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Graphite will be used as a structural and moderator material in next-generation nuclear reactors. While
the overall nature of the production of nuclear graphite is well understood, the historic nuclear grades of
graphite are no longer available. This paper reports the virgin microstructural characteristics of filler par-
ticles and macro-scale porosity in virgin nuclear graphite grades of interest to the Next Generation
Nuclear Plant program. Optical microscopy was used to characterize filler particle size and shape as well
as the arrangement of shrinkage cracks. Computer aided image analysis was applied to optical images to
quantitatively determine the variation of pore structure, area, eccentricity, and orientation within and
between grades. The overall porosity ranged between �14% and 21%. A few large pores constitute the
majority of the overall porosity. The distribution of pore area in all grades was roughly logarithmic in nat-
ure. The average pore was best fit by an ellipse with aspect ratio of �2. An estimated 0.6–0.9% of observed
porosity was attributed to shrinkage cracks in the filler particles. Finally, a preferred orientation of the
porosity was observed in all grades.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Graphite is an important component to the design of high-tem-
perature gas-cooled reactors. Many of these reactors use graphite
as a neutron moderator and/or structural component such as fuel-
and gas-coolant channels [1–3]. Graphite is a desirable material
because of its low neutron absorption cross-section and its high-
temperature strength [4]. During operation, material properties
and dimensions can change as a function of neutron irradiation
dose and temperature. Gradients in both temperature and dose
can lead to significant stress and distortion of the graphite compo-
nents. Over time these stresses and distortions, if unaccounted for,
can lead to failure of components, blockage of coolant channels,
and even restriction of control rod sleeves [5].

The nuclear graphite is typically a nearly isotropic polycrystal-
line material with its microstructure primarily composed of coke
filler and binder [6]. Most of the nuclear grades contain a petro-
leum- or pitch-based coke. Materials such as graphite are quite un-
ique in that variations in the coke type, quantity (relative to binder
and later densification impregnations), forming process, and heat
treatment processes can produce a relatively widespread distribu-
tion of initial properties and variation of graphite behavior under
irradiation [2,7,8].
ll rights reserved.
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Irradiation-induced changes in graphite are strongly linked to
the virgin microstructure of the graphite component [3,9]. The fil-
ler and binder phases, pore and crack microstructure, as well as
their relative quantities will significantly impact the dimensional
change, mechanical and thermal properties, and oxidation of the
graphite upon irradiation. Given the variability in graphite initial
properties, and consequently irradiation behavior, it is important
to establish a thorough understanding of the fundamental mecha-
nisms involved in irradiation-induced changes to properties and
dimensions [9–13]. This task is best accomplished through thor-
ough characterization of virgin and irradiated nuclear graphites.
This work focuses on virgin nuclear graphite characterization via
optical imagery and digital image analysis.

While digital image processing and digital image analysis have
been around since the 1960s [14], they have just recently become
more common in the nuclear industry. Image analysis has been
used to determine microstructural inputs for fracture models of
polygranular graphite [15] and more recently to characterize
porosity development under varying oxidation conditions [16].
Additionally, digital image analysis has been applied to 3D X-ray
tomography techniques to map density evolution in oxidized sam-
ples [17–19]. In this work image analysis is used to estimate 2D
parameters of the macro-porosity including area, perimeter, shape,
and orientation in virgin nuclear graphite grades. 2D image analy-
sis while somewhat restricted in terms of directly accessible
parameters, compared to a 3D analysis, is much quicker and capa-
ble of examining much larger samples. This allows for a detailed
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statistical description of the features of interest, which will greatly
benefit later irradiated and oxidized graphite characterizations.
2. Experimental

Nuclear graphite grades IG-110, PGX, NBG-18, and PCEA were
selected for characterization. NBG-18 and PCEA were chosen be-
cause of the Next Generation Nuclear Plant (NGNP) program’s
interest for high irradiation dosage regions of the Very High Tem-
perature Reactor (VHTR) [2,3]. IG-110 is a fine grained historical
reference grade which is currently being used in the HTTR and
HTR-10 and is in many ways similar to IG-430, also a high dose
candidate for the VHTR. PGX is a candidate grade for low dosage
regions of the VHTR reactor. Pertinent data regarding these grades
are presented in Table 1.

2.1. Sample preparation

Samples prepared for optical microscopy and pore analysis
were approximately 0.2 cm thick and had an observable surface
of approximately 2.25 cm2. To strengthen the graphite samples
Table 1
Grain size refers to filler particle size.

Grade Coke source Forming process

PGX Petroleum Molded
PCEA Petroleum Extruded
NBG-18 Pitch Vibration molded
IG-110 Petroleum Isostatic pressed

a Maximum diameter of filler particles.
b Average particle length.

Fig. 1. Basic image processing flow: (a) original colored micrograph, (b) grayscale microg
prior to contrast stretching and thresholding, (d) final binary image, this image is ran th
internally and prevent degradation of graphite pore walls and sur-
face flow during polishing, samples were impregnated with epoxy
resin and allowed to cure for 24 h. The graphite samples were
hand-polished with successively finer SiC abrasive paper to a final
grit of 1200. Next, samples were placed without additional weight
into a vibratory polisher and allowed to polish for 3 h in a 0.3 lm
SiC water-based suspension. Upon completion, samples were
cleaned with deionized water to remove remaining SiC abrasive.
2.2. Optical microscopy and image analysis

Optical microscopy was carried out using a standard bench-top
Olympus BX51 Optical Microscope. Programming and code execu-
tion for pore identification and analysis were carried out using
MATLAB� (MathWorks, USA) and its image processing toolbox.
The bright field micrographs used for pore analysis were taken at
a magnification of 5�. The pixel resolution of micrographs used
for pore analysis was �0.7 lm. The smallest pores identified were
in the range of 5 lm2; however, sample artifacts of similar sizes
were also observed. To distinguish between porosity and sample
artifacts of small sizes, higher magnifications were needed;
Grain size Vendor

Medium Graftech, USA
Medium Graftech, USA
Medium, 1.6 mma SGL, Germany
Superfine, 20 lmb Toyo Tanso, Japan

raph of (a) hue and saturation removed but luminance retained, (c) histogram of (b)
rough connective components algorithm to extract quantitative pore data.
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therefore, the minimum pore size measured in this work was arbi-
trarily set to 12.5 lm2. It was not necessary to use higher magnifi-
cation in the case of such pores. Original micrographs were
formatted as 24-bit color files as shown in Fig. 1a for PGX graphite.
Upon uploading files to MATLAB they were converted to 8-bit gray-
scale images. The color to grayscale transformation was accom-
plished by eliminating the hue and saturation information while
retaining the luminance of the color image (Fig. 1b). Fig. 1c shows
a histogram of the grayscale image in Fig. 1b, in which two distinct
peaks can be seen near 0 and 220 corresponding to the porosity
and graphitic material respectively. Each graphite grade produced
a nearly identical histogram. Contrast stretching was applied to all
grayscale images. The reference points for contrast stretch were
approximately 50 and 220 respectively. The lower reference of
�50 was chosen because it corresponded well with a local minima,
yet it was still well within the range of what could sensibly be
determined as porosity. The upper reference was chosen to corre-
spond with the peak intensity of the polished graphitic material.
Contrast stretching was performed to increase the sensitivity of
the threshold parameter used for converting the images to the bin-
ary image matrices (Fig. 1d). Typical values for the threshold
parameter (allowable values are normalized between 0 and 1 over
the 8 bit range of 0–255) were 0.45 for PGX, NBG-18, and PCEA and
0.37 for IG-110.

Two additional processing steps were used between converting
to a binary image and data collection. The first was removal of
small pores of area less than 25 lm2 using morphological opening.
Next was the removal of small ‘‘islands’’ such as those circled in
Fig. 1a. This step involved the use of a morphological flooding algo-
rithm. These ‘‘islands’’ were removed under the assumption that
they were (1) loose graphite fragments that become lodged in
pores, or (2) artifacts of the 3D nature of the pores which were
not directly in the polished plane of the sample.

To identify each pore and its respective pixels from the binary
matrix, a connective components algorithm was applied with
neighboring pixels defined as N4(p), the left, right, top, and bottom
Fig. 2. Optical micrographs of IG-110 graphite: (a) typical bright field micrograph of
magnified view of the highlighted region in (a), (c) bright field micrograph of filler where
and (d) dark field micrograph. P-Porosity, F-Filler, B-Binder, C-Shrinkage crack.
neighbor pixels [15]. Additional algorithms were used to extract
the number of pixels (pixel area), the centroid coordinates within
the matrix, perimeter, and orientation of each pore. Ellipses were
used to provide a quantitative estimate of pore shape. The ellipse
with the same normalized second central moment as the pore
was used. The eccentricity (e), major axis length (M), minor axis
length (m), and orientation of the major axis with respect to the
horizontal image plane was extracted for each pore. The eccentric-
ity of an ellipse is related to the major (M) and minor (m) axis
length as,

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 �m2

p

M
: ð1Þ

As such, eccentricity is defined between the degenerate cases of
0 and 1, where 0 is a circle and 1 is a line.
3. Results and discussion

3.1. Filler particle size analyses

The nature of the coke is integral to the development of the fil-
ler microstructure in nuclear graphite. As seen in Figs. 2–5, the
shape of the filler particles varies from acicular to spherical. The
shape of filler particles, in general, is a function of the coke’s innate
ability to align its rudimentary graphitic crystallites during calcina-
tion. Graphite with a petroleum-based coke tends to have aniso-
tropic, acicular particles resulting from a high degree of
alignment of rudimentary crystallites. On the other hand, pitch
cokes are, in general, more isotropic and spherical in nature as a re-
sult of their lesser degree of rudimentary crystallite alignment. A
summary of the size and shape of the filler material for each grade
is given in Table 2.

The filler observed in IG-110, a fine grained, petroleum based,
nuclear graphite appears acicular (Fig. 2). The mean length of filler
observed was 27 ± 2 lm with a standard deviation (r) of 22 lm.
IG-110 showing filler, binder, and porosity, (b) bright field micrograph showing
the bright regions running along length of filler particle are shallow shrinkage cracks



Fig. 3. Optical micrographs of PGX graphite: (a) typical bright field micrograph of PGX showing filler, binder, and porosity, (b) dark field micrograph of filler in binder matrix,
(c) bright field micrograph of filler with long shrinkage cracks running parallel to particle long axis, and (d) bright field micrograph magnifying (c) P-Porosity, F-Filler, B-
Binder, C-Shrinkage crack.

Fig. 4. Optical micrographs of NBG-18 graphite: (a) bright field micrograph showing filler particle, binder, and porosity, (b) bright field micrograph of filler surrounded by
binder matrix, (c) bright field micrograph magnifying the inner region of filler particle in (a), and (d) bright field micrograph magnifying the outer perimeter of filler particle in
(a). P-Porosity, F-Filler, B-Binder, C-Shrinkage crack.
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This is reasonably similar to the average length given by the man-
ufacturer of 20 lm. The mean aspect ratio observed for IG-110 fil-
ler is 3.9 ± 0.2, r = 2.4. Observed in Fig. 2c are shrinkage cracks that
run parallel to the major axis length of the particle. These cracks
form during calcination as a result of the establishment of
rudimentary basal planes of carbonaceous material. This strongly
suggests that the c-direction of the graphitic crystallites is aligned
with the minor axis of the particles.

The filler in PGX is also petroleum-based graphite. It is acicular
much like IG-110 but, significantly larger in size (Fig. 3). PGX filler



Fig. 5. Optical micrographs of PCEA graphite: (a) bright field image showing filler particles with various shapes, (b) bright field micrograph of filler with relatively high degree
of crystallite alignment surrounded by binder matrix, (c) bright field micrograph of roughly spherical filler particle, and (d) bright field image of relatively small acicular filler
particle. P-Porosity, F-Filler, B-Binder, C-Shrinkage crack.

Table 2
Measurements of observed filler material. Major axis length (MAL), standard
deviation (r), aspect ratio (AR).

Grade Sample size Mal meana (lm) Mal r (lm) AR meana AR r

PGX 624 92 ± 7 85 3.1 ± 0.1 1.6
PCEA 320 126 ± 10 94 2.6 ± 0.2 1.6
NBG-18 300 360 ± 25 217 �1 –
IG-110 625 27 ± 2 22 3.9 ± 0.2 2.4

a Means are two sided confidence intervals, a = 0.05.
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particles are approximately three times larger than in IG-110 with
a length of 92 ± 7 lm and r = 85 lm. The aspect ratio of PGX filler
was 3.1 ± 0.1 with r = 1.6. Shrinkage cracks in PGX are more
numerous and of greater thickness than those observed in IG-110.

The filler material in NBG-18, pitch-based graphite, appears to
be spherical in nature (Fig. 4). The mean particle size observed in
NBG-18 is 360 ± 25 lm with r = 217 lm. The maximum particle
size observed was 1796 lm which corresponds roughly with the
manufacturer’s stated maximum particle size of 1600 lm. The
roughly 200 lm difference may in part be due to the difficultly
in defining an exact particle boundary. The nearly spherical nature
of the NBG-18 filler material suggests a relatively low degree of
crystalline alignment within the particles. The crystallites in the
center of the particles, in general, appear to be small and randomly
oriented (Fig. 4b). Those toward the particle exterior appear larger
with their long axis aligned with the particle circumference.

The shrinkage cracks in NBG-18 vary greatly in size. Many of the
larger shrinkage cracks, as observed in Fig 4a and b, are oriented
with their long axis approximately tangential to the particle’s ra-
dial direction. Further magnification of the filler particles in
Fig. 4a, c and d show the orientation of the small shrinkage cracks
in the interior of the filler particle and near the perimeter respec-
tively. The small shrinkage cracks toward the center of the filler
particles appear to be randomly oriented, while those near the
perimeter of the particle appear to be oriented similar to the larger
shrinkage cracks.
PCEA, a petroleum-based graphite, had a wide variation in ob-
served filler particles (Fig. 5). Approximately 70% of filler is acicular
in shape. The acicular particles had a mean length of 137 ± 12 lm
with r = 88 lm. The mean aspect ratio of the acicular particles is
3.2 ± 0.2 with r = 1.4. The acicular particles in PCEA are slightly lar-
ger than those in PGX, but have a nearly identical aspect ratio. The
spherical filler particles in PCEA had a mean diameter of
99 ± 21 lm with r = 102 lm. PCEA filler material appears to have
varying degrees of crystalline alignment. The spherical filler parti-
cle shown in Fig. 5c appears to have crystalline alignment similar
to that observed in the center of NBG-18 filler particles (Fig. 4).
These crystallites are relatively small and have a random orienta-
tion. The crystallites observed in Fig. 5b appear to have a high de-
gree of crystalline alignment similar to that observed in PGX
particles (Fig. 3). The shrinkage cracks observed in PCEA were rel-
atively narrow compared to cracks observed in NBG-18. The orien-
tation appeared random for small shrinkage cracks. Large
shrinkage cracks appeared to have a preferred orientation along
the particles long axis for acicular particles (Fig. 5a and d). For
spherical particles, the shrinkage cracks were aligned with one an-
other, but not along any particular axis of the filler particle.

3.2. Pore structure analysis

The three different types of porosity within nuclear graphite are
gas-evolved pores, shrinkage cracks, and micro-cracks [8,20]. Pore
characterization via image analysis used in the present study was
able to resolve only gas evolved pores and shrinkage cracks. As ob-
served in Figs. 2–5, the porosity varies greatly in size, shape, and
orientation between and within grades. A statistical summary of
the data collected is given in Table 3.

Table 3 is the culmination of multiple samples of each grade
covering areas of approximately 10 cm2 for IG-110, NBG-18, and
PCEA and an area of roughly 5 cm2 for PGX. Such areas provided
both large pore counts (on the order of 106) and were sufficient
to observe variation within a grade. The arithmetic mean indicates



Table 3
Statistical summary of pore analysis. Mean is arithmetic mean. W. Mean is weighted mean based on each pore’s fractional contribution to total porosity.

Grade Area (lm2) Eccentricity Additional

Mean W. Mean r Min Max Mean r Porosity (%) Count

PGX 197.9 21,400 2047 12.1 353,336 0.820 0.14 21.49 475,981
PCEA 146.8 30,100 2097 12.1 447,960 0.814 0.14 15.98 1,242,597
NBG-18 168.3 23,600 1986 12.1 505,123 0.816 0.14 13.97 916,076
IG-110 98 485 195 12.1 27,868 0.798 0.14 14.73 1,532,451
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that the distribution in pore size is skewed greatly toward the min-
imum pore size compared to a normal distribution. Examination of
the weighted mean suggests that the majority of the total porosity
is a result of a minute quantity of large pores in PGX, PCEA, and
NBG-18. In IG-110 the opposite appears to be true. The majority
of the total porosity results from smaller pores as suggested by
the weighted average. The mean eccentricity of the pores ranged
Table 4
Summary of experimental and manufacturer values for apparent density. Theoretical
density calculated from lattice parameters.

Grade Experimental
(g/cm3)

Manufacturer
(g/cm3)

Theoretical
(g/cm3)

PGX 1.772 – –
PCEA 1.896 1.84 2.257
NBG-18 1.938 1.85 2.253
IG-110 1.925 1.77 2.257

Table 5
Tabulated standard deviations from fit of a normal distribution, with a = 0.05, to the
pore orientation distributions. Slight preferential orientation of long axis of pore
observed. Sample population per face ranged from a minimum of �87,000 pores to
�327,000 pores.

Grade Face 1 Face 2 Face 3

PCEA 52.37 ± 0.14 49.19 ± 0.16 48.87 ± 0.17
NBG-18 49.82 ± 0.23 49.74 ± 0.17 47.82 ± 0.15
IG-110 51.75 ± 0.13 50.68 ± 0.13 43.00 ± 0.11

Fig. 6. Log–log plot of frequency of pore s
from 0.798 for IG-110 to 0.82 for PGX, corresponding to aspect ra-
tios of 1.66 and 1.75 respectively. A somewhat unexpected result
was seen in the calculated porosities of the grades. NBG-18 was
calculated to have an overall porosity of 14%, followed by IG-110
with 15%, PCEA with 16%, and PGX with 21% porosity. This result
was unexpected given that visual inspection of IG-110 does not re-
veal significant porosity, while porosity is very apparent in NBG-
18. The porosity was calculated by dividing the total pore area by
the total area observed. For this calculation to be valid, the porosity
must be nearly uniform throughout the graphite block. Using the
theoretical densities of each graphite grade, apparent densities
were back-calculated and compared to their respective values from
the manufacturer (Table 4).

The experimental apparent densities were all in excess of those
listed by the manufacturer. For IG-110, NBG-18, and PCEA the er-
rors, relative to the manufacturer’s value, were 8.8%, 4.8%, and
3.1% respectively. This positive error may occur as a result of an
overestimation of pore area due to the choice of thresholding
parameters. In a nuclear grade such as IG-110, size and proximity
of the porosity can lead to connection of pores after thresholding.
Such errors can be minimized, or at least remove experimentor
bias to some degree, by investigation of automated global thres-
holding methods [15,21]. It is however, at least from visual inspec-
tion of optical micrographs, difficult to accept that manufacturer
reported porosity of IG-110 is very similar to that predicted for
PGX. Another possibility is the manufacturer’s values were derived
from fluid intrusion methods that were incapable of accessing all of
the porous volume. This would result in an underestimation of the
apparent densities. Regardless, this comparison is made to show
the relative accuracy of measurements via digital image analysis.
ize per cm2 as a function of pore size.
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Inspection of the resulting data for pore orientation showed an
approximately normal distribution of orientation with respect to
the horizontal image plane. To confirm the existence of a preferred
orientation within the porosity, three mutually orthogonal samples
were taken from each grade (IG-110, NBG-18, and PCEA). Resulting
orientations were fitted to normal distributions and the standard
deviation, r, for each sample was tabulated. As seen in Table 5,
NBG-18 and PCEA have only two statistically different standard
deviations, implying a preferential orientation of porosity within
the grades. IG-110 has three statistically significant means; how-
ever, two are relatively close to one another. This is assumed to be
a result of imperfect slicing along the three orthogonal planes result-
ing in slight displacements of the standard deviations from their true
values. While this (Table 5) indicates the existence of preferential
pore orientation, it does not provide significant evidence as to the
magnitude or variation of the orientation upon processing of the ori-
ginal block. To obtain such, detailed information about sampling
location relative to the original block and the blocks orientation rel-
ative to processing would need to be known. It should be noted that
there was no significant change in the distribution of pore area or
shape with sample position or orientation. The orientation distribu-
tion observed in each cross-section does not appear to change as a
function of pore area.

Since proprietary details of processing are only approximately
known for each grade, it is difficult to conclude the exact reasoning
for the observed pore orientation; however, it is suspected that the
orientation is the result of densification impregnations. Gas
evolved from the impregnation material will take the path of least
Table 6
Coefficients for fitting area distributions of each graphite grade. X is pore area in lm2.
Y is frequency per cm2 from Eq. (2).

Grade a b c d

PGX 13.416385 �1.220592 �0.240437 0.0211058
PCEA 12.045997 0.0249847 �0.552325 0.0416005
NBG-18 11.072113 �0.26909 �0.339038 0.0213758
IG-110 15.431958 �3.794709 0.6107167 �0.05282

Fig. 7. Continuous probability distribution functions of porosity shape described by ecce
range of e = 0.95–1.
resistance corresponding to the path through the impregnated
pores to the nearest surface. If all three orthogonal faces are
equally far from the point of gas evolution, there will be no pre-
ferred alignment of the porosity. When the point of gas evolution
has different path lengths to the graphite block surface, preferred
alignment will result. Using this hypothesis, the degree of pre-
ferred orientation will be dependent upon the position of the
examined sample with respect to the original graphite block.

While useful, the statistical data above does not fully describe the
nature of the pores within each grade. The quantity of pores within
any given size range was found to be a strong function of pore size.
The shape of porosity, while not strongly dependent on pore size,
had a wide distribution. In general, the aspect ratio of a pore ranged
from 1 to 25. To better describe pore quantities and shape, continu-
ous distributions were fitted to the experimental data collected. A
plot of pore frequency/cm2 vs. pore area ranging from 12 lm2 to
2000 lm2 is shown in Fig. 6. Although significantly larger pores were
observed in each grade, more than 98% of the pore data fell within
this range. The �2% remaining was discarded to allow a ‘better’ fit
of the remaining data. Initial inspection of plotted data displays
the approximate ‘‘power-like’’ nature of pore frequency vs. size.
Transformation of the dependent and independent variables by a
natural logarithm yield approximately linear functions (Fig. 6). The
pore area, while expressed in units of lm2, was really measured as
a discrete function of pixel quantities.

The final distributions were deemed best fit by a third-order
polynomial with the natural log of the pore area as the indepen-
dent variable (Table 6).
ntricity of an ellipse. Inset plot is the 2nd derivative of the density function over the

Table 7
Parameters for Johnson SB fit of pore eccentricity.

Grade c d h r

PGX �1.930488 1.0427341 �0.059312 1.0607131
PCEA �1.948658 1.0762906 �0.080897 1.0810973
NBG-18 �1.883605 1.0386604 �0.050993 1.051878
IG-110 �1.862962 1.1055111 �0.068859 1.0690328



Fig. 8. 3D plot of the probability density of various pore shapes (eccentricity) for various ranges of pore area; the pore area given is the log-mean average of the range of pore
areas used.
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lnðyðxÞÞ ¼ aþ blnðxÞ þ clnðxÞ2 þ dlnðxÞ3 ð2Þ

Higher order polynomials provided higher R2 values and lower
root mean square errors; however, the rate of increase in ‘fit
improvement’ dropped significantly with increasingly higher or-
ders. The general logarithmic nature of the pore area distribution
in PCEA appears to coincide well with similar image analysis tech-
niques used by Contescu for PCEA [16].

The shape of the porosity as described by the eccentricity of an
ellipse is shown in Fig. 7. By inspection, it is apparent that each
grade has a relatively similar distribution, with the largest devia-
tion occurring in the curve for IG-110. This deviation of IG-110
from the other grades is hypothesized to be the result of the green
body formation via isostatic press. Fig. 7 suggests that only a
minority of the total pores may be described as approximately
spherical (�6%) while nearly 75% of the pores examined have as-
pect ratios between 1.5 and 5. The average aspect ratio of porosity
in nuclear graphite is approximately 1.7 and ranges from a low of
1.66 for IG-110 to a high of 1.75 for PGX.

The shape of the experimental data curve for eccentricity was
best fit by the Johnson SB continuous distribution function. The
Johnson SB follows the general form,

f ðxÞ ¼ d
bð1� bÞ/ðzÞ ð3Þ

where z = c + d ln (b/1 � b), with b = (x � h)/r, and / is the standard
normal distribution (Parameters in Table 7). For this function, c and
d are shape parameters while h and r define the location and shape
of the curve, respectively. The peaks of each function are located at
eccentricities of 0.908, 0.931, 0.929, and 0.922 (aspect ratios of
2.389, 2.747, 2.704, and 2.579) corresponding to IG-110, PGX,
NBG-18, and PCEA respectively. The probability of a pore existing
with an eccentricity less than that of peak density is approximately
0.78 and ranges from 0.773 to 0.797.

Since two types of pores were observed, gas-evolved porosity
and shrinkage cracks, with very different shapes, it was initially
hypothesized that the pore shape distribution would be bimodal.
As seen in Fig. 7, this hypothesis is invalid. The shape distribution
of porosity in nuclear grade graphite shows no obvious transition
between shrinkage cracks and gas evolved porosity. To estimate
the shrinkage crack contribution to total porosity the following
assumption was made: The 2nd inflection point in the continuous
distributions is located at the eccentricity value where shrinkage
cracks become the dominant observation. Using this criterion it
was found that shrinkage cracks account for a fraction greater than
or equal to �0.9% of IG-110 pores, �0.6% of PGX pores, �0.6% of
NBG-18 pores, and �0.8% of PCEA pores. This appears to visually
coincide with the optical micrographs of each grade. The average
aspect ratio of the inflection point was approximately 5.5.

From the examination of pore shape as a function of pore area, it
was observed that the shape distribution function is slightly
dependent on pore area. As the pore size increases, the probability
density near the peak position increases and becomes a maximum
near �100 lm2 for NBG-18 and PCEA (Fig. 8). For IG-110 this peak
occurs at approximately 300 lm2. There is also a slight shift in the
peak position to higher eccentricities that occurs in each grade. As
the pore area is increased, this shift becomes much smaller. While
there is a slight dependence of the shape distribution on pore area,
the overall fit is exceptional over the entire range of pore area.
4. Conclusions

This paper characterizes the virgin microstructure of filler
material and porosity in nuclear grade IG-110, PGX, NBG-18, and
PCEA. As expected, the IG-110 and PGX grades had anisotropic fil-
ler particles of super fine and medium size, respectively. The new-
er, nearly isotropic grades NBG-18 and PCEA had filler particles
more spherical in nature. The filler particles of these grades vary
from super fine anisotropic particles in IG-110 to medium isotropic
filler particles in NBG-18. The degree of crystalline alignment,
which ultimately determines the particle shape, can be compared
for each grade by inspection of the aspect ratio of the particles.

Image analysis of porosity in nuclear graphite appears to be an
accurate method for quantitatively determining distributions and
trends within the porosity. Apparent densities were measured
accurately by image analysis. Preferential alignment was observed
in each grade as a result of the examination of three orthogonal
samples of each grade. The area of macro-scale porosity is roughly
logarithmic in nature and can be fitted well with a third-order
polynomial. The distribution of eccentricity in macro-scale poros-
ity is fitted with the Johnson SB distribution.

While the size and shape of these 3D features may not be di-
rectly derived from measurements in 2D cross-sections, the mea-
surements do provide a good qualitative basis for comparison
with irradiated and oxidized graphite specimens.
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