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Abstract A new nondestructive method to estimate the
volume fraction and homogeneity of tristructural isotropic
(TRISO)-coated fuel particles in fuel compacts designed
for high-temperature reactors has been developed using
image analysis of conventional X-radiographs. The method
is demonstrated on surrogate fuel compacts containing
TRISO-coated particles with kernels made of zirconium
dioxide. The methodology incorporates a correction for
superimposed images of TRISO particles such that a single
X-ray image obtained in any one random orientation is
sufficient to characterize the fuel compact in terms of
volume fraction and homogeneity. The method is based on
the virtual segregation of images of each particle inside the
compact with the aid of a calibration standard.

Keywords TRISO - Volume fraction - Homogeneity -
Radiography

1 Introduction

High-temperature reactor (HTR) technology, with its
inherent safety characteristics, has potential to use high-
temperature coolant applications that involve high-tem-
perature and process heat such as the production of
hydrogen from water [1, 2]. High-temperature gas reactor
(HTGR) designs incorporate tristructural isotropic
(TRISO) fuel particles either in pebble-bed reactor (PBR)
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design or in block design. TRISO fuels are designed to
achieve high fuel burnup and high coolant temperature [3].
TRISO particles are dispersed in graphite pebbles in PBR
design or compacted into a fuel compacts in the prismatic
design. TRISO fuel consists of a fuel kernel at the center,
typically composed of an oxide, carbide, or oxycarbide of
uranium, plutonium, or thorium. The fuel kernel is coated
with a porous carbon buffer layer fission gas buildup by
providing void volume. This is followed by three additional
layers of isotropic coating materials: an inner pyrolytic
carbon (IPyC) layer, a silicon carbide (SiC) layer, and an
outer pyrolytic carbon (OPyC) layer. The SiC layer acts as
the primary containment of fission products, while the PyC
coatings on either side of the SiC assists it in accommo-
dating internal pressure [4, 5].

TRISO-coated particle-based fuel is being considered
for the future HTR of India [6, 7]. The TRISO fuel fabri-
cation process starts by synthesizing fuel kernels through
sol-gel process followed by multiple steps of chemical
vapor deposition (CVD) to obtain the TRISO coating [8].
The coated particles are compacted in graphite matrix to
produce fuel compacts, which are loaded into graphite fuel
tubes. A schematic of the fuel particle showing the details
of each layer of coating is given in Fig. 1.

Quality control in TRISO fuel fabrication requires
extensive inspections for various fuel characteristics, and
the development of new quality control techniques in
accordance with fuel specifications is an important part of
fuel technology development [9]. The volume fraction of
TRISO particles is an important specification to ensure the
required fissile content of the fuel as well as the homoge-
neous distribution of particles in fuel compacts. Techniques
based on the analysis of X-radiographic images have been
reported to ensure the homogeneity of fuel particle
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Fig. 1 Schematic of a typical TRISO-coated fuel particle and fuel
compact

distribution inside the compact [10]. The gross evaluation
of the volume fraction of particles in the compact was
previously demonstrated using image analysis of X-radio-
graphs, which incurred errors owing to the superimposition
of images of particles in the compact [11]. X-ray tomog-
raphy-based 3D mapping of TRISO particles has been
studied for qualification of HTR pebbles with 60 mm
diameter for fuel distribution [12]. This highly accurate
technique used 720 X-ray images of the pebble obtained at
0.5° intervals for reconstruction of tomographic image by
software. A simple nondestructive technique, which can be
used for regular quality control inspection during bulk
fabrication of TRISO fuel, was developed through the
analysis of a single X-radiographic image obtained by the
conventional film radiography method. A new analysis
methodology was developed for accurate estimation of the
volume fraction of TRISO fuel particles in fuel compacts
using image analysis of conventional X-radiographic ima-
ges. The novel method performs virtual segregation of
overlapping radiographic images of each particle within the
fuel compacts and estimates the total number of TRISO
fuel particles loaded in each compact with high accuracy.
The method can also be applied to verify the homogeneity
of particle distribution. Details of the experiments and
analysis carried out on TRISO particles and compacts
synthesized using surrogate material, i.e., zirconium diox-
ide, for developing and validating the methodology are
described.

2 Methodology

Conventional X-ray radiography carried out on the fuel
compact provides a two-dimensional projected image of
the fuel particles present inside the compact. The attenua-
tion offered by the kernels of TRISO particles (zirconia in
this study) is much higher compared that by the coating
layers (mainly carbon) owing to the significantly higher
mass number of the elements; hence, the kernels will only
be clearly revealed in the X-radiographic image. The
maximum possible thickness of the surrogate material
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resulting from the probable diametrical overlapping of
particles may be considered as the object thickness for
radiography. The diameters of the particle and compact
along with the expected volume fraction could provide this
information. By choosing the suitable X-ray energy that
ensures full penetration, the images of all the particles
inside the compact with or without superimposition may be
obtained. Gray levels corresponding to the image of the
surrogate material with different thicknesses may be
identified using a calibration standard made using the same
material as that of the TRISO kernel.

Since conventional X-radiography obtains a two-di-
mensional image of a three-dimensional object projected
onto a plane (film/detector), it can result in partial or
sometimes complete superimposition of the projected
images of TRISO particles present inside the compact, as
illustrated in Fig. 2. Hence, it is necessary to virtually
segregate the individual images of each particle from the
superimposed image in order to accurately estimate the
number of fuel particles forming the complex image. The
task of virtually segregating the images of TRISO particles
inside the fuel compact can be performed by identifying the
gray-level values in the complex image corresponding to
each thickness of the material (zirconia) and probabilisti-
cally estimating the number of particles which could result
in that thickness by virtue of diametrical superimposition
inside the compact. Hence, the new analysis method was
developed based on the virtual segregation of images from
a complex image and probabilistic estimation of the for-
mation of the corresponding thickness of the material.

The methodology adapted for virtual segregation of the
radiographic images of TRISO particles is illustrated with a
simple simulated representation of images of four particles
in Fig. 3. In this example, the overlapping of images of
particles 1 and 2 was 100%, but the images of particles 3
and 4 did not overlap with each other or any other image
upon X-projection.
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Fig. 2 a TRISO fuel compact along with its simulated radiographic
image and b the simulated radiographic image
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Fig. 3 Virtual segregation of projected images through gray-level
segregation

Upon Y-projection, the image of particle 1 did not
overlap with any other image, whereas the images of par-
ticles 2, 3, and 4 were superimposed on each other. The
different levels of darkness in the resultant image may be
divided into three classes: G1, G2, and G3, corresponding
to the shadows of one particle, two particles, and three
particles, respectively. The areas of portions of the image
with gray levels G1, G2, and G3 may be estimated as Al,
A2, and A3, respectively, using the image analysis
software.

In the Y-projection of images in the example shown in
Fig. 3, the estimated areas corresponding to gray levels G1,
G2, and G3 are 190%, 75%, and 20%, respectively, of the
area of an individual particle. Direct estimation of the
number of particles corresponding to these areas was per-
formed by dividing these areas by that of an individual
particle. In this example, the values of N1, N2, and N3 are
1.9, 0.75, and 0.2, respectively. Since it is known that gray-
level G1 corresponds to the attenuation offered by one
particle, G2 by two particles, and G3 by three particles, the
numbers were further multiplied by the corresponding
contributing numbers (weightage values), i.e., N1 by 1, N2
by 2, and so on, to obtain the actual numbers. When
multiplied with their weightage values, N1, N2, and N3 are
1.9, 1.5, and 0.6, respectively, the sum of which is 4. In the
X-projection of this example, there are only two gray
levels: G2 due to complete overlapping of two images, and
G1 due to the un-overlapped individual images. A1 will be
200% of the area of an individual particle image resulting
from two un-overlapped images, and A2 will have the same
area as that of a single particle owing to the exact super-
imposition of images of two particles. The directly esti-
mated numbers corresponding to A1 and A2 will be 1 and
2, respectively; when weighed, it will result in 2 and 2, the
sum of which is 4. Since the images contributed by each of
the particles are virtually segregated, the estimation does
not depend on the orientation from which the radiograph is
obtained; one single radiograph obtained in any random

orientation will be sufficient for the estimation. The same
algorithm can be applied to different segments of the
compact radiograph of equal width in order to estimate the
number of particles present in each segment which, in turn,
estimates the homogeneity of the particle distribution
inside the compact.

The probabilities of each gray level were also incorpo-
rated into the algorithm by considering the possible per-
mutations of overlapping to estimate the segregated
number of particles in the image with improved accuracy.
The possible formation of each thickness equal to that of
each step available in the step variation standard was
estimated, as summarized in Table 1. A ZrO, thickness of
2.5 mm can only be obtained by complete overlapping of
five kernels, whereas a thickness of 0.5 mm can be
obtained either by a single particle or partial minimal
overlapping of 2, 3, 4, or 5 particles, and so on. A mini-
mum contribution of 0.1 mm was assumed from every
single particle for the purpose of simplifying and catego-
rizing the gray levels into only five classes. It was assumed
that occurrence of each of these cases was equally probable
or random. Hence, the areas corresponding to the gray
levels owing to each step thickness were distributed with
equal probability to all the possible occurrences mentioned
in Table 1 as follows.

For example, in case 5, one-fifth of A1, which is the area
of the portion with gray level G1 corresponding to the
thickness of one particle (0.5 mm thick), was considered as
A5, one-fifth as A4, one-fifth as A3, one-fifth as A2, and the
remaining one-fifth as Al, assuming that a minimum
thickness of 0.5 mm can be obtained from all the five
possibilities with equal probability. The areas correspond-
ing to all other gray levels were also treated in a similar
manner in accordance with probabilities listed in Table 1.
The effective areas (Ai.g) corresponding to each of the
areas (Al, A2, A3, A4, and A5) after this probabilistic
distribution are calculated using Eqs. (1)—(5) for the final
estimation.

Alegr = Al/5 (1)
A2gr = A1/5 + A2/4 (2)
A3err = A1/5 + A2/4 + A3/3 (3)
Ader = AL/5 + A2/4 + A3/3 + A4/2 (4)
ASer = Al/5 + A2/4 + A3/3 + A4/2 + A5 (5)

The projected area of the image of an individual particle
was estimated from the same image to avoid errors from
image magnification. By dividing each of these effective
area values by the area of a single particle, the number of
images contributing to each gray value (G1, G2, and G3) in
the final image can be directly estimated as N1, N2, and N3,
respectively. Since it is known that G1 is caused by the
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Table 1 Probability of different cases of particle overlapping

Case nos. Thickness of ZrO, (mm) Gray level Possible number of contributing particles Probability for each case
1 0.5 Gl 1,2,34,5 1/5

2 1 G2 2,345 1/4

3 1.5 G3 34,5 1/3

4 2 G4 4,5 172

5 25 G5 5 1

thickness of one particle, G2 by the thickness of two par-
ticles, and so on, the directly estimated image numbers N1,
N2, and N3 were converted into the number of particles
forming the image by multiplying them with the corre-
sponding weightage values of 1, 2, 3, etc., respectively.
Their sum will provide the total number of particles that
actually compose the final resultant image incorporating
the superimposed images. With prior knowledge of the
average particle size and the dimensions of the compact,
the volume fraction of particles inside the compact can be
estimated using the total number of particles.

3 Experimental

The surrogate kernels made of zirconia were synthesized
through sol—gel route and TRISO coatings by successive
CVD processes. Fuel compacts were fabricated by hot
compaction of TRISO fuel particles after overcoating them
with graphite. The compacts were fabricated by mixing the
particles with graphite and phenolic resin, followed by
compacting and sintering at 1750 °C. A fraction of TRISO
particles was kept at 25% of the die volume during the
synthesis of compacts.

The coated surrogate TRISO particles were inspected
for their distribution in terms of geometric aspects such as
diameter, sphericity, and aspect ratio. Cross-sectional sur-
face preparations were carried out on samples to review the
different coating layers of TRISO particles and measure the

| 5004

(@) (b)

e

Fig. 4 a Photograph of the experimental compacts and b cross-
sectional microscopic view of the TRISO-coated particle (color
online)
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average kernel diameter, which was found to be
~ 500 pm. The sintered compacts were synthesized with a
diameter of 10 mm and height of 35 mm (Fig. 4).

Although weighing and calculation methods, which are
suggested for inspecting the volume fraction of fuel parti-
cles in the compacts, revealed approximately the same
volume fraction, it was not possible to understand the
distribution of particles inside the compact by these
methods. A compact, which showed some visibly “empty”
edge and corner portions in the radiographic image and
thus expected to have heterogeneous fuel particle distri-
bution, was chosen for the analysis so that the results can
be correlated with the image more clearly.

Diametrical overlap of a maximum of five particles was
visualized by considering the limiting factors: compact
diameter and volume fraction occupied by particles. A
thickness variation standard was fabricated in-house based
on the aforementioned methodology. The objective is to
generate five different gray levels corresponding to the
superimposition of radiographic images of different mate-
rial thicknesses resulting from varying numbers of TRISO
particles. The standard was fabricated by vertically stack-
ing TRISO particles in increasing numbers with a step
variation of one and then fixing them in place using glue.
Hence, there were vertical stacks of 2, 3, 4, and 5 particles
placed along with a single particle for comparison. It is
important to use TRISO particles of the same composition
and density as that used in the compact for the thickness
variation standard.

Since the atomic number of zirconium is much higher
than that of carbon, the images will be formed by the
kernels rather than the surrounding coating layers. The
mass attenuation coefficients of zirconium and carbon
(graphite matrix) were compared at different X-ray ener-
gies and varying thicknesses of zirconium [13]. It was
observed that the correlation between the attenuating
material thickness and the ratio I/, can be considered
linear with a considerable slope at 100 keV for the thick-
ness range of 0.05-0.25 cm, which is the region of interest.
The slope of the correlation was lower beyond this energy,
which can reduce the contrast between the images of each
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standard stack. X-ray energies approximately within the
range of 80-100 keV were chosen for radiography by
considering the 100 kV potential on the X-ray tube.

The correlation (Fig. 5) was extended to the thickness
range of interest according to the fuel compact dimensions
and X-ray energy chosen to ensure linearity. However,
extending these to very large dimensions could result in
low-contrast images and subsequently reduce the accuracy
of analysis results.

Image analysis of the step variation standard made of
TRISO particles with zirconia kernel was first carried out
to validate the algorithm for virtual segregation of over-
lapping radiographic images [14]. The radiographs of the
fuel compacts were obtained under the same conditions as
that of the step variation standard to ensure the equivalence
of the imaging process.

The thickness standard made using the TRISO particle
stacks was placed on the film cassette with the aid of a
holder to generate the five possible complete overlapping
conditions of the particles during imaging. X-radiographs
of this standard were acquired with X-ray exposure of
90 kV, 4 mA, and 2 min from a YXLON X-ray machine
using D4 Agfa film. The films were processed through the
standard process, and radiographs were digitized using a
radiograph (film) scanner (Epson V600) with a resolution
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Fig. 5 Fractional intensity (//I) offered by varying thicknesses of Zr
to different energies of X-rays (color online)

Fig. 6 a Schematic of the
thickness standard and
radiographic setup, b radiograph
of thickness variation standard,
and c the gray-level thresholded
and color-coded image (color
online)

X-Ray

TRISO
Particles

(@)

of 2400 dpi. The digital images were analyzed using image
analysis software (Metal power image analyzer version
3.0.0.9 by Metal Power India (Pvt.) Ltd.) to identify the
different gray levels corresponding to each of the particle
stacks.

The schematic radiography configuration of the thick-
ness standard is shown in Fig. 6a along with its radiograph
in Fig. 6b with the corresponding numbers marked in each
image. The binary image of the radiograph obtained
through the image analysis software is shown in Fig. 6c¢.
The image was suitably thresholded into the five different
gray levels in order to obtain the gray levels corresponding
to particles overlapping from 1 to 5 in number. The same
thresholding was applied to the fuel compact for the
analysis of gray levels (Fig. 7).

The algorithm described above was applied to the digital
radiographic image of the compact to estimate the average
volume fraction of TRISO particles, and to approximately
equal-sized segments of the same image for homogeneity
analysis; the results are discussed below.

4 Results and discussion
The geometric aspects of the particles were measured

statistically, and the average values as well as range were
found to be within the specified limits. The diameter of the

Fig. 7 X-ray image of the fuel compact acquired under the same
conditions is shown in (a) and its thresholded image in (b) (color
online)

©
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particles ranged between 1.005 and 1.089 mm, and their
sphericity varied from 0.92 to 1.09. The average volume of
a TRISO particle estimated by geometric calculation was
0.536 mm®. The measurements were taken using a profile
projector on 100 particles to obtain the statistical values.
The average diameter of the kernel was considered to be
0.5 mm. These characteristics were used for the volume
calculation of the TRISO particle.

The areas of portions of the image having each of these
gray levels were obtained by area fraction analysis of the
thresholded image using the image analysis software. The
algorithm based on gray-level identification for virtual seg-
regation was validated based on the thickness standard and
found to have 87% accuracy in predicting the number of
particles [14]. This algorithm was modified to improve the
accuracy up to 98% by including the probabilities of over-
lapping and applied to the fuel compact as shown in Table 1;
estimation was carried out as explained below (Table 2).

Area fractions of the total frame area corresponding to
portions with gray levels G1, G2, G3, G4, and G5 were
obtained from the image analysis and termed as A1, A2, A3,
A4, and A5, respectively, as shown in Fig. 8.

The image of the fuel compact was divided into eight
segments, and the same algorithm was applied to each
segment. The results of the analysis are summarized in
Table 3. It can be seen that the compact had heterogeneous

100
Samples :
80 4
A 601 Frames :
P All Frames
% 40 4 Frame - 1
Planes :
20 4 All Planes ~
Plane - 1
l. Plane - 2 bt
1] Distribution Parameter :
Planes
Details :

Sample Name: afaf , Type: Area Fraction
Total Frames: 1 .Total Planes:7
Total Frame Area: 713.60333 mm

Frame &rea(mm?] | Plane - 1... f Plane - 2... | Plane - 3... | Plane - 4... | Plane -5... f Plane - E...
71360333 47.986 25.033 10592 12.880 3239 0.270
71360333 47.986 25.033 10.592 12.880 3.239 0.270

|~
|»

Fig. 8 Screenshot of the area fraction analysis result (color online)

Table 3 Result of homogeneity analysis

Segment number Segment height (mm) Volume fraction (%)

distribution of fuel particles with volume fractions ranging 1 3.36 18.63

from 18.63 to 27.11%. The top portion of the compact 2 4.46 27.11

visibly had an empty portion where no particles were seen 3 4.18 25.29

in the radiograph, which resulted in lower volume fraction 4 4.6 26.55

in the first segment. The accuracy of estimation of number 5 47 25.91

of particles was 90% when applied to the full compact, 6 4.65 24.15

more than 99% when applied to individual strips of images 7 4.45 26.55

and summed up. 8 4.6 25.57

Table 2 Actual calculations for ) e e Matrix Gl G2 G3 G4 G5 Total

the fuel compact using the

algorithm Area % (from Fig. 7) 47.99 25.03 10.59 12.88 3.24 0.27 100
Ageroar (Mm?) 342.43 178.64 75.58 91.91 23.11 1.93 713.60
Aeir (mm?) 35.73 54.62 85.26 96.82 98.74

Area of single kernel image
(a) (mm?®)

0.9 (from the same image of the compact)

Number of particles N = (Acg/a)
Number weightage factor (n)
Actual number (N * n)

Volume of single particle (mm?)

Volume of total number of particles

(mm?)
Compact volume (mm?)

Volume fraction (%)

39.69678 60.69247 94.73384 107.5747 109.7155 412.4132
1 2 3 4 5
39.69678 121.3849 284.2015 430.2987 548.5774
0.536

745.31

1424.159

2747.5
27.12
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5 Conclusion

The newly developed methodology was found to be
effective in estimating the volume fraction of TRISO fuel
particles with surrogate material (zirconium dioxide ker-
nels) in compacts with 99% accuracy. Since the method is
independent of radiograph orientation, a single radio-
graphic image obtained in any random direction will be
sufficient for the analysis; hence, the method can be
employed in fuel characterization during regular fabrica-
tion which involves a very large number of compacts. As a
nondestructive, fast, and easy-to-use method, it is possible
to apply this technique to all fuel compacts, which makes
the average results of volume fraction and homogeneity
highly reliable. The optimization of radiographic parame-
ters can be carried out for actual fuel materials based on
this study by appropriately increasing the X-ray energy to
ensure complete penetration.
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