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SUMMARY

In HTGR graphite fuel elements, stresses are mainly induced by temperature distri-
butions which cause differential thermal and irradiations strains. In order to verify the ade-
quacy of the fuel element design, it is necessary to compare the calculated stresses with
the measured mechanical resistance of the material. Therefore, we have to define and ver-
ify failure criteria for graphite.

It is always very difficult to establish stress limits in such a way that these limits do
not restrict unnecessarily the design. In the case we consider, the difficulty is related to
three aspects: type of material (brittle), kind of stress (secondary), large variations of pro-
perties under irradiation.

The only way to resolve the difficulties is to experimentally determine the mechanical
failure criteria, under conditions similar to those existing in an HTGR core. Because of
the capability of graphite to withstand large thermal gradients, it is necessary to obtain
very high heat fluxes. A test program has been set up at CEA where two types of ex-
periments are performed.

1. Rupture of graphite tubes under thermal gradient

We obtain a large gradient by mean of induction heating of a graphite cylinder inter-
nally cooled with water. The first results obtained were presented in an earlier paper
(SMiRT-2, paper D4/5). We have improved the test method and apparatus by depositing
copper on the inside of the tube to éliminate the risk of graphite corrosion by steam, mea-
suring the radial temperature distribution, using acoustic emission to determine the stress
level in the specimen.

Several ruptures have been obtained after these improvements were included. The
stress calculations show that the failure stress is greater than twice the mean ultimate ten-
sile strength of the material.

2. Rupture of graphite bodies under irradiation

We use graphite blocks in which three fuel holes are drilled. The blocks are not directly
cooled since the heat is transferred through a capsule to the water of the Osiris reactor.
The capsule contains three blocks. The heavy metal loading is adjusted in each block in
order to obtain the desired temperature gradient.

The first experiment was run in pile during the first quarter of 1976. Ruptures between
the holes were obtained in all three blocks (on the whole length for the central block- and
on a part of the length for the others). The stresses were very high, but it was necessary
to prove that it was possible to obtain the rupture. The preliminary calculations indicate
that values of three to six have been reached for the ratio between maximum stresses and
the mean ultimate strength of unirradiated graphite.

The results of the detailed calculations are presented in the paper. All the stress cal-
culations are performed with the PASTEL program of the CEASEMT system of structures
analysis.
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1. INTROCDUCTION

The High Temperature Gas Cooled Reactor utilizes graphite as the structural material
for the core and core support as well as for the contaimment of the fuel. Therefore the
graphite is subjected to primary stresses due to the mechanical loads and to secondary
stresses due to the thermal gradients resulting from the heat transfer between the fuel and
the coolant gas.

These secondary stresses are by far the largest components of the total stress in the
graphite structures. They reach high values due to the large thermal and fast neutron
fluxes. The graphite thermal conductivity is reduced by the fast fluence. This increases
the thermal gradients and leads to increased differential thermal and irradiation-induced
strains.

The resulting stresses increase with fast neutron fluence as a consequence of the
variation in the irradiation-induced dimensional changes and the variation of the elastic
modulus. On the other hand, the stresses are reduced by the neutron irradiation-induced
creep. In addition the graphite strength increases with the fast fluence. Finally the wide
range of values exhibited by graphite properties can be added to these complex phenomena.
Under these conditions,it can be understood that it is particularly difficult to establish

a failure criterion for this material.

The criterion which has been used to the present is that which is applied to brittle
materials which poorly withstand tension stresses. The largest calculated principal stress
is limited to a fraction of the ultimate tensile strength. The application of this criterion
limits the possible performance of fuel elements in a way which seems too restrictive. Only
experiments carried out under conditions similar to those encountered in the core of an
HIGR can enable one to establish a less conservative criterion.

This is why a program to study the behaviour of graphite has been undertaken at
Commissariat 3 1'Frergie Atomique. In particular it includes studies of the rupture of
graphite under secondary stresses. Rupture is difficult to obtain because of the capacity
of graphite which enable it to resist large thermal gradients.It is therefore necessary
to obtain very high heat fluxes. Two types of experiments have been carried out. The first
one has been conducted out of pile and involves only differential thermal strains. The
others are made in pile and take into account all the diverse effects produced by irra-

diation.
2 OUT-OF-PILE STUDIES
The purpose of this study is to compare two types of rupture stresses.

- First, the rupture stress due to a tensile load, uniformaly distributed over the cross-
section of a test specimen.

- Second, the rupture stress due to a differential load creating a stress gradient varying
from tension to compression over the thickness of the material and representative of the

stress state in a reactor structure.
2.1, RMG test apparatus

The apparatus for obtaining rupture has been described in a preceeding paper [1]
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It consists of heating the exterior surface of a graphite cylinder by induction and cooling
the interior with a water flow. Improvements have been made on the apparatus since the time

of the previous studies. The principal objectives have been the following :

- To guarantee a perfectly tight inner surface in a cylinder in order to eliminate any
corrosion of the graphite by water vapor, while avoiding a large temperature drop in the
coating. This have been obtained by electrolycally depositing a layer of copper on the
inner surface of the cylinder.

- To measure the radial distribution of the temperature which is difficult to calculate.
The measurement has been made by introducing thermocouples longitudinally into the cylin-
der, in order to avoid any perturbation by the induction field.

- To follow the propagation of cracks by using acoustigc emission. Conditions for obtaining

a clear signal have been realized.
2.2. Results

About ten tubes have been tested, of which three have been cracked. The results pre-
sented here concerne the cracked tube which has been subjected to the smallest temperature
difference (about 700°C). Figure 1 is a photograph of the transverse cutof this tube which
has remained leak tight after the test. Figures 2 and 3 are enlarged photos of the two
cracks. Figure 4 gives the radial distribution of the measured temperatures. A calculated
distribution which takes in account the variation of the thermal conductivity with tempe-
rature and supposes that a power is generated through out the volume of the sample repre-
sents quite well the measured distribution. The corresponding stress distribution is also
given on figure 4. The maximun tensile stress calculated by assuming the material to be

elastic is 18 MPa, which corresponds to 2.3 times the ultimate tensile strength.

3. IN-PILE TESTS

The purpose of this test is to study the propagation of the cracks caused by secon-
dary stresses, under conditions which are as representative as possible of those encountered
in a reactor. large temperature gradients are obtained in graphite blocks which are heated
by fuel placed in holes drilled in the blocks and which are cooled by a circulation of water
around the outside of the capsule.

3.1. RWG irradiation device

The irradiation capsule is placed in the core of the Osiris reactor (CEN Saclay), in
a location where the thermal flux is 2.05 10'*n.cm 2s~! and the fast flux is 1.71 10"
n.cm ?s™! E >IMeV (4.10'*n.em™?s~! ¢ FG).

The capsule (see figure 5) which is of the Colibri E type consists of a stainless steel
tube and an internal cell with a gap of 0.14 mm between them. This gap permits adjustment
of the temperature level of the fuel blocks by changing the composition of the gas mixture
in the gap. The heat transfer coefficient can also be adjusted by regulating the flow rate
of the cooling water circulating around the capsule.

These conditions allow the irradiation of fuel blocks with very high power ratings
while the graphite temperature is kept in a range representative of the high temperature
reactor.

The instrumentation of the device consists of self powered detectors, fast flux wires
and thermocouples whose locations have been determined such that a direct comparison with
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the results of the thermal analysis is possible. In order to avoid the possibility that the
holes drilled for the thermocouples might be the origin of certain cracks only the upper
block is instrumented. .

The geometry of the block has been determined from optimisation calculations. The final
configuration is that which enable us to obtain very high stress levels while maintaining
the geometry of the integral fuel block similar to that of the high temperature reactor
(see figures 6 and 7).

3.2. RWG 01 irradiation

The objective of this experiment was to obtain a first approximation of the stress
level capable of creating cracks in the graphite. The experiment was composed of three gra-
phite blocks of the same type (P3JHAN graphite from SERS) which were subjected to three
different stress levels. These different levels had been obtained by adjusting the power
density, that is to say the amount of uranium in each block.

The irradiation has been carried out during the first quarter of 1976. The capsule has
attained the desired temperature levels and thermal gradiénts. First of all, one must note
that, at the periphery of the upper block, a dissymmetry of about 100°C has persisted
through out the irradiation. This dissymmetry is probably due to a flux gradient in the
reactor as well. as a small excentricity of the block in the capsule.

3.3. Post irradiation examinations

A1l three blocks of graphite have been cracked. Both longitudinal and transversal
cracks exist in the blocks. They are mainly located in the webs between the fuel holes (see
figures 8, 9 and 10). Some transversal cracks entirely cross the webs. It is necessary to
note that, in this type of experiment, the entire thickness of the web (4.5 mm) is in ten-
sion.

The degree of cracking is very different in the three different blocks. The middle
block, in which the stress level is very high, clearly shows more cracking than the other
two. In the upper and lower blocks, the cracks stop in the region of the block where the
stresses are lower. In the middle block the cracks are also much wider.One could think that
the cracking was produced earlier, during an intermediate shutdown of the reactor and that
the opening of the cracks has been accentuated during the following part of the irradiation.

3.4. Temperature and stress calculations

The results presented here have been obtained by carrying out an analysis on a symetric
portion of the block (60 degree sector). They do not therefore take into account neither the
dissymmetry observed in the temperature field, nor the perturbation in the stress field
resulting from the opening of the cracks during the intermediate shutdowns of the reactor.
The calculations have been made at the median plane of each of the three blocks.

The evolution of the maximum and minimum temperatures in the graphite is given in
figure 11. The evolution of the in-plane stresses, at the point of maximum stress, is shown
in figure 12. The calculated maximum stresses are compared to the ultimate tensile strength

of an irradiated graphite in the following table.
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Linear heat 180 370 260
of fuel
In-plane stress 25 55 36
(MPa) -
Stress 2.3 5.2 33
Strengt]

L. CONCLUSION

Rupture of graphite by secondary stresses has been obtained in both out-of-pile studies
(RMG) as well as in in-pile studies (RWG). The preliminary calculations show that rupture is
obtained when the ratio stress/ultimate tensile strength is about 2.3. Calculations are now
being carried out with the following objectives :

- For RMG, study of the influence of the non-linearity of the stress-strain relation.

- For RWG, study of the effects on the stress distribution in the block of the dissymetries
observed in the temperature field as well as the opening of the cracks obtained during the
intermediate shutdowns.

For the latter, a finite element mesh of the entire block has been made up. This will
allow study of the redistribution of stress after opening of one, two or three cracks as
well as the evolution of deformations of the block whose final values can be compared to
those which have been measured. All thermal and mechanical calculations are carried out using
the finite element codes DELFINE and PASTEL from the structure analysis system CEASEMI |2].

In addition, a test program will be followed. The objectives of the new experiments are
the following :

- For RMG, to study the dispersion in the ratio rupture stress/ultimate tensile strength.

- For RWG, to better define the value of this ratio by avoiding cracking of certain blocks
which are nevertheless subjected to high stresses and to study rupture with a different type
of graphite.
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Fig. 10 - RWG 01 - Radiograph of the middle block
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