < 1.8 mm. 

As stressed in the foregoing section, with progress- 
ively diminishing indentation-induced flaw size, a 
deviation from the �89 law in the log ~f versus 
log a relation (see Fig. 4) is observed, followed by a 
strength plateau. In this regime of microstructural 
scaling transition, the failure strength ((rf) is generally 
described by 

q(a) Kic(macro) 
(Yf = F(xa)l/2 (4) 

where the frontal factor, rl(a), describes the details of 
scaling transition behaviour, that is the "path of trans- 
ition". The shape factor of the flaw is given by F. 
K~c(macro) stands for the fracture toughness deter- 
mined by the use of a crack or flaw large enough 
compared to the size of natural flaws which control 
the intrinsic strength, i.e. a>>a*. An alternative ex- 
pression for the scaling transition in the crf versus a 
relation in the region a ~ a* may be made by using 
the apparent flaw size, aapp: 

K~c(macro) 
~f  - -  F(Tr, aapp)l/2 (5) 
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where aapp is linked to the real crack size (a) by aap p 
= a/qe(a). 

In the diminishing flaw region (a<<a*), the natural 
flaw (a*) dominates the failure strength, thence giving 
the strength plateau at cy~': 

Kit(micro) 
O ~ -  F(Ka,)l/2 (6) 

where Kit (micro) is the fracture toughness which 
controls the critical load or stress level for unstable 
crack extension of the inherent micro-flaw. The differ- 
ence between KI~ (macro) and K~c (micro) comes basi- 
cally from the differences in fracture processes and 
mechanisms which occur at macrocrack and micro- 
crack fronts of polycrystalline materials, as discussed 
in the preceding section. 

Consider an indentation-induced surface flaw with 
a depth a on a polished surface of polycrystalline 
graphite. If the indentation flaw size (a) is sufficiently 
larger than that of the inherent natural flaw, a*, then 
the failure strength (~f) is evidently controlled by the 
indentation flaw; the macroscopic fracture toughness, 
K~c (macro), which reflects the normal polycrystalline 
fracture process, will be supposed to determine the 
critical stress for unstable crack extension as des- 
cribed by 

Kit(macro) 
o f -  F(rta)l/z (4') 

In the extreme of a<<a*, on the other hand, it is 
assumed that the inherent flaw (a*) dominates the 
graphite strength, so that the failure may be described 
by the microscopic fracture toughness (K~ (micro)) 
reflecting the critical crack surrounded by few grains, 
the failure strength being described by Equation 6. 

This phenomenological consideration of two ex- 
treme cases of the strength versus flaw-length relation 
leads again to the important n o t i o n  of a scaling 
transition of the fracture origin at a ,~ a* from a to a*. 
A possible expression which unifies the of versus a 
relation over a wide range of flaw size might be 
developed by combining the two extreme strength- 
flaw-size relationships: Equation 4' for a/a*>> 1 and 
Equation 6 for a/a*<< 1, and considering the "path of 
transition": 

Kl~ (macro) 
(Yf  : F[~(a + a*)] 1/2 (7) 

where the characteristic flaw size, ~*, is given by 

~* = kZI(a/a*)a * (8) 

using the true value (a*) of the strength-controlling 
inherent flaw size. In Equation 8, k = K~c (macro)/K1o 
(micro), and the microstructural interaction function, 
I(a/a*), is a dimensionless function varying from 0 (for 
a/a*>>l) to l (for a/a*<< 1). Equation 7 satisfies both 
the extreme expressions of Equations 4' and 6 as well 
as the "path of transition" through the interaction 
function, l(a/a*). 

We have no physical insights into the functional 
form of I(a/a*) for the present graphite material. 
However, the empirical determination of the I(a/a*) 
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function and an insight into its physical significance 
aid an understanding of the essential role of the 
polycrystalline graphite microstructure (Mrozowsky 
crack system) in the relationship of strength with flaw 
size. The experimentally fitted solid curve in Fig. 4 
combined with Equations 7 and 8 provide the empir- 
ical 1(a/a*) function for the graphite as demonstrated 
in Fig. 5, where use has been made of the assumption 
that KIo (micro) = K~c (macro) ( = 0.90 MPa m 1/2) for 
simplicity. 

Comparing Equation 7 with Equation 5, the appar- 
ent flaw depth (aapp) c a n  be expressed by 

a a p  p = a + ~7" (9) 

It is always larger than the true crack length, a, i.e. 
aap p > a whenever microstructural interaction exists 
because ~* ~> 0 via k ~> 0 and l(a/a*) > 0 in Equation 
8; rnicrostructural interaction then results in a 
strength somewhat lower than that estimated from the 
true crack length, a, namely, the deviation from the 
1-power taw in Fig. 4 with decreasing flaw dimension 
arises. 

The increased apparent crack length aapp may re- 
flect the coalescence of cracks a and a* through a 
microfracture mechanics interaction. The extent of 
this interaction is evidently affected by the geometrical 
separation, r(a, a*), between these cracks, a and a*, 
two of the extreme cases being shown in Fig. 6~t for a 
dilute intrinsic crack system where r(a, a*)>>a and a*, 
and Fig. 6b for a concentrated crack system where r(a, 
a*) ~ a and a*. In the former crack system, the flaw (a) 
introduced at the surface seldom meets geometrically 
with the intrinsic natural flaws (a*), implying no frac- 
ture mechanics interactions with each other; there is 
then a sharp transition in the strength at a = a* from 
the �89 law region (o e oc/a 1/2) to the strength 
plateau at cyf = o~' (see broken lines in Fig. 4), corres- 
ponding to the sharp transition of the strength- 
controlling flaw from a to a* [-25]. In such a non- 
interacting crack system, the I(a/a*) function should 
be expressed by using the Heaviside step function 
H(x): 

1.0 

"~ o.s 

I I I 

I I I 

0 1 2 3 
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Figure 5 Interaction function l(a/a*) (Equation 8) for polycrystal- 
line graphite. Broken lines represent the I(a/a*) function of the non- 
interacting system. The hatched area demonstrates the micro- 
structural interaction between strength-controlling flaws in the 
graphite. 
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Figure 6 Apparent flaw concept and microstructural interaction between the indentation-induced surface flaw and the intrinsic flaws in (a) a 
dilute (non-interacting) and (b) a concentrated (interacting) crack system. 

where H [1 - (a/a*)] becomes zero for a/a* > 1 and 
unity for a/a* < 1, and use has been made of the 
assumption that k = 1. The l(a/a*) function of Equa- 
tion 10 is shown in Fig. 5 by broken lines. The differ- 
ence between the observed (solid line) and the non- 
interacting transitions (broken lines) which is marked 
by a hatched area demonstrates the microstructural 
interaction existing in our polycrystalline graphite 
material. 

The apparent flaw in a concentrated crack system 
depicted in Fig. 6b typifies the microstructural inter- 
action between the indentation induced crack and the 
intrinsic Mrozowsky crack system of our graphite. 
The increment in the apparent flaw size, Aa ( = aapp 
- a - ci*), not only includes the real dimension of the 

intrinsic flaw (a*) but also reflects the microfracture 
mechanics effect. 

Cook et al. [26] have made a study of the strength 
characteristic as a function of the relation of crack size 
to grain size, using controlled Vickers indentation 
flaws in polycrystalline aluminas, barium titanates 
and glass ceramics. With progressively diminishing 
indentation load, they observed a steady increase in 
strength followed by a strength plateau as the crack 
size approached the characteristic grain size, similar to 
the strength transition in the present work. To de- 
scribe this transition, they extended the conventional 
ISB technique to account for the microstructural effect 
by introducing a "micro-structural driving force", and 
then concluded the existence of a "microstructural 
R-curve", signifying a steady decrease in apparent 
fracture toughness with diminishing indentation- 
induced flaw size. A similar study addressing this 
microstructural R-curve behaviour was also conduc- 
ted by Usami et al. [27]. In contrast to these apparent 
fracture toughness approaches to the microstructural 
scaling transition in the strength versus flaw-size rela- 
tionship, apparent (or effective) crack length ap- 
proaches as investigated in the present work have 
been conducted by Neuber [28], Smith [29] and 
Tanaka [30]. The most essential feature of our model 
is that the transition of the strength-controlling frac- 
ture origin is included explicitly in the apparent flaw- 
size approach. 

5. Conclusion 
As is well known in the application of the indentation 

method to fracture toughness determination, the in- 
dentation-associated plastic residual stresses around 
the impression always bring difficulties in the fracture 
mechanics analysis. In addition, upon applying the 
indentation technique to carbon and graphite mater- 
ials, the sharp indenter tip of a Vickers or Knoop 
hardness tester makes by no means a well-defined 
medial/radial crack system, implying that none of the 
conventional IM and ISB test designs are applicable 
to toughness determination. 

To overcome these difficulties in carbon and gra- 
phite fracture science and engineering, a sharp in- 
denter tip with a thin semi-circular plate having a 
sharp periphery was designed. It applies the indenta- 
tion load on a sharp line of the specimen surface, 
instead the conventional Knoop and Vickers load on 
a finite area. It was revealed that the line-like impres- 
sion introduced to the surface of polycrystalline gra- 
phite material does not produce plastic residual 
stresses around the impression, making it possible to 
determine the fracture toughness by the CSF tech- 
nique without polishing the residual stresses out of the 
indented surface. Because of the absence of indenta- 
tion-induced residual stresses, microstructural inter- 
action between the indentation and the natural flaws 
could be qualitatively studied by examining the de- 
pendence of the flexural strength (~f) of a polycrystal- 
line graphite on the indentation-induced surface flaw 
Size (a). The strength changes with 1/a 1/2 in the region 
of large flaws (a > 0.5 mm), whilst it deviates from the 
1/a 1/2 relation with progressively diminishing indenta- 
tion-induced flaw size, converging to a plateau in 
strength. The transition in strength from the 1/a 1/z 
regime to the plateau results from the transition in the 
strength-controlling flaw from the indentation- 
induced flaw (a) to the intrinsic natural flaw (a*) of the 
graphite. 

The micromechanics interaction between a and a* 
dictates the "path of transition" in the strength versus 
flaw size relation. In this work, the apparent flaw 
concept was applied to discussing the micromechanics 
interaction of strength-controlling flaws. 
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