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Abstract. Several sample preparation techniques were developed and installed in hot cells. The techniques were
conceived to evaluate the performance of highly burnt fuel rods and include: (a) a device for the removal of the
fuel, (b) a method for the preparation of the specimen ends for the welding of new end caps and for the careful
cleaning of samples for Transmission Electron Microscopy and Glow Discharge Mass Spectroscopy, (c) a
sample pressurisation device for long term creep tests, and (d) a diameter measuring device for creep or burst
samples. Examples of the determination of the mechanical properties, the behaviour under transient conditions
and for the assessment of the corrosion behaviour of high burnup cladding materials are presented.

INTRODUCTION

In recent years, the extensive application of non-destructive pool techniques has changed the
focal point of post-irradiation examinations in the hot cells to more specialised destructive
examinations. The steadily increasing fuel assembly discharge burnups and power levels ask
for more elaborated techniques aiming to evaluate in great detail the cladding behaviour at
high burnup and to better characterise the properties of highly burnt fuel.

To cope with the new requirements and with the support of the European nuclear industry,
several remote-handling techniques for sample preparation were installed in the hot cell of
ITU.

1. SCOPES OF THE PIE-TECHNIQUES

1.1 Re-fabrication

Transient testing can only be performed in material testing reactors using short rodlets. Whilst
in the past ramp testing of pre-irradiated segments was the common practice ^ , today the re-
fabrication of standard rods became the customary procedure. The advantage of this technique
is that any standard fuel rods, irradiated in commercial power reactors, can be selected for re-
fabrication and further testing according to in-service criteria (burnup, oxidation level, etc.).

After irradiation in a power reactor to the desired burnup and detailed post-irradiation
examination in the hot cell, the original fuel rods are cut and re-fabricated [2] according to the
following operation sequence:

- Approximate cutting avoiding spacer positions to ensure uniformity over the segment
length
Adjusting of the length previous to the conditioning of the ends
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Preparation of the upper and lower end
Welding of the end plugs
Gas filling and pressurisation
Conditioning for shipment

The main operations to be performed, besides the cuttings, are the cleaning of both ends of the
segments from the fuel and the welding of new end caps to the previously prepared ends. To
this goal two devices were developed: a lathe for the machining of the extremities of the
segments and a Tungsten Inert Gas (TIG) welding system, which will be described below.

1.2 Creep tests

In the last years, the discharge burnup of the light water reactor fuel has been increased
continuously, among other things by introducing high corrosion resistant cladding materials.
Since dry storage is gaining more and more importance for interim storage, it has become
necessary to assess the creep-rupture behaviour of cladding materials used for high burnup
fuel rods'-3-' under these condition.

Creep testing on irradiated cladding has to be performed to demonstrate the strain capability
of highly irradiated materials. Two types of test were installed in the hot cells: a short term
creep simulation and a long term creep test performed over a realistic time span (> 1 year).

In this context, samples from high burnup fuel rods have been prepared for creep testing. The
sample preparation and evaluation comprise:

1. Retrieval of the fuel
2. Preparation of the extremities of the sample

3. Pressurisation with gas (He)
4. Measurement of the diameter at the end of each heating period.

Previous to the test, the fuel inside the fuel rod samples has to be retrieved and the extremities
prepared for the end cap welding. Before each heating period, the sample diameter has to be
measured to establish the permanent strain. In section 2, the fuel removal machines, the gas
pressurisation system and the diameter-measuring device will be described.

1.3 Corrosion phenomena

To meet the requirements of the new challenging operating conditions improved zirconium
based materials are a prerequisite. Severe fuel duty can lead to local steam formation and
might result in new corrosion phenomena such as H-induced accelerated corrosion, Li-
corrosion, and O-induced nodular corrosion.

Two techniques were installed in glove boxes at ITU to study such corrosion phenomena:
Glow Discharge Mass Spectrometer (GDMS) and Transmission Electron Microscope (TEM).

1.3.1 Transmission Electron Microscopy

Improvements in the process control of heat treatments and optimisation of the chemical
composition of zirconium alloys are of essential importance for the amelioration of the
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corrosion properties. In particular, alloying elements such as Fe, Ni and Cr, which appear in
the form of second-phase particles due to their low solubility in the zirconium matrix, play an
important role in determining the corrosion properties of cladding materials.

TEM is used to determine the amount and size of second-phase precipitates.
1.3.2 Glow Discharge Mass Spectrometry

Some chemicals, like B and Li, are added to the reactor cooling water to control reactivity and
pH-value. In order to understand the influence of boron and lithium on the mechanism and
kinetics of corrosion of zirconium alloys, it is necessary to study the diffusion properties of
these elements into the zirconium oxide layer.

For a thickness of the oxide layer of a few tens of micrometers, the GDMS is the appropriated
technique to study the concentration profile of the incorporated B and Li in the corrosion
layers.

Since, as previously mentioned, the two techniques are installed in ad-hoc glove boxes and
not in the hot cells, the samples to be transferred for analysis should be as small as possible
and should not include fuel pieces attached to it. A careful cleaning of the cladding is
necessary to achieve this requirement. This could be achieved using the device described in
Section 2.

2. SAMPLE PREPARATION TECHNIQUES

2.1 Fuel removal machine

Based on a commercial drilling machine with hammer action, a device was developed to
remove the fuel from segments of irradiated fuel rods, Fig. 1. The device uses a hard metal
drilling tool, fixed during the operation while the rotating fuel rod sample is displaced down
onto the fixed drill bit. The system allows a smooth vertical displacement through
counterweights, which maintain the sample in quasi-equilibrium during the drilling operation
in such a way that the operator has to pressure the sample onto the drilling tool with the
manipulator, permitting a careful control of the drilling operation. A special container,
provided with sliding sealing, was developed to contain the fuel remnants avoiding the
spreading of the fuel particles in the hot cell. After drilling the fuel is sealed in an ad-hoc
capsule for the ultimate disposal.

The diameter of the drilling tool was normally around 1 mm smaller than the nominal internal
diameter of the sample. Special care was exercised during the drilling operation to avoid
damage of the sample wall or to cause the deformation of the sample. Drilling periods were
alternated with pauses, to avoid the sample heat-up during the drilling procedure.

2.2 Cladding Machining

As previously described, for several tests cladding with materials, the sample preparation
requires an accurate machining of the cladding surface. For instance, it is necessary to weld
new end caps (re-fabrication and creep- and burst-test samples) or the carefully cleaning of
the internal part of the fuel rod to reduce the sample activity for its handling outside of the hot
cells (GDMS and TEM).
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Considering that the fuel-cladding interaction at the burnups of interest (more than
50 GWd/tU) can be large, an additional technique was developed to partially remove the
interaction layer in the grip zones. To reach this goal, a lathe modified for use under remote
controlled conditions and provided with special grinding tools was installed in a hot cell
(Fig. 2). The device was used to remove the remaining fuel and, partially, the interaction
layer. Calibrated gauges then measure the internal diameter of the sample and the value used
to elaborate the end caps to a tolerance of about 20 um.
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Fig. 1. Fuel removal machine.

Fig. 2. Lathe and grinding machine.
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2.3 Orbital Welding

A commercial device from the company Arc Machines, Model 207-0, provided with a
Cassette Weld Head, Model 9-500, was adapted for the use under remote handling conditions.
This type of machine is a precision, orbital tungsten inert gas (TIG) welding head, designed
for fusion butt welding of tubes with extreme clearance limitations. The machine can weld
thin wall tubes of a range of diameters up to 12.7 mm.

The welding system operates in such a way that the sample remains fixed while the electrode
rotates during the welding process.

2.4 Sample pressurisation device

To perform the long term creep tests, the samples were internally pressurised. In Fig. 3, a
sample with the end cap and the filling valve is shown. Both end caps are welded to the de-
fueled sample by means of the TIG orbital welding system. To introduce the filling gas (Ar) a
special valve was modified for hot cell applications. The valve consists of a short cylinder,
fitting closely to its housing, that can be moved by an advancing screw towards the sealing
surface. A spring holds the cylinder in the open position to allow the gas to ingress into the
specimen. Once the desired pressure is achieved, the screw can be tightened providing the gas
sealing. Finally, to ensure the absolute tightness of the sample, an end cap is welded over the
valve.

€?><* £«p

Fig. 3. Creep samples (a) with the end-caps welded and the filling-valve, and (b) with the end-fittings.

After the several welding operations, end-fittings are fixed to the samples as shown in
Fig. 3 b. This is performed in order to avoid that the heat-affected zones, free from the
radiation damage, can creep with higher creep-rate than the rest of the sample. An special
device, described elsewhere^, was used in order to tighten the end-fittings.

To pressurise the samples with the gas, a device had to be developed. The equipment is shown
in Fig. 4. The concept is based on a quick connector and a pressure gage. The massive
platform provides the necessary stability to allow the closing of the filling valve. The
equipment was designed for a maximum pressure of 250 bar.
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2.5 Diameter Measurement

A displacement transducer (LVDT) has been mounted on a floating head to measure the
relative movement of two knives, which us calibrated standards as reference (Fig. 5). The
device is able to detect variations of ± 0.1 um in the diameter. The apparatus also performs
the measurement of the axial displacement (±10 um), allowing the correlation of the diameter
measurement with the axial position on the sample.

Sample

Fixing system Pressure sealing

Fig. 4. Sample pressurisation device.
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Fig. 5. Diameter measuring device.

208



3. METHODS EVALUATION

3.1 Re-fabrication

In Fig. 6, a longitudinal cut through a welded end cap is shown. The re-fabrication procedure
outlined has so far been used successfully for more than 30 test segments including PWR and
BWR fuel rods. A prerequisite for its successful application is that the work in the hot cells
has to be performed in the cleanest possible way, avoiding any contamination of the internal
part of the segments.

An example of the detrimental effect of impurities is shown in Fig. 7, where hydrogen carbon
was introduced during the re-fabrication process causing heavy local hydriding (sunbursts).
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Fig. 6. Metallography of a welded end-cap

Fz'g. 7. Hydride distribution in a cladding after hydrogen ingress due to impurities.
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3.2 Creep tests

After He-filling the final end-cap is welded. By this operation, care has to be exercise not to
overheat the material to avoid the opening valve with the consequent release of the gas. A gas
release can cause the blow-up of weld-seam.

For the cold tests a cladding material with high creep strength was chosen to obtain strains
comparable to the expected strains of the future irradiated samples. Especially, to test the end-
fitting stability under conditions as realistic as possible.

Two samples were filled with He to reach 200 bar at 350 °C and 100 bar at 410 °C. The
pressure was measured at room temperature and had to be corrected for the corresponding at
the test temperature. The results are presented in Fig 8.
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Fig. 8. Creep strain as a function of the testing time.
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3.3 TEM

The micrographs in Fig. 9 show the typical appearance of highly irradiated secondary-phase
particles (SPPs) in Zry-2. Depicted are Zr(FrCr)2 and Zr2(FeNi) SPPs, which have been
identified by EDX-analysis. These particles tend to dissolve with increasing fluence. The
number density distribution as a function of the particle equivalent diameter is determined by
geometrical measurements of several hundreds of particles. Comparing number density and
chemical composition if irradiated and non-irradiated samples of the same material, the
degree of SPP-dissolution can be quantified and correlated to the corrosion behaviour.
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Fig. 9. Typical SPPs inZry-2.

3.4 GDMS

The technique can be used for the determination of light elements as a function of the depth
and can be applied to study their influence on the corrosion behaviour of cladding materials.

As an example, in Fig. 10 a typical concentration profile is shown. The figure depicts the Li-
concentration as a function of the depth in a Zircaloy-sample, oxidised in a Li/B-environment
(autoclave, 350 °C).

This equipment has been installed in a glove box and can be use for irradiated materials if the
sample is clean enough (less than 2 mSv) and may be taken from the hot-cells. This activity
level can be achieved by taking the fuel out of the sample with the equipment described in the
section 2.2.
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Fig. 10. Typical concentration profile.

CONCLUSIONS

To cope with the new requirements of the nuclear industry for PIE-methods to better
characterize the fuel rod behaviour at high burnups, several sample preparation techniques
were developed, installed and successfully tested in hot cells. The new techniques permit the
preparation of samples to evaluate corrosion phenomena, to test the behaviour under transient
conditions, and to examine the mechanical properties of highly burnt fuel rods also in view of
dry interim storage.
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