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Improvements in PIE-techniques at the IFE hot-laboratory
"Neutron radiography, three dimensional profilometry and image compilation
of PIE data for visualization in an image based user-interface"
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Abstract. The PIE-techniques used at IFE are continuously improved through upgrading of equipment
and methods, e.g. image handling techniques and components utilized in data acquisition and editing
techniques. To improve the quality or spatial resolution of neutron radiographs the normal technique
was complemented with another method, i.e. the dysprosium foil/X ray film technique is supplemented
with a track-etch recorder consisting of a cellulose nitrate film. For further examination of the neutron
radiographs the cellulose nitrate film can be digitized to allow electronic image treatment. Promising
results were obtained with this technique on neutron radiographs, namely higher spatial resolution
compared to the normal technique, high contrast and sharp neutron radiography images. The
traditional uniaxial profilometry of fuel rods was modified so that diameter/bow measurements are
possible at several angular orientations during one acquisition sequence. This extension is very useful
in several ways, for instance the built-in data symmetry of the method is used to check the correctness
of the measurement results. Diameter and bow measurements give information of cladding
irregularities and fuel rod profiles. Implementation of electronic image handling techniques is
particularly useful in PIE when data are collected and compiled in an image file. Inspection and
examination of the file contents (examination results) are possible through an ideal user-interface, i.e.
Adobe Photoshop software with navigator possibilities. Examples incorporating PIE data acquired
from neutron radiography, visual inspection and ceramography are utilized for illustration of the user-
interface and some of its possibilities.

1. INTRODUCTION

Data from the state of the fuel and the cladding in an entire fuel rod can be obtained by non-
destructive examination (NDE) in a relatively fast, environment compatible and cost efficient
way compared to destructive examinations. However, to obtain satisfactory results from NDE
the methods applied have to be improved steadily. Therefore, a major emphasis was put into
the improvement of NDE methods for detailed post irradiation examination (PIE) of fuel rods
in hot cells, such as improved spatial resolution of neutron radiographs and improved
profilometry in order to give data for the diameter variation of the entire fuel rod, both in the
complete axial extension and in 360 degrees angular orientation. To obtain a more complete
picture of the state of an irradiated fuel rod, work was put into the electronic compilation of
data obtained from various NDE methods and visualization in an image based user-interface.

2. NEUTRON RADIOGRAPHY OF IRRADIATED FUEL RODS - AN APPROACH TO
IMPROVE SPATIAL RESOLUTION OF NEUTRON RADIOGRAPHS.

The main objective for neutron radiography is to reveal fuel rod degradation or possible
failures initiated by for instance, intrusion of moisture, pellet-cladding interaction or fuel
relocation and cracking. Neutron radiography also provides geometrical information of the fuel
column for definition of cutting positions of samples for ceramography examinations.
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Two neutron radiography techniques are used at Kjeller in NDE of irradiated fuel rods with
UO2 or MOX, Zircaloy cladding and instrumentation devices. Both techniques allow an
unfiltered neutron beam to be used and enable neutron radiography of very active samples [2].
The traditional method uses an activation transfer technique, utilizing a dysprosium foil and X
ray film. The other method uses a special solid nuclear-track detector, designed for recording
ionizing particle tracks. Solid nuclear-track detectors have numerous applications [2], for
example the dosimetry of neutrons and of the heavier ionizing particles such as alpha particles,
protons, fission fragments, spallation fragments, heavy ions and very heavy ions such as
cosmic rays etc. In every instance the thickness of the cellulose-nitrate substrate should be in
accordance with the mass and energy of the particle type to be detected in order to obtain the
optimum level of energy transfer. The track-etch recorder consists of a 100 jam thick plastic
film of lightly rose-tinted cellulose nitrate, coated on both sides with an (n, a) energy converter
material. Prior to neutron radiograph analysis the film is digitized. Illustrative examples of the
two techniques are compared in the paper.

2.1 Experimental set-up in neutron radiography

Principle: The principle of image formation in neutron radiography is based on attenuation1 of
a collimated beam of neutrons transmitted through a sample. The degree of attenuation is
measured by detecting the intensity / of the neutron beam passing through the sample or fuel
rod with unaltered direction and it is given by
I = Io exp(-S,z),

where z is the sample thickness. Io is the intensity of the incoming beam and Et is the total
macroscopic cross section of the material, i.e. S,= I,(ncja)/V + I,(nas)/V. S is the sum of all
the different atoms in the volume V, and n is the number of atoms of one kind with
microscopic absorption cross section and microscopic scattering cross section given by aa and

The primary source of neutrons was obtained from one of the radial channels of the JEEP n
reactor2 at the Institute for Energy Technology, Kjeller. The sample or fuel rod was irradiated
by a collimated thermal neutron beam of height 220 mm and width 30 mm3. The thermal
neutron flux in the beam channel is ~10 n/cm s, and the length between graphite collimator
and activation screen is 390 cm.

2.2 Methods applied in neutron radiography

The dysprosium foil/X ray film technique: The method relies on the buildup of radioactivity
in the foil produced by neutron absorption. In this way an activation image is formed in the
foil. The neutrons captured by the dysprosium foil will generate radioactivity that subsequently
decays with a convenient half-life [1],

The sum of absorption and incoherent scatter.
2 2 MW HBWR with central thermal flux 3xlO13 n/cm2s.
3 See Figs. 1 and 2.
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The pattern of radioactivity is transferred to the X ray film by simply placing the activated
metal foil in close contact to the film. The X ray film is then irradiated for several hours and
thereafter developed using a standard photographic technique.

The cellulose nitrate film technique (track-etch recorder): The film consists of a 100 um
thick plastic layer substrate of lightly rose-tinted cellulose nitrate. The film is primarily
intended for recording the emission from a-particle sources (below 4 MeV) so for neutron
radiography the film is therefore coated with an (n, a) energy converter material. The record
thus obtained is a neutron radiographic image formed by means of the (n, a) energy converter.
Transmitted neutrons will reach the vacuum deposited lithium tetra borate layer or converter
screen that promptly emits ionizing a-particles, which impinge on and generating damage pits
in the cellulose nitrate matrix. The a-particles take short and straight paths through the
material and so give good resolution. The nuclear reactions in the (n, a) energy converter are,

10
5 B + In -> a + I Li and I Li + 0 ' n ^ a +

After irradiation, the converter layer is removed by washing off in water and the cellulose
nitrate film is thereafter etched in a 10 % solution of caustic soda (NaOH) at 60 °C for
approximately 10 minutes. The damage produced along the particle tracks alters the chemical
properties of the cellulose nitrate material in such a way that the damaged area can be removed
in the etching process [2].

Electronic data treatments (digitising): After developing, the neutron radiographs (cellulose
nitrate- and X ray film) are digitized with a "state of the art" photo-scanner controlled from a
power Macintosh computer. By electronic data treatment, the neutron radiographs can be
enlarged, stitched and combined with other PIE data of interest (e.g. fuel rod macro photos).
The main purpose here is to reproduce neutron radiographs for reports and presentations with
the highest achievable quality in order to visualize fuel rod details, such as pellet crack
patterns, or the instrumentation of the rod.

Compilation of fuel rod neutron radiographs in an image file is ideal for further evaluation,
documentation and presentations.

2.3 Qualification tests performed on neutron radiographs from an irradiated fuel rod

Quality inspection of neutron radiographs (Fig. 3, 4): The cellulose nitrate film and
dysprosium foil techniques were both applied in neutron radiography of an irradiated fuel rod
from a fuel assembly irradiated in the HBWR4. For assessment of the neutron radiography
quality, it is necessary to use indicators that expose the resolution and sharpness of details of
the neutron radiographs. Known features, such as the fuel rod instrumentation — in the
example a bellows pressure transducer (PF), can be used as a quality indicator. Fig. 3 shows
neutron radiographs (1:1) acquired with both methods from the upper end of the fuel rod.
Important details marked on the figure are the plenum spring, the PF and the upper end plug .
The neutron radiographs were digitized to a relatively high resolution, equal to 600 dpi, i.e. an

4 Abbreviation for Halden Boiling Water Reactor.
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approximate pixel size of 45 jam. From a first glance at Fig. 3, it can be seen that the image
digitized from the cellulose nitrate film exhibits higher quality in terms of sharpness. To
further check the quality of the images, it is necessary to enlarge them.

The PF shown in Fig. 4, Section B is enlarged three times. It is easy to see the PF bellows and
other details on the copies from the cellulose nitrate film. On the copies taken from the X ray
film the details are almost lost. This fact is even better illustrated at still higher magnifications.
From Fig. 4, section C it can be seen that the X ray film contains on this scale no important
information at all. The situation is quite different for the cellulose nitrate film.

upper end of fuel rod upper end of fuel rod

A)

dysprosium foil/x-ray film

plenum spring

B)

cellulose nitrate film

— F

PF bellow

flfaS!ffi plenum spring

PF bellow

Fig. 3 Neutron radiography applied with the dysprosium foil (A) and cellulose nitrate (B) techniques.
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Fig. 4
Comparision of cellulose- and x-ray film techniques in neutron radiography.

Sharp details around 100 jam in size can be seen in the enlargements. For instance, the PF steel
bellows is reproduced with high quality, and dimensional measurements can also be done
directly on the file by utilizing suitable image handling software. Two other enlargements are
given in Fig. 4, sections D and E. Again it is striking that the neutron radiographs based on the
X ray film technique contain more noise than the neutron radiographs acquired from the
cellulose nitrate films. The reason for the quality difference is mainly related to spreading of
the gamma rays generated in the dysprosium foil under neutron radiography and spreading of
the light beam through the X ray film under digitizing. With a thinner Dy-foil the gamma
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radiation will spread less and thereby produce sharper film details. However, the a-particles
generated in the energy converter during neutron irradiation produce sharp details in the
cellulose nitrate film.

It should be said that the X ray film used in the test is double coated and during digitizing this
film will spread the light beam more than a single coated film would. The main contribution to
the blackening of the X ray film is p-particles emitted from the neutron activated dysprosium
foil. But, the film blackening generated by the gamma radiation will superimpose and produce
a less sharp image.

5000 Mm

I

A

PF bel-

• I!'--

, it

Core holder

final position

initial position

cellulose nitrate film technique

fuel pellet

B

t.

fuel rod canning

\
fuel rod canning

pellet interface

Fig. 5 Neutron radiograph of PF core holder (A) and canning (B).
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Instruments readings from neutron radiographs (Fig. 5): An example taken from a sphere
packed fuel rod is used to illustrate how end of life rod pressure can be estimated from the total
displacement of the magnetic core holder or the extent of compression of the PF bellows after
irradiation. The PF bellows is shown in Fig. 5, section A. The PF bellows and fuel rod were
pre-pressurized to 21.5 and 22.5 bar respectively at room temperature. The sensitivity of the
bellows is 11.14 bar per mm and an initial magnetic core holder position of 0.1 mm from the
bottom or fundament is assumed. The total displacement of the magnetic core holder after
irradiation is measured as 1.26 mm, i.e. total Al due to total AP = 1.16 mm. The gas in the fuel
rod will be at elevated temperature after irradiation due to decay heat from the fuel and if we
assume a gas temperature of 30°C, the temperature corrected fill gas pressure is 23.6 bar. The
PF bellows is thus being compressed due to the fuel rod filler gas, which is now at higher
temperature, as well as the released fission gas. The bellows compression is approximately 0.1
mm due to the filler gas temperature increase, which leaves a bellows compression of 1.06 mm
due to the fission gas pressure. The fission gas pressure is therefore 12.7 bar at the actual
temperature and 12.1 bar at room temperature, i.e. a final pressure of 34.6 bar for fuel rod gas
composition. The fuel rod internal pressure was measured in the HBWR as 34 bar at room
temperature and the two results are in good agreement. The small uncertainty of the estimate of
the end of life pressure given above is because the exact position of the magnetic core holder
after rod fabrication is not known. However, an acquisition of fuel rod neutron radiographs
before irradiation in the reactor would remove this uncertainty.

Inspection of fuel and cladding details (Figs. 5 to 11): The neutron radiographs presented in
Fig. 6 of a fuel rod5 were taken by applying both techniques. The actual section is
characterized by a relatively high degree of fuel cracking and it is not from the dry-out zone,
but from the lower end of the fuel rod. The image given in section A is at 1:1 scale, and the
images in sections B and C are enlarged 2 and 5 times, respectively. It is obvious that the
reproduction of the neutron radiography image on the cellulose nitrate film is very detailed and
clear.

Figure 5, section B shows an image acquired in the dry-out region of another fuel rod. It is
possible to observe that the cladding has collapsed in between the pellet-pellet interface in a
permanent deformation. The neutron radiograph was acquired with the high-resolution
cellulose nitrate film technique.

Examples from a fuel degradation test are given in Figs. 7, 8, 9 and 10. The objective of the
fuel degradation test was to study phenomena and mechanisms of severe degradation of fuel
cladding caused by a small primary defect away from the location of secondary failure. For
simulation of the primary defect, the interior of the rod was exposed to a controlled ingress of
coolant water by opening an in-core valve. The experimental details are not described here.
The intention is more to show some interesting neutron radiographs and thereby to understand
the usefulness of the utilized techniques. The dysprosium foil/X ray film technique was
applied at two angular orientations for neutron radiography of rods from the fuel degradation
test. These radiographs were used for an overview inspection of the fuel rods. The overviews
presented in Figs. 7 and 9 facilitate the selections of interesting fuel rod regions for further
destructive PIE. Neutron radiography was again applied for these specific regions, see Figs. 8
and 10, but now the high-resolution cellulose nitrate film was utilized. Several conclusions
could be drawn from these pictures, e.g. some pellets located near position 795 mm have

5 The fuel rod was exposed in a dry-out experiment in the HBWR.

56



central voids and there is also a crack or defect in the cladding at the same location6 generated
by PCI mechanisms. At position 735 mm in Fig. 10 of another fuel rod in the test, voids in the
pellet centre and additionally an axial crack in the cladding generated by the PCI mechanism
are seen. A very interesting aspect is the possibility of zooming in with these high-resolution
digital neutron radiographs for further qualitative image analysis on a PC screen.

A combination of neutron radiographs and vector-based images is shown in Fig. 11. The
intention with this image construction was to make an overview picture of a complicated
cutting plan.

10 mm

Cellulose nitrate film

10 mm

10 mm

i a

#**». . - '«**%.l

Cellulose nitrate Him X-ray film

\ .1 I In - I I ,U II X-ray Him

Fig. 6 Neutron radiographs of fuel column.

See the 4X magnification in Fig. 8.
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2.4 Concluding remarks on neutron radiography

Utilization of cellulose nitrate film7 in neutron radiography eliminates the prolonged handling
of activated dysprosium foils. A high-resolution cellulose nitrate film gives sharp and detailed
radiographs compared to the dysprosium foil/X ray film technique [3, 4]. Some examples
given in the paper show that it is possible to zoom-in with neutron radiographs acquired with
the cellulose nitrate film technique. Fuel rod details at 10 times magnification are still sharp
enough to allow dimensional measurements to be made with great precision (50 jam). Fuel rod
instrumentation devices and other details can be detected with high reliability and the results
can be used for example to estimate the end of life pressure in instrumented fuel rods.

However, it is also useful to combine the dysprosium foil/X ray film and the cellulose nitrate
techniques in evaluation and examination of fuel and cladding conditions, e.g. in fuel failure
degradation tests.

The last five years of upgrading and use of advanced electronic data treatment tools in PIE
have improved both the inspection possibilities and documentation quality of neutron
radiographs. An important issue with digital PEE information is the possibility to communicate
data directly to the customers and to have an ongoing dialog during PEE.
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Fig. 7 Neutron radiographs of a fuel rod at 90 degrees orientation from the fuel degradation test.

7 Kodak CA 80-15 type B film.

58



Nitrate film scrape
Hyiiridcd claddin; 2X

2X

795 mm

4X

Fig. 8 Neutron radiographs (cellulose nitrate film) of a fuel rod at 90 degrees orientation from the fuel degradation test.

We are also working with neutron tomography as a tool for evaluation of PEE, so in the future,
measurements of many other fuel rod features should be possible by non-destructive methods.

3. DIMENSIONAL MEASUREMENTS

Physical parameters, such as diameter and bow or profile, of experimental fuel rods are
measured in profilometry. The measurements are an important experimental control of reactor
induced deformations of fuel rods, e.g. pellet cladding interaction that can lead to rod
degradation or failure. Some years ago results from profilometry were usually presented in two
dimensional x-y graphs, showing for one given angular orientation the values for the fuel rod
axial position (x-axis) versus the measured diameter/profile values (y-axis).

Recently, the laboratory carried out modifications to the profilometer bench. This includes a
new steering control and data acquisition system. The acquisition system in profilometry was
upgraded for three dimensional surface measurements, i.e. fuel rod outer diameter and
straightness or profile. Four parameters are logged in three dimensional measurements, i.e.
circumferential orientation, axial position, diameter and profile of the rod. The uni-axial
profilometry of fuel rods was modified in order that it could be performed at several angular
orientations during one acquisition sequence. This extension is very useful in several ways, for
instance the built-in data symmetry of the method is used to check the validity of the
measurement results. Profilometry gives in addition detailed information of cladding
irregularities and fuel rod profiles. Profile acquisition is actually a measure of the length
between the fuel rod and the bench structure. It was therefore necessary to develop further the
data processing methods to "see" the real profile of the fuel rod under examination.
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Fig. 9 Neutron radiographs of a fuel rod acquired at 90 degrees orientation from the fuel degradation test

Deformed cladding

Fig. 10 Neutron radiographs (cellulose nitrate Him) of a fuel rod at 90 degrees orientation from the fuel degradation test
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Fig. 11 Cutting plan utilized in destructive PIE

3.1 Experimental set-up for three dimensional profilometry

Description of the profilometer bench: The measurement principle of the profilometer bench
is based on linear voltage displacement transducers (LVDT) connected with two measurement
knives. The profilometer bench with transducer arrangement is given in Fig. 12. The knife
edge (sapphire) is made of a 2 mm diameter polished sapphire rod. Both knives are connected
to the diameter LVDT and one of them is also connected to the profile LVDT. One of the
transducers measures the outer diameter of the fuel rod and the other one the profile or
distance from the rod to the bench structure (steel axle). Programmable step motors control the
movement of the measuring bridge or trolley in the vertical direction9 and around the
circumference of the rod. The trolley is moved up and down in steps. Minimum step-length
variation corresponds to a displacement of 5 um and minimum angular displacement
corresponds to 0.9 degrees. This means that the measuring trolley moves upward one step and
then the rod rotates up to 400 small steps until it reaches the zero degree orientation, moves
another axial step and so on. The data acquisition is performed between each rotation step
while the rod and trolley is completely at rest, i.e. static measurement principle.

Alignment of the knives: Prior to all dimensional measurements, correct alignment of the
knives is vital to achieve high accuracy of the acquired data set. The knives have to be aligned

The vertical direction is approximately parallel to the fuel rod.
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parallel and horizontally tip to tip. Parallel alignment and knife wear are checked with a
precise calibration bar or rod10 that is moved (on rails) back and forth along the knife edges,
while reading the LVDT sensor signals. When doing profilometry measurements on a slightly
bowed fuel rod with poor alignment of the two knives, the measurement error introduced at
certain angular orientations of the fuel rod can be quite large (30-50 um). A procedure for
adjusting the alignment of the knives within certain limits is implemented to assure
satisfactory measurement accuracy.

Steering control, data acquisition, and data storage: The programme utilized for calibration
rod and fuel rod measurements is performed by a personal computer and software developed at
EFE, called ROD MASTER. The data programme with its hardware, generates the pulses to the
two step-motors to obtain the correct measuring position and reads the signal values from the
two transducers. The values are stored together with the generatrices (angular orientation) and
axial position on a data storage disk. When the dimensional measurements are completed the
acquired data set is transferred to a password protected network disk. The fuel rod axial
position is usually counted relative to its lower end and is positive in the up-direction. The
generatrix values are counted from 0 to 360 degrees and counter-clockwise when viewing the
rod from above.

Calibration: The diameter and profile sensor is calibrated by measuring on a special
calibration rod assembled with two or more accurate regions with diameter Di and D2. Di and
D2 are close to the fuel rod diameter (D), i.e.

{~

{ } = {— -Where { } = {— -} s (sensitivity)'1 and Cj and C2 represent the analogue to

digital converter (ADC) values acquired from the two calibration steps and C (z, 9) is the ADC
value for the diameter sensor at an arbitrary position. The bow or profile of the rod is given by,

Where C'(x,0) is the ADC value for the profile sensor at arbitrary position.

In order to deduce of the fuel rod straightness it is necessary to calculate the values of the
straight line crossing two points (xupp, xtow) near the upper and lower end plug welds.

The equation representing the ideal straight cladding at an arbitrary 6 and x is then,

m _ , P(Xupp » ^ ) ~ P(Xlow » 0 ) (

, u) — \ f • X + \
l<m ># ) " Xupp ~ P(Xiipp > # ) ' Xlow

Xupp ~ xlow Xupp ~

Diameter accuracy of the calibration rod is ± l|jm.
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Fig. 12 Dimensional measurement bench

The expression for the fuel rod straightness or profile is Bow(x,6) - P{x,6) - ^{x,6)

Data treatment: The presentation software used in the visualization of measurement values in
a three dimensional surface map such as shown in Fig. 13, is called 'Surfer', a standard
software package from Golden Software, Inc. (USA). Surfer is a grid-based contouring and
three dimensional surface plotting/mapping programme that runs under Microsoft Windows,
Windows 95/98 and Windows NT. Surfer interpolates irregularly spaced XYZ data on a
regular spaced grid, and places the interpolated data in a grid file. The grid files are used to
produce contour maps and surface plots. Maps are enhanced with Surfer by adding boundary
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information, posting data points, and combining several maps. Further functions can be
performed with the program, such as adding drawings to a map, annotating maps with text, etc.
It is also possible to operate on the grid files made from the data set. Surfer has commands for
smoothing the surface represented by the grid, performing mathematical transformations on
grids, and creating grids that represent mathematical surfaces. It is also possible to slice
arbitrary traces out from the actual surface and plot it with a Grapher package (two
dimensional).

3.2 Profilometry of an irradiated fuel rod

Example of a 3D profilometry map of an irradiated fuel rod (Fig. 13): The rod used in the
example is a commercially irradiated fuel rod re-fabricated at IFE, Kjeller. After ramp testing
in the HBWR the fuel rod diameter is measured in the profilometer bench. The x-axis along
the fuel rod is measured from 100 to 600 mm11 and the (p-direction12 from 0 to 360 degrees.
The measurement results are presented in a 3D map in Fig. 13. Special features, such as the
start and end of the active fuel stack region, a vent hole and the weld area are indicated in the
map. Further, a number of striking features can be seen in the 3D map. Firstly, and most
dominant is the dark-grey area in upper end of the fuel rod. This is a ground area used for
electric contact during welding operations in the hot cells. Secondly, there is a diagonal
background pattern that looks like waves. The background pattern is made up of parallel and
diagonal stripes, alternating dark and bright. The diagonal stripes in the background represent
most probably a roller pattern generated during the fabrication process of the tube. The
diameter difference of minimum and maximum in the roller pattern is estimated to be below
10 urn. Due to the 180 degrees measurement symmetry, the diameter contour map from 0 to
180 degrees must coincide with the contour map from 180 to 360 degrees. As can be seen in
the actual figures, the upper image at 180 to 360 degrees is nearly a perfect duplicate of the
lower one at 0 to 180 degrees.

However, a few vertical lines do not appear on the upper as well as on the lower image. These
lines represent 'dust' on the cladding or knives. The overall symmetry in the lower and upper
images proves that the contact knife setting (i.e. parallelism, vertical positioning) is correct and
that sapphire rods with negligible wear were used. The measurement resolution is 2.3 urn. The
vent hole and puncturing hole in the lower end of the fuel rods are indicated at 0 and 180
degrees in Fig. 13. The measurement was performed after the fuel rod was punctured.

Example of extracted graphs for diameter at two angular orientations from the 3D
profilometry map (Fig. 14): The diameter measurements at 0 and 90 degrees orientation are
extracted from the map and are given in graphs in Fig. 14. The figure shows "smoothed"
curves (noise reduction). The smoothing has been done by replacing each measured value by a
new value (yn ') where yn ' = V* (yn-i + 2 yn + yn +i). The mean cladding diameter in the fuel
stack region is approximately 10.71 mm. It is seen that the diameter trace at 0 degree is 180
degrees out of phase compared to the 90 degrees trace. It is assumed that this correlation is
generated during the production of the tubes (roller pattern). No cladding ridges can be seen.
Ridging would appear as vertical lines located at the pellet-pellet interface positions.

11 Along the fuel stack region, Ax = 1 mm.
12

Around the circumference, Acp = 7.2 degrees.
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Example of extracted graphs for profile at two angular orientations from 3D profilometry
map (Fig. 15): The profile measurements (i.e. P(x, 6)) at 0 and 90 degrees orientation are
extracted from the map and are given in the graphs in Fig. 15. The bow of the fuel rod is below
0.2 mm in these two orientations. The puncturing hole is seen on the profile curve at 0 degree.
The two profile curves in the example are not compensated for tilting of the fuel rod in the
measurement bench.

Cladding lift-off (Figs. 16 to 19): The next example is taken from a fuel rod exposed in a
cladding lift-off experiment performed in the Halden reactor. Three dimensional diameter and
compensated fuel rod profiles are given. The results are presented in Figs. 16 to 19. Weld
locations, start and end of the fuel stack and other details are indicated in the figures. Again, a
tilted pattern is observed in the diameter contour plot. This is generated during the production
of the tube. The cladding ridges are seen in the contour diameter plot as parallel vertical dark
lines. There are also some dark spots, which were probably generated near the spacer location
during base irradiation in a commercial reactor. The acquired profile data were compensated
for tilting of the rod and the result is given in Fig. 17 with a contour step of 30 um. Here, we
see that the maximum bow profile is located at 30 and 210 degrees orientations. The minimum
profile is 90 degrees in-between the maximum, i.e. at 120 and 300 degrees orientations. The
profile appearance of the rod is called a "banana" bow. A marked surface-area with a rather
rough appearance is extracted and highlighted in the figure. This area is also observed in the
diameter plot at approximately 120 and 300 degrees orientations.Two dimensional curves for
the diameter and bow of the fuel rod are extracted from the 3D map and are shown in Figs. 18
and 19. It can be seen that all profile curves are zero at the anchor points, i.e. the profile data
are compensated for tilting of the rod under the measurements.

3.3 Concluding remarks on 3-D profilometry

The new concept of dimension measurement and electronic data treatment results in a more
complete image of the surface of interest in terms of visualizing fuel rod features. With the
traditional measurement performed at two angular orientations it is furthermore difficult to
find the maximum bow of the fuel rod.
Future modifications to the knives used in measurement on the profilometer bench may give
access to the ability to detect fine defects in fuel rod cladding, such as thin cracks etc. But an
electromagnetic interaction system (e.g. eddy current) is maybe better to utilize in detection of
cladding irregularities or failures than fine tip knives implemented in the dimensional
measurement system.

4. COMPILATION EXAMPLES OF RELATED PIE DATA VISUALIZED FN AN IMAGE
BASED USER-INTERFACE

PEE results document the state of a fuel rod. Normally, the results are image data from visual
inspection, neutron radiography, metallography, ceramography etc. Additionally there are
numerical data from dimensional measurements, gamma scanning, mechanical testing, other
tests and quantitative image analysis. In order to obtain a complete picture of the state of the
fuel rod it is important to combine and compare all such data, possibly on overview image
pages with the option to zoom for details.
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4.1 Experimental set-up

A personal computer with sufficiently high capacity and suitable software allows handling of
digital images and the application of image compilation techniques. Viewing, working and
reporting of PIE data in an image file can be performed with photoshop software with
navigator, zooming and stitching possibilities.

Data from visual inspection and neutron radiography are first mounted and stitched to produce
a complete fuel rod picture. Then length calibration is performed before execution of the
documentation into an overview page facilitates fuel rod analysis. Layer effects and others
specific features are supported by the photoshop software utilized at the laboratory.

4.2 Image compilation example from neutron radiography and visual examination

Example from neutron radiography — image stitching and overview page (Fig. 20): The
main intension with the stitching and compilation of the neutron radiographs in this example is
to produce a digital fuel rod overview and detailed pictures that make it easy to examine the
results of the experiment and in addition to make flexible documentation. The digital file is
produced from high resolution data acquired from all the individual neutron radiographs. This
makes, for instance, zooming and navigation possible during a PC presentation or
examination. The neutron radiographs in Fig. 20 are acquired from a fuel rod exposed in a fuel
failure degradation test with unlimited steam ingress. The axial zero position of the rod is
given relative to the lower edge of the lower end plug, and pictures from both 0 and 90 degrees
orientation are shown together.
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Fig. 20 Compiled neutron radiographs from a fuel failure degradation test at two azimuthal orientations.

As a general remark, it must be said that the neutron radiographs show heavy hydrided areas in
regions of the cladding near the lower end of the fuel stack where the hydrogen accumulation
is largest. The cladding is oxidized when the unlimited amount of water/steam ingress occurs.
In the oxidising process, hydrogen is released from the water/steam and the cladding will pick
up some of the hydrogen and the remaining will accumulate in the lower end of the fuel rod. It
is obvious that the cladding is not intact in the heavy hydrided areas. It is seen in the enlarged
neutron radiograph that the hydriding was initiated at the cladding inner surface and proceeded
towards the outer surface. The most hydrided area is between position 136 - 153 mm where
swelling and pellet-cladding interaction produces bulges at the surface. Also, the hydride
content is very large in this region and it is actually up to 100 % zirconium hydride, i.e. a "sun
burst" appearance. In addition we observe that nearly all pellet-pellet interfaces and pellet
cracks contain moisture.

Example from visual inspection — image stitching (Fig. 21): The next example shown in Fig.
21 is taken from visual examination of re-fabricated guide tubes. First, the individual pictures
of one guide tube are stitched together and then the result is length calibrated. The image
stitching is performed automatically with special software. The image compilation in this
example is used again to collect the guide tubes into various design groups.
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Fig. 21 Visual examination of refabricated guide tubes arranged in two design groups.

4.3 Image compilation example presenting in an overview page the state of an irradiated
rod based on NDE and DE (Fig. 22)

The compilation example in Fig. 22 summarizes PIE results in an overview page. The acquired
data are combined from visual inspection, neutron radiography, metallography, ceramography,
ring tensile testing and dimensional measurements. The main purpose of constructing the
rather large image (100 MB) page is to have all PIE data available in only one file for easy
handling possibilities, i.e. zooming and inspection. Experimental details and PIE observations
will not be explained in detail — this is documented elsewhere. The intention here is to
demonstrate digital image compilation techniques.

The stitched images from neutron radiography and visual inspection are aligned and
dimensionally calibrated so that correlation of cladding details and the interior of the fuel rod
is directly visualized. The cutting positions and image details related to the destructive
examination are marked on the Fig. 22. Various rulers are also incorporated and can be copied
and handled in separate transparent layers. Ruler movements on top of the images are possible
with this technique. Microstructures, oxide thickness and other details are possible to inspect
when the images of interest are zoomed. Figures for reports are generated by copying and
scaling operations. It is also possible to show the file contents and the possibilities described
above on a large canvas with a modern projector and a suitable PC.

71



4.4 Concluding remarks on compilation of PIE data

Electronic compilation of PEE data using commercial software and personal computers
provides numerous benefits for PIE. Digital data from related PIE, compiled in a high-
resolution image file, can be inspected, navigated and zoomed for fuel rod details. The
technique facilitates database work for PIE results and opens up new possibilities in
documentation and presentation.
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