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0. Introduction DE86 011071

Fuel for the High Temperature Reactor (HTR) consists of 1 mm diameter coa-
ted particles uniformly distributed in a graphite matrix within a cold-mol-
ded 60 mm diameter spherical fuel element. Fuel performance demonstrations
under simulated normal operation conditions are conducted in accelerated
neutron environments available in Material Test Reactors and in real-time
environments such as the Arbeitsgemeinschaft Versuchsreaktor (AVR) JUlich.
Postirradiation examinations are then used to assess fuel element behavior
and the detailed performance of the coated particles (Refs. 1, 2).

The emphasis in postirradiation examination and accident testing is on as-
sessment of the capability for fuel elements and individual coated partic-
les to retain fission products and actinide fuel materials. To accomplish
this task, techniques have been developed which measure fission product
and fuel material distributions within or exterior to the particle:

1. Hot Gas Chiorination - provides an accurate method to measure total
fuel material concentration outside intact particles (Ref. 3);

2. Profile Electrolytic Deconsolidation - permits determination of fis-
sion product distribution along fuel element diameter and retrieval
of fuel particles from positions within element (Ref. 4);

3. Gamma Spectrometry - provides nondestructive method to measure defect
particle fractions based on retention of volatile metallic fission pro-
ducts (Ref. 1);

4. Particle Cracking - permits a measure of the partitioning of fission
products between fuel kernel and particle coatings, and the derivation
of diffusion parameters in fuel materials

5. Micro Gas Analysis - provides gaseous fission product and reactive gas
inventory within free volume of single particles (Refs. 5, 6) ; and

6. Mass-spectrometric Burnup Determination - utilizes isotope dilution
for the measurement of heavy metal isotope abundances.

1. Hot Gss Chiorination

This method consists of passing hot gaseous chlorine over fuel elements,
and analyzing volatile uranium chloride released from defective fuel and
deposited on an adsorption column (Ref. 3). Subsequent quantitative analy-
sis for total uranium from the leached residue permits a determination of
the number of defective and failed coated particles. All particles with
a minimum of one gas tight coating layer are classified as intact thus
being equivalent to in-pile gas release measurements.
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Some results from recent tests are shown in Table 1. Two experiments with
UOp Triso particles were irradiated under various conditions. In-reac-
tor gas release from each experiment was measured throughout irradiation.
The end-of-life release to birth (R/B) measurements are shown in the last
line of Table 1. Six irradiated compacts from each experiment were subjec-
ted to chlorination. The fraction of free uranium was in all cases below
the fractional uranium content of one particle. The results indicate that
all the particles in the 12 compacts used in the chlorine test were intact
with respect to gas retention.

Table 1: Fraction of free uranium measured by hot chlorination

Compact 2
Compact 4
Compact 5
Compact 6
Compact 7
Compact 9
Compact 10
Compact 11

Uranium content of 1 particle

R/B (Kr 85m) at end of
irradiation

HFR-P4/1

5E-06

7E-07
5E-07
3E-07

2E-06
8E-07

6E-04

8E-08

HFR-P4/2

3E-06
9E-07

7E-O7
4E-07
4E-07

IE-06

6E-04

8E-08

2. Profile Electrolytic Deconsolidation

Deconsolidation of spherical fuel elements is required to retrieve unbon-
ded coated particles for further analyses, and to investigate the distribu-
tion of fission and activation products in the matrix graphite.

The methods most commonly used in fuel element PIE are adaptations of ano-
dic oxidation of the matrix graphite by electrolysis. In this process the
fuel element is in direct contact with the anode of a DC voltage supply,
A Pt-Ir metal mesh is dipped into the electrolyte solution and acts as the
cathode. The graphite sphere disintegrates at the surface facing the
cathode. Stirring or recirculation of the electrolyte solution accelerates
the process. Optimum levels of electrical current are necessary to prevent
damage to the particles and to maintain an efficient process. A nitric
acid solution, at a concentration of 1 to 2 mol per liter, is used as the
electrolyte solution. Using a nitric solution simplifies the subsequent
analytic chemistry. The deconsoMdation procedures described below yield
fine graphite powder and well separated particles.

In the procedure used at the KFA Jlilich, a rotating spherical element is
dipped into the electrolyte solution. After about 18 h, a cylinder of 60
mm-length by 20 mm-diameter remains of the fuel element. The cylinder is
then turned on its axis and inserted into the electrolyte, and material
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is removed in 5 mm steps. This procedure yields particles and graphitic
material along an axis through the center of the sphere.

With the Seibersdorf procedure, three concentric glass tubes are used
which contain the HNOj electrolyte. The cuter tube is the electrolyte ves-
sel and is pressed tightly onto the element. A second tube is inside the
first tube and remains mobile. It is equipped with an annular platinum
cathode at its lower end, which is the actual boring tool. During the elec-
trolysis process, the second tube sinks into the graphite element preven-
ting lateral enlargement. A third innermost tube serves to suction off gra-
phite and coated particles together with the electrolyte solution.

Once the particles, graphite, and electrolyte are separated, fission pro-
duct and actinide material inventories are measured in each component.
High resolution detectors are used to determine the inventory of gamma-
emitting fission and activation products. Strontium 90 and its daughter
nuclei are strictly beta emitters and are determined by chemical
dissolution. Graphite samples are reduced to ash by high temperature
annealing or plasma oxidation and the remaining residue is then dissolved
in nitric acid and analyzed. The isotope Sr 90 is measured indirectly via
Y 90 (64 h halflife) extracted from the acid solution with
di-n-butylphosphate. With a maximum beta energy of 2.3 MeV, Y 90 can
easily be detected in a liquid scintillation counter using Cerenkov
Radiation.

After each deconsolidation step coated particles are treated to remove re-
sidual matrix graphite from their surface either by ultrasonic cleaning
or vibration supported screening. Optical microscopy, X-radiography, and
Scanning Electron Microscopy (SEM) are used to detect and document defecti-
ve coating layers or kernels.

The time- and cost-extensive procedure of electrolytic profile deconsolida-
tion has proved invaluable in investigating the low levels of metallic fis-
sion product release from irradiated reference U0 ? TRISO fuel ele-
ments. Figure 1 presents the results obtained from one sphere irradiated
at 1200*C. Shown are the sum of cesium and silver concentrations measured
in the graphite arid electrolyte as a function of position along element
diameter. Also shown are the predicted inventory levels based on modeling
cesium and silver diffusion through coating layers. While there is good
agreement in the case of silver, the cesium diffusion is grossly overesti-
mated. The reasons for this overestimation is that the cesium diffusion
coefficient data were derived originally from external release results
which invariably exhibit levels ̂ 3.0 E-5. These data are now believed to
be due to contamination caused by handling in a remote hot-cell environ-
ment.
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Figure 1: Fission product concentration through sphere irradiated at
1200*C
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3. Gamma Spectrometry with IMGA

The irradiated microsphere gamma analyzer system (IMGA) provides the capa-
bility to make statistically accurate measurements of failed particles in
irradiated HTR fuels (Ref. 1). Failure fraction is that fraction of fuel
which has lost significant amounts of fission products through defective
(from manufacture) or failed (during irradiation) coatings.

IMGA consists of three major components: an automated particle handling
system within a shielded cubicle, a high resolution gamma detector, and
a computer based pulse height analyzer. In addition to the handler, a ste-
reomicroscope and movable stage and a SEM have been installed in the cubic-
le for further detailed examinations on particle surfaces, kernels and coa-
ting fragments.

Irradiation performance is determined by acquiring a gamma energy spectrum
and performing a quantitative radioisotopic analysis on individual partic-
les from a large population. Failed/nonfailed decisions are based on acti-
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vity ratios of certain sensitive fission products. Two isotopes of cesium,
Cs 134 and Cs 137, and Zr 95 are of particular interest. In the high tempe-
rature environment of an HTR, cesium is volatile and will escape from de-
fective or failed particles. However, zirconium is chemically stable and
will remain in the fuel kernel. Thus, an activity ratio of a volatile (Cs)
to a nonvolatile fission product (Zr) provides a direct measure of fission
product loss. This method eliminates uncertainties associated with variati-
ons in size, initial loading, and burnup of individual particles.

Experimental results in the determination of the fraction of failed coa-
tings are limited by statistical considerations. If N particles are being
tested and n failures are observed, the failure fraction is 0 ^ z ̂  zmiI

at the confidence level C where z is given by the solution of the
equation

In all five particle batches listed in Table 2, n = 0 failures have been
observed by IMGA. In this case, an explicit solution can be obtained for

-la Y

I-C)
max

1 — exp
[In (1-C
I N + 1

By substituting n = 0 and the number of tested particles N in the above
equation, maximum failure fractions were determined and are shown in co-
lumn 6 of table 2. Combining all results on (Th,U)OJ. Triso particles
of batch EO 1607 yields a maximum failure fraction of =3.7 x lO"*

Table 2: IMGA results on Triso particle failure fractions

Fuel Experiment Irradiation No. of
Kernel Designation Temperature Particles

No. Defect Fail.Frac.
Particles (95 % Conf.

Limit)

(Th,U)Ox
(Th)O( i

(Th,U)Ot
(Th,U)O,
(Th,U)Ot

FRJ2-P23/3
FRJ2-P25/1
FRJ2-P25/2
FRJ2-P25/3
FRJ2-P25/4

1470*C
966*C

1025*C
1017*C
978 *C

1567
1604
1691
1659
1630

All particles from batch EO 1607: 8151

0
0
0
0
0

1.9E-03
1.9E-03
1.8E-03
1.8E-03
1.8E-03

3.7E-04

Present fuel product specifications require verification of failure fracti-
ons at 0.01 % to a 95 % confidence level. Even if no single failure is ob-
served, a minimum of 29,955 examinations is required. The ability of the
automated particle handler to operate continuously under computer control
makes the examination of such large populations possible.,
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4. Particle Cracking

Dependent on the scope of the PIE program, only a limited number of selec-
ted particles are used for single particle examinations. Usually these par-
ticles are carefully selected either by an optical examination or by gamma
spectrometry.

Particles can be mechanically separated into kernel and coatings for subse-
quent inventory and fission product release measurements. It is important
to sample particles from several regions within a spherical fuel element
in order to eliminate any bias due to position effects within the 60
mm-dia element. Particle fission product inventories exhibit a minimum,
while fission product release values exhibit a maximum, at the center of
an element. Fuel kernels are weighed on a microbalance and fission product
inventories are measured with high resolution spectrometers. For the isoto-
pes Ag 110m and Sr 90 chemical separations are necessary.

Kernel release data are obtained by separate inventory measurements on
kernel and coating. With existing diffusion models and a good knowledge
of the irradiation history, diffusion coefficients can be derived for the
volatile fission products in fuel materials. In the case where significant
externa1 release has occured, the calculated values for fission product
inventory must be accounted for.

5. Micro Gas Analysis

Fission gases, such as Xe and Kr, and reactive gases, such as CO, accumula-
te during irradiation in the free volume provided by the buffer layer the-
reby contributing to the buildup of internal gas pressure inside the par-
ticle. The amount of gases increase with irradiation operating conditions
such as time, temperature, and burnup.

Procedures and equipment have been developed to accurately measure the
amount of fission and reactive gases that are available within an
irradiated coated particle. Single particles are heated to a preselected
temperature (up to 2000*C) in a micro resistance-heated furnace under high
vacuum. After maintaining this temperature for sufficient time for the re-
active gases to equilibrate, the particles are crushed by a pneumatic pi-
ston. The gases liberated are swept into a quadrupole mass spectrometer.
Detection limits for routine measurements are about 1.0 E-7 cm8 (STP)
for krypton and xenon, and 2.0 E-5 cm5 for CO, The measurements can
be compared to calculated values based on inventory measurements of fissi-
on products retained within the particle such as Cs 137 and Ru 106. These
results together with their respective fission yield data make it possi-
ble to calculate the total number of fissions, and subsequently, the in-
ventory of xenon, krypton, and CO produced.

Due to the high burnup of HTR fuels, noble gas release from fuel kernel
materials is between 10 and 100 % and is strongly bumup and temperature
dependent. Consequently particle coatings have been designed to withstand
internal pressures resulting from 100 % release from the kernel. However,
for CO release from IKL fuels, large variations in kernel release have
been observed. By using the above procedures, the necessary data have been
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obtained to develop an accurate description of CO release (Refs. 7, 8).

6. Mass Spectrometric Burnup Determination

Sometimes it is necessary to complement the burnup determination by gamma
spectrometry via Cs 137 with mass spectrometric measurements (e.g. when
cesium is released from the coated particles). A few particles are selec-
ted by gamma measurement, cracked, and separated into kernels and coa-
tings. The kernels are weighed and (in the case of U0z) dissolved in a mix-
ture of nitric and hydrochloric acid. The solution is split into several
aliquots for isotopic dilution analysis. Depending on the goal of the exa-
minations, spikes such as Nd 150, U 233, Pu 242 or Pu 244 can be added to
the solutions.

After chemical separation of uranium, plutonium and neodymium by solvent
extraction and an additional purification step for neodymium by ion exchan-
ge chromatography, mass spectrometry of the samples is performed. This me-
thod yields isotopic abundances for neodymium, uranium and plutonium as
well as absolute entities of these elements in the solution with a preci-
sion of about 1 % for neodymium and about 0.1 % for uranium and plutonium.

The total number of fissions (burnup) is determined in a first good appro-
ximation via Nd 148 which shows almost equal fission yields for U 235 and
Pu 239. Using the ratio of Nd 150/Nd 148 as an U/Pu-fission monitor the
precision of the results can be further improved. Based on the total bur-
nup and additional parameters like U 238/U 235 or Pu 240/Pu 239 ratios the
fission fraction of uranium and plutonium can be derived. Fractionalburnup
values can be evaluated by- iterative calculation methods.

Applied to the analysis of free uranium outside particles, the knowledge
of isotopic abundances can be used to differentiate fuel specific uranium
from uranium contamination introduced either during manufacture, during
experiment assembly or disassembly, or during the handling procedures in
the hot cell.

7,, Conclusions

The quality of present day production scale HTR fuel is orders of magnitu-
de higher than that of just ten years ago. This increased fuel quality and
the need to provide fundamental fuel performance and fission product beha-
vior data under normal and accident operating conditions are driving for-
ces to expand the PIE capabilities. The examination equipment, techniques,
and procedures described in this paper have evolved over a number of years
and each is now routinely used to perform PIE.

Postirradiation examination data along with in-reactor operating data form
the foundation on which fuel performance assessments and qualifications
are based. To date, performance assessments have been completed on the
high-enriched uranium (Th,U)Ot HTI-BISO and high-enriched (Th,U)O,,
LTI-TRISO particle design. The HTI BISO particle is the reference for the
THTR, and the LTI-TRISO was the HTR reference in Germany from 1976 to
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1979. Evaluation of the low-enriched uranium (LEU), U0 z LTI-TRISO, par-
ticle design is now underway from fuel irradiation tests conducted from
1983 through 1985. This particle design was selected as the German HTR re-
ference fuel in 1979. Work on an international level continues on meeting
the assessment goal for the LEU UO^ particle fuel.
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