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Effect of Coarse-grain Contents on Strength and Fracture Toughness of
Fine-grained Graphite
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Taketoshi ARAI", Kimio HAYASHI and Takashi KONISHI'

Department of Advanced Nuclear Heat Technology
Oarai Research Establishment
Japan Atomic Energy Research Institute
Oarai-machi, Higashiibaraki-gun, Ibaraki-ken

(Received January 19, 2001)

To investigate the effect of the coarse-grain content on strength and fracture toughness of
fine-grained graphite, bending and fracture toughness tests were conducted for specimens with
different contents of coarse-grains. In the study the standard specimen was made of fine-grained
isotropic graphite (IG-11) with a mean grain size of 20 » m, and two kinds of different grain size
specimens were prepared by 20 and 40% mixing of coarse-grains with a mean grain size of 125 »
m. The bending test revealed a strength increase for the 40% specimen with a small deviation
compared with that for the standard specimen. As for the fracture toughness, two kinds of
fracture toughnesses were investigated on the basis of the crack initiation load and the maximum
applied load. The initiation load based fracture toughness for the 20% and 40% specimens was
higher than that for the standard one; however, the difference for the 20% and 40% specimens was
not observed clearly. These results suggest that the fracture toughness tends to saturate at a
relatively low coarse-grain content, which is below 20% in the present study. On the other hand,
the maximum load based fracture toughness increased with increasing coarse-grain content; thus
the difference with different coarse-grain contents was observed. Moreover, the present authors
applied a probabilistic strength model to the bending test results, using the pore size distributions
obtained by image analysis of microstructures observed by optical microscopy. The model had
been proposed by Burchell under uniaxial stress conditions, in consideration of pore size
distributions. The prediction by the present model indicated a good correlation with the
experimental results.
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Table 3.1 Specification of specimens.
Specimen IG-11 KX-9713 | KX-9714 | KX-9716
Coarse grain fraction 0 0 20 40
(%)
Block size (m) 1.0X1.0X1.0 0.11X019X0.22
Density (g/cm’) 1.76 1.74 1.75 1.75
Porosity (%) 22.1 23.1 22.6 22.8
Elastic modulus 132201 | 142402 | 146202 | 149+0.1
- (GPa)
Table 3.2 Results of 3-point bending tests.
Specimen IG-11 KX-9713 | KX-9714 | KX-9716
Coarse grain fraction (%) 0 0 20 40
Average bending strengh* 37.7 41.6 41.6 42.8
(09, MPa)
Standard deviation* 1.03 1.08 1.07 1.05
( 04, MPa)

* o0pand o0 4are derived from lognomal fitting to results of 3-point bending tests.
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Table 3.3 Weibull modulus(m) for 3-point bending test.

Specimens KX-9713 KX-9714 KX-9716

Coarse grain
fraction (%) 0 20 40
m 14.5 16.8 24.1

Table 3.4 Lognormal distribution parameters of pore size distributions measured by image
analysis.

Specimen 1G-11 KX-9713 | KX-9714 | KX-9716
Coarse grain fraction
0]
Observation area
(um?)
Average pore diameter
(So. um)
Standard deviation
(S¢v pm)

1.120% 10°

13.1 14.5 17.8 214

1.93 2.05 2.26 2.30
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Fig3.1 Specification of 3-point bending test.
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Fig.3.2  Stress-strain curves in 3-point bending tests of standard fine-grained specimens(IG-11),
cut from a large size block.



JAERI-Research  2001-005

50

=

o.

=
30

=

%]

@ 90

= §/

=

[-+]

5 f
10

0.0 0.2 0.4 0.6 0.8 1.0
Tensile strain (%)

Fig. 3.3  Stress-strain curves in 3-point bending tests of standard fine-grained specimens
(KX-9713), cut from a small size block.
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Fig. 3.4  Stress-strain curves in 3-point bending tests of 20% coarse-grained specimens
(KX-9714), cut from a small size block.
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Fig.3.5  Stress-strain curves in 3-point bending tests of 40% carse-grained specimens
(KX-9716), cut from a small size block.
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Fig. 3.6 Comparison of averaged stress - strain curves for differenet coarse grain fractions.
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Fig. 3.7 Comparison of bending moduli calculated from averaged stress - strain curves
for different coarse grain fractions.
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Fig. 3.8 Comparison of normal distirbutions of bending stresses for different coarse grain

fractions in 3-point bendig tests.
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Fig. 3.9 Comparison of normal distirbutions of bending strains for different coarse grain

fractions in 3-point bendig tests.
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Fig. 3.10 Example of curves for strain rate (KX-9713).
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Fig.3.11 Comparison of normal distributions of maximum feret diameter for different coarse
grain fractions.
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Table 4.1 Groove depth and initial notch length of specimens for fracture toughness tests.

Specimen IG-11 KX-9713 | KX-9714 | KX-9716
Coarse grain fraction (%) 0 10 20 40

Average (mm) 3.02 3.03 3.04 3.03
Standard deviation 0.02 0.02 0.03 0.02

Groove (mm)
depth Max. (mm) 3.09 3.08 3.13 3.07
Mim. (mm) 2.99 2.99 3.00 2.99
Average (mm) 0.20 0.17 0.17 0.17
Standard deviation 0.06 0.05 0.04 0.04

Slit (mm)
depth Max. (mm) 0.41 031 0.26 0.26
Mim. (mm) 0.10 0.10 0.08 0.10

Table 4.2 Comparison of results by optical microscopy (X 10) and SEM observation.

Specimen IG-11 | KX-9713 | KX-9714 | KX-9716
Average notch Optical 0.15 |- 0.15 0.13 0.19
length microscopy
(mm) SEM 0.14 0.16 0.14 0.17
Ratio (Optical microscopy / SEM) 1.07 - 0.94 0.93 1.12
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Table 4.3 Comparison of FEM result (two dimension) and analytical solution.

Method

FEM

Analytical solution

Fracture toughness, K;
(MPay m)

1.1

1.2

Table 44 Comparison of FEM results (three dimension) and analytical solution.

Method Fracture toughness
(Ki. MPay m)
- Side 1 0.9
FEM )
Mid 1.0
Analytical solution 12
(2dim.) )

Table 4.5 Relation between initial notch length and fracture toughness K.

Specimen IG-11
Specimen size (mm) 10X10X 60
Elastic modulus (GPa) 13.2
Poisson's ratio 0.14
Load (N) 200
Initial notch length, a (mm) 3.1 3.2 33 34
Fracture toughness, K; (MPaJ/ m) 0.99 1.16 1.23 1.27

— 24
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Fig. 4.1 Specification of fracture toughness test piece.

Fig. 4.2 Example of processing of initial notch.
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Fig. 4.3 Two dimensional finite element analysis(FEM) model in estimation of fracture

toughness.
- P oy=6M/W?
1 - (M=PS/4)
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Fig. 4.4 Analytical method in estimation of fracture toughness.
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Fig. 4.5 Relation between the fracture toughness (K) and the initial notch length
(a) divided by the specimen width (W).
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Fig. 4.6 Distribution of K over the thickness of FEM model.
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Fig. 4.7 Relation between the load-displacement curve and the load-differential strain curve

(KX-9716).
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Fig. 4.8 Relation between the load-displacement curve and the crack
opening-displacement(COD) curve(KX-9716).
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Fig. 49 Comparison of histories of the crack opening-displacement(COD) and the axial
strain(KX-9716).
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Fig. 4.10 Relation between the coarse-grained fraction and the ratios Po/Ppex and 6 o/ O max.
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Fig. 4.12 Relation between the initial notch length and Kjp,.
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Fig. 4.13 Example of the crack tip condition, just after the load Pmax.

Fig. 4.14 Another example of the crack tip condition, just after the load Ppax.



JAERI-Research 2001-005

[llll

Illlll

[ I L | ]
I [N AN N I (N
| [ [T I (.
| | SR I (I
—d 4 b HR RN TN AU DY
1 | | 1o I (-
1 d . T | [
g (A o 1 |
N [ [ 1 I
—d e - +zrf ekt e —
t | I O [ i |
! \\Ir._ o Pt i !
1 (I I T T R | (I
1 I [\ N Tead I (I
e 1 .ﬁ‘_}mw L
b N T | 1 P
! I A 1 | i I
T Eror Yy 1 i .
ST T T T e T it mialal mly
- = [ I | ._.o....;r 1 1 i 1]
e | N A P ] i
s | A R AR R Y 1 t ]
I D . SO L]
T T T T =T 7771 e R
| i e 1 1
| I [ T T 2 S S T B 1 i
] I [ T T A N TN T B ] I
JEVRPLI U U NS S WY SR O A U IO N B
0 =
(=)
t i
]
I
1

1

99. 99

(%) A3111qeqoid @alje|nuNg

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0095

.01

(ngam 1/2 )

Kmax
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Fig. 4.17 Example of the crack tip condition, after the load Pmax.

Fig. 4.18 Another example of the crack tip condition, after the load Ppax.
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Fig. 4.19 Relation between the bending strength and the fracture toughness(Kmax)-
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Table 5.1 Analytical parameter for survey about the number of the subdivision.

Case 1 2 3 4
Number of subdivision 100 300 500 700
Specimen KX-9713
Grain Average diameter ( 4 m) 20
Average diameter (2 m) 14.5
Pore Standard deviation (-) 2.05
Pore density (m?) 3.238X10°
Particle Kic (MPay m) 0.285

Table 5.2 Input data for preliminary analysis.

Specimen KX-9713 | KX-9714 KX-9716
Material block size (m) 0.11 X0.19X0.22
Coarse grain ratio (%) 0 20 40
Grain Average diameter 10 41 62
(pm)
Average diameter 14.5 17.8 21.4
(u m)
Pore | Standard deviation 2.05 2.26 2.30
_ )
Pore density (m?) | 3.238x10° | 2.260x10° | 1.504x 10°
Particle K;c (MPay/ m) 0.285




Table 5.3 Analytical parameters for the survey of the model sensitivity.
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Case Standard | Case-1 | Case-2 | Case-3
) Average size 20~
G
rain (m) 20 500 20 —
Average size 13.9 . - -
(um)
Standard deviation 0.5~
P . 1.
ore o 1.36 — 136 36
Density
(X 109 m-z) ) 3.238 - -
Kic (MPa+y m) 0285 | — = 0'208;”
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Fig. 5.7 Conceptual image of the calculation of 3-point bending condition.
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Fig. 5.8 Effect of the element size on the fracture probability in application to 3-point bending
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Fig. 5.9 Effect of the element size on the fracture probability in application to tensile tests
(Cumulative distributions).
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Fig. 5.11 Comparison of the normal distributions of fine-grained specimen (KX-9713).
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Fig. 5.14 Effect of the grain size on the analytical results of fracture probability of the
fine-grained specimens (KX-9713, Normal distributions).
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Fig. 5.15 Effect of the pore size on the analytical results of fracture probability of the
fine-grained specimens (KX-9713, Normal distributions).
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Fig. 5.16 Effect of the pore size distributions on the analytical results of fracture probability of
the fine-grained specimens (KX-9713, Normal distributions).
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Fig. 5.17 Effect of the grain size on the analytical results of fracture probability of the 20%
coarse-grained specimens (KX-9714, Normal distributions).
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Fig. 5.18 Effect of the pore size on the analytical results of fracture probability of the 20%
coarse-grained specimens (KX-9714, Normal distributions).
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Fig. 5.19 Effect of the pore size distributions on the analytical results of fracture probability
of the 20% coarse-grained specimens (KX-9714, Normal distributions).
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Fig. 5.20 Effect of the grain size on the analytical results of fracture probability of the 40%
coarse-grained specimens (KX-9716, Normal distributions).
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Fig. 5.21 Effect of the pore size on the analytical results of fracture probability of the 40%
coarse-grained specimens (KX-9716, Normal distributions).
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Fig. 5.22 Effect of the pore size distributions on the analytical results of fracture probability
of the 40% coarse-grained specimens (KX-9716, Normal distributions).
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Fig. 5.23 Effect of the estimated error in the image analysis on the normal distribution of the

strength.
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Fig. 5.24 Differences between the parameters of the lognormal fitting to the pore size
distributions in the fine-grained specimen (KX-9713).
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Fig. 5.26 Differences between the parameters of the lognormal fitting to the size
distribution of the 40% coarse-grained specimen (KX-9716).
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Fig. 5.27 Results of application of the present model considering the size distribution of
larger-side pores in the fine-grained specimen (KX-9713, Normal distributions).
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Fig. 5.28 Results of application of the present model considering the size distribution of
larger-side pores of the 20% coarse-grained specimen (KX-9714, Normal

distributions).
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Fig. 5.30 Effect of the grain size in the 3-point bending conditions.
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