














































































































130 Radiochemistry during normal operation of the plant

Table 3.11. *H inventory and distribution in a PWR fuel rod
(according 1o Neeb et al., 1980)

Sample Position™ Local M infuel 3Hin 3H total % *H
No. in fuel rod burnup GBg/g U0z cladding GBg/g UO: in fuel
MWad/kg U GBglg UO,

1 219~231 17.9 4.8 - - -

2 233245 18.8 3.8 7.1 0.9 35

3 380-392 26.2 3.6 9.4 13.0 28

4 10481060 36.8 9.0 13.8 22.8 39

5 1062—1074 36.8 7.5 13.9 21.4 35

6 13841396 35.6 8,7 12.2 20.9 42

7 1398—1410 35.6 9.8 12.7 22.5 44

8 2023-2035 33.5 6.5 11.3 17.8 37

9 2155-2167 34.1 7.5 10.7 18.2 41

10 2183-2195 329 7.8 10.1 17.9 44

11 2505-2517 23.6 4.4 10.7 5.0 29
12 2674—2686 13.2 3.1 6.1 9.2 34

*y mm from lower end cap

tween the central region of the rod and the end pellet positions, no axial migration
in the pellet stack or in the cladding can be detected. The reasons for the pro-
nounced differences in radial and in axial migration behavior of tritium in the fucl
pellets have not yet been clarified.

Comparable analyses of a BWR fuel rod having experienced almost identical
heat ratings but a lower burnup (about 20 MWd/kg U), yielded a *H fraction stifl
retained in the fuel of about 50% (Bleier et al., 1984). The reasons for the differ-
ences in retention between PWR and BWR fuels have not yet been completely
clarified. Presumably they are due to a higher density and lower open porosity of
the BWR fuel analyzed, the impact of which on H>O mobility in UO: fuels is well
known. As for the chemical state of tritium in the fuel there is no difference between
the two fuel types, i. e. in analyzing BWR fuel virtually the whole tritium inventory
is also detected as HTO after dissolution in nitric acid.

The investigations performed by other authors yielded similar results concerning
the fraction of tritium remaining in the fuel. Goode and Cox (1970) reported that
a PWR fuel operated at 160 W/cm to a burnup of 34 MWd/kg U still contained
about 93% of the 3H produced. The analyses of Broothaerts et al. (1982) of
UO,~Pu0> fuel rods operated under PWR conditions (burnup 32 MWd/kg U,
linear heat ratings between 150 and 200 W/cm) showed residual *H fractions in the
fuel of about 40% of the amount produced. Finally, Grossmann and Hegland
(1971) reported that in BWR fuel rods after a bumup of 12MWd/kg U at a hinear
heat rating of 580 W/em, about 25% of the 3H produced was detected in the fuel,
but after 21 MWd/kg U at 1030 W/cm only 4%.

From the results of these investigations it can be concluded that the *H fraction
retained in the fuel decreases with an increasing heat rating of the fuel rod, whereas
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Figure 3.25. 3H retention in oxide fuel as a function of linear heat rate
(Wolfle et al., 1981)

it depends only little (if at all) on fuel burnup. In Fig. 3.25. (from Wolfic et al.,
1981) the results of several experimental investigations are summarized as a func-
tion of fuel linear heat rating; despite a considerable scatter, the relative distribu-
tions of *H between fuel and cladding show a clear tendency. These results are
consistent with what has been described above on the nature of the chemical bond
of tritium in irradiated nuclear fuel. Higher heat ratings mean higher fuel central
temperatures and, consequently, a more effective “drying” of the fuel. On the other
hand, saturation effects that might influence the behavior of tritium are not likely
even at high burnup levels, because of the low 3H mass concentrations in the fuel;
thus, no pronounced effect of fuel burnup on the behavior of tritium is to be
expected.

3.2.3.7 Carbon-14

During reactor operation, small amounts of ¥C are also formed in nuclear fuels.
With regard to the radioactivity balance of the fuel during plant operation, this
radionuclide is of no relevance; however, considering its comparatively long halflife
of 5736 years and its postulated release behavior from the fuel matrix under storage
or accident conditions, it is of definite interest with respect to reprocessing or final
disposal of the speut fuel. For these reasons, it is of importance to know the “C
inventories as well as the chemical state of this radionuclide in the fuel.
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14C is produced in the nuclear fuel by different nuclear reactions (e. g. Davis,
1977), .the most important of which are

~ "0 (n.a) "*C: Stoichiometric UQ; has an oxygen content of 11.8%; the isotopic
abundance of 70 in the oxygen amounts to 0.039%. The isotope shows a ther-
mal neutron cross section for the (n.«) reaction of 2.35- 10" cm? and a reso-
nance neutron cross section of 1.05 - 10”25 cm?2.

-~ ™N (n,p) '*C: This nuclear reaction shows a thermal neutron capture cross
section of 1.8-10"cm? and a resonance neutron cross section of
8.7 - 1072*cm?. Usually, the nitrogen content of UQ; fuel and mixed-oxide fuel
is on the order of a few ppm; the '*N abundance in the natural nitrogen isotopic
mixture amournts 10 99.63%.

— Ternary fission: The 'C fission yields are about 1.7 - 107%% for thermal 235U
fission and about 1.8 - 107%% for thermal *3°Pu fission.

- 13C (n,7) "*C: Due to the large graphite inventories in the cores of high-temper-
ature reactors, this reaction is the main source of *C production there. In LWR
fuels, however, this nuclear reaction is of little significance because of the jow
carbon content in the fuel (<10 ppm), the low isotopic abundance of '*C of
1.1%, and its small thermal neutron capture cross section of about 1 - 10~28¢m?,

PWR and BWR neutron spectrum averaged cross section data were summarized
by Bleier et al. (1987).

Determination of the C activity concentration in the irradiated fuel can be
performed in a similar manner as *H determination (see Section 3.2.3.6). An alter-
native method for determining the "#C contents in spent fuel is combustion of the
sample in an oxygen or air atmosphere, followed by absorption of the CO» formed
in alkaline solution. This method was applied in the analysis of graphite-coated
HTGR fuel kernels (Wenzel et al., 1979); however, when using this technique, it is
not possible to distinguish between different chemical forms of 'C present in the
fuel, since they all are completely oxidized to CO; during combustion.

At low nitrogen impurity concentrations in the fuel both the (n,p) reaction and
the (n,a) reaction mentioned above are of about equal importance as regards '“C
production in the fuel; the data published by Bleier et al. (1987), which are summa-
rized in Fig. 3.26., can be explained by a nitrogen concentration in the fuel in the
range of 5 to 10 ppm. It is known from measurements made in fuel fabrication that
nitrogen impurity concentrations in BWR and PWR fuels usually are markedly
below 10 ppm, frequently below the analytical detection limit of 4 ppm; thus, these
data do not contradict the "*C concentrations found in these experiments. Only a
few of the results indicating a very high nitrogen content in the range of 20 to
30ppm cannot be explained. As can be seen from Fig. 3.26., the measured MC
concentrations in the fuel are in good agreement with the local fuel burnup, thus
indicating that the C produced is completely retained in the fuel matrix and does
not migrate to a measurable extent in the axial direction in the fuel rod.

The investigations reported by Bleier et al. (1987), while having the aim of
studying '*C behavior under head-end conditions of nuclear fuel reprocessing and,
therefore, using analytical techniques not particularly suited for chemical specia-
tion, also yielded information on the chemical state of C in the fuel. Upon disso-
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Figure 3.26. 'C activity concentrations in PWR and BWR fuel as a function of local burnup
(Bleier et al., 1987)

lution of the fuel specimens in nitric acid, virtually all of the ““C inventory of the
fuel is liberated as CO», with only a very small fraction in the range of 0.2 to 0.3%
appearing as CO and/or CHj (these two compounds cannot be distinguished from
each other by the analylical technigue applied). It seems questionable, however,
whether this result means that C is chemically bound in the fuel as carbonate:
thermodynamically, UO; at 1270K (1000 °C) is in equilibrium with a CO—-CO;
mixture with a dominant CO fraction. Therefore, it seems probable that '*C in the
fuel exists as a species that cannot be identified in greater detail and which is
oxidized by nitric acid to CO»; besides the possible presence of oxidic carbon spe-
cies, the presence of very small C concentrations in the fuel (<0.1 ppm)} in an
atomic-dispersed form, which is oxidized by pitric acid during dissolution of the
sample, cannot be ruled out.

3.2.4 Radionuclides in the fuel pellet — cladding gap

Besides the fuel, the closed chemical system “fuel rod™ includes the fuel pellet —
cladding gap and the upper and lower gas plenum. which are filled with helium
overpressure (about 2 MPa at ambient temperature) in the course of fuel rod fabri-
cation. During reactor operation, a certain gap inventory of radionuclides is gener-
ated which is of interest in the event of an operational fuel rod failure as well as
in a loss-of-coolant accident. In typical LWR fuel rods, this gap inventory is mainly
formed by fission product recoi} from the fuel pellets. According to Wise (1985),
one quarter of the fission fragments generated within a recoil length p from the
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surface of the pellet are released by recoil, provided the dimensions of the fuel
specimen are large compared with the recoil range of the fission fragments in the
fuel. If the fission rate is uniform throughout the specimen (which can be approxi-
mately assumed for a LWR fuel pellet), then the ratio of the recoil release rate R
to the fission fragment production rate B is

R/B = 1/4 - u-(S/V)
(S = surface area of the specimen, V = volume of the specimen)

The largest fraction of the released fission fragments will enter the Zircaloy clad-
ding of the fuel rod and only a small quantity & will bc stopped within the gas-
filled interspace between pellet surface and cladding, forming the recoil-induced
gap inventory. Calculation of € (i. e. of the fraction of fission fragments which have
lost their recoil energy aimost entirely in the fuel matrix so that they are completely
stopped in the gas phase of the gap) is very difficult since it depends on the mass
of the fragment and its initial energy as well as on the shape of the gas interspace.
Detailed analytical solutions for different geometries etc. have been published by
Wise (1985) as well as by Lewis (1987).

In addition, high-energy fission fragments are able to displace uranium atoms
from the pellet surface to the pellet — cladding gap. The mechanism of this knock-
out cffect is assumed to be thermal vaporization due to the extremely high temper-
atures in the fragment spur; under favorable conditions up to 10* uranium atoms
can be e¢jected from the fuel matrix by the action of one single fission fragment.
When cither a primary fission fragment or an energetic particie created in a colli-
ston cascade interacts elastically with a fission product atom, this atom can be
knocked out of the fuel matrix. The higher-order collisions occurring in the cascade
are the dominant processes in knock-out release; the initial kinetic energy of these
processes is sufficiently low (~ 200 ¢V) for the particles to be stopped within the
fuel pellet — cladding gap or within small cracks in the pellet. In general, at least
for shorter-lived fission products, the release by knock-out is negligible compared
to that by recoil (Lewis, 1987).

In LWR fuel rods operated at normal heat ratings, the sccond mechanism that
can transport radionuclides to the gap, namely diffusion from the fuel matrx in
the thermal gradient, is only of importance for the noble gases. In such fuel rods,
the gap inventory of the fission product noble gases (including the upper and lower
plena) amounts to about 1% of the fuel inventory and consists mainly of stable
xenon and krypton isotopes and long-lived #°Kr. Sweep gas experiments have
shown that the shorter-lived noble gas isotopes in an intact fuel rod exhibit a
release behavior to the gap showing an R : B dependence on A~'"? which, as will
be discussed in more detail in Section 4.3.1.1., indicates a diffusion-controlled re-
lease from the UO; matrix (e. g. Lewis et al., 1990). In standard LWR fuel rods
iodine and cesium, which do not show significant migration in the thermal gradient
under such conditions, are not cxpected to be transported to the gap by thermal
diffusion. The same applies to the polyvalent fission products (e. g. alkaline earths,
rare earths).

Investigations reported by Neeb (1978), in which the inner surface of the clad-
ding of a typical PWR fuel rod was subjected to a selective leaching procedure,
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showed gap inventories of the two elements iodine and cesium amounting to
0.3—0.5% of the fuel inventory. Figures on the same order of magnitude were given
by Lorenz et al. (1980), based on heating experiments of fuel rod segments at
700 °C in a dry helium atmosphere (so-called gap purge experiments). However,
heat ratings beyond 300 W/ecm, which in LWR fuel rods will only occur dluring
power transients (ramps), will result in considcrably higher gap inventorieg; in the
ORNL gap purge experiments, gap inventories of about 15% for both iodine and
cesium were measured in highly rated fuel rods. At such high fuel temperatures,
fission product migration in the thermal gradient is the predominant contributor
to gap inventory buildup (Collins et al., 1988). .

The chemical conditions in the gap are controlled by the oxygen potential, yo..
which can be calculated by:

Ro, = RT - In (1307/p00.»)

Besmann and Lindemer (1978) pointed out that the definition of the chemical
oxygen potential in the gap of a fuel rod is somewhat problematic. At the' outer
surface of the fuel pellet it is controlled by the UQ»—fission product mixture;
electro-motoric force (emf) measurements at 1023 K yielded po, values between
—555 and ~450kJ/mol at fuel burnup data of 11 and 19 MWd/kg U, respectively.
On the other hand, at the inner cladding surface the chemical system Zr—2r0>
dominates, the oxygen potential of which is considerably more negative, being in
the range —900kJ/mol at 1000K, i.e. roughly comparable to that of the system
U—UO». Assmann and Stehic (1984) claimed that the inner surface of the Zircaloy
cladding represents an oxygen sink, where the excess oxygen caused by uranium
and plutonium fission is fixed by the formation of an oxide layer at temperatures
of around 400 °C. On the other hand, microprobe measurements performed by
Kleykamp (1990 a) showed very little cladding oxidation. These chc»mical condi-
tions are of importance as regards the chemical state of various ﬁ§510n products
which are present in the gap. It has to be emphasized that these chemical conditions
only apply to intact fuel rods; the appearance of cladding failures will change the
conditions significantly, mainly due to the steam entering the gap from the primary
coolant and replacing the helium fill gas. .
Concerning the chemical state of fission product iodine and cesium in the gap.
the ORNL gz:p purge experiments yielded identical volatilization kinetics for both
elements and identical deposition in the thermal gradient tube with a maximum i
the temperature range 500° to 350 °C. These results were claimed to indicate t.he
presence of Csl in the pellet - cladding gap, while the presence of clemeptal iodine
and cesium can be ruled out (Collins et al., 1988). The leaching experiments de-
scribed by Neeb (1978) showed that only about 25% of the ﬁssipn product iodir_xe
and cesium released from the fuel pellets arc soluble in organic solvents and in
dilute mineral acid, while the bulk of them can only be dissolved by attacking the
cladding base material. Thesc expertmental results apparently confirm the presence
of spcc;ﬁc fission product compounds such as CsI and, possibly, traces of L in the
gap. i. e. on the Zircaloy surface; on the other hand, they are consistent with _the
above-mentioned assumption that the majority of the fission fragments are im-
planted into the Zircaloy base material by the recoil kinetic energy. In limited fuel
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rod zones having experienced a transient with comparatively high heat ratings,
considerably larger iodine and cesium deposits were detected in the gap (Neeb,
1978). Moreover, the fraction of iodine and cesium which could be dissolved from
these zones by organic solvents and by diluted mineral acid was considerably
higher, thus indicating that in these areas the recoil-induced transport was superim-
posed by a thermomigration transport. However, despite the comparatively hlgb
fraction of iodine found to be soluble in organic solvents, no significant axial
migration of this fission product in the fuel rod gap was observed, an effect which
one would expect if elemental iodine with its rather high vapor pressure were pre-
sent in the gap; as yet, this inconsistency has not been explained.

These results generally agree with the thermodynamic calculations of Bcsmaqn
and Lindemer (1978), according to which fission product iodine should appear i
the gap as a Csl species, which is the thermodynamically most stable iodine com-
pound at oxygen potentials controlled by UO; as well as by the Zr-Zr0, equilib-
rium. As for the chemical state of cesium, which is present in an amount greater
by about a factor of ten than iodine, the situation is more complex. If the oxygen
potential is controlled by UO3, then Cs;UO4 would be the most stable compound
besides CsI; in contrast, i the system Zr-ZrO; is the dominant one, then elemental
Cs would be stable, provided that no cesium zirconate were formed. However, it
seems quite questionable whether such well-defined compounds will actually ap-
pear in the gap. Todine and cesium atoms which are incorporated in the superficial
oxide layer and form non-stoichiometric compounds are thought to be more prob-
able.

Due 1o fuel swelling and cladding creep. fuel and cladding at higher burnup
levels often come into close contact under the conditions of operating temperature
and pressure. Locally, small fuel particles may stick to the cladding material, result_-
ing in fuel residues at the inner cladding surface in post-operational cold condi-
tions. In addition, at the inner cladding surface of fuel rods exhibiting high linear
heat ratings (on the order of 300 W/cm) and showing a fission gas release of_ IQ to
13%, deposits of a different nature are detected. Layers covering narrowly llrr}xted
areas across from pellet cracks mainly contain uranium, cesium and telluriuvm;
at pellet interfaces these layers show larger dimensions. Likewise. circula}'-shapcd
deposits are statistically distributed, predominantly consisting of uranium and
cesium.

Besides the fission products mentioned above, small amounts of tritium are also
present in a volatile form in the fill gas of the fuel rod. According to Bleier et al.
(1984), the amount of tritium present in the rod plena and gap amounts to
1075=10"2% of the total tritium inventory of the fuel rod, about 80% of which is
present as HTO, with the remainder as HT; in this respect, there is no _signiﬁcant
difference between PWR and BWR fuel rods. These results are also in reason-
able agreement with those reported by Broothaerts et al. (1982). However, tl‘xe
HTO : HT ratio just mentioned does not agree with the calculated H>0—H; ratio
which is in thermodynamic equilibrium with UO2 at 1270 K (10 : 90). The reasons
for these discrepancies are not known as yet. If one considers the trittum amounts
present in the gas phase. in the fuel and in the cladding and if one assumes that
the transport between fuel peliet and cladding occurs exclusively via the gap gas-
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eous phase, then one could calculate an average residence time of a tritium atom
in the pgap of about only 10 hours.

In the analyses reported by Bleicr et al. (1984), C was not detected in the gas
phase of the fuel rod, either as CO; or as CO/ CHa. From this result, one can
calculate that the fraction of '4C present in the gap amounts {0 less than 107% of
the fuel rod inventory, at the maximum.

3.2.5 Radionuclides in the fuel rod cladding

In light water reactors, Zircaloy is commonly used as the fuel rod cladding mate-
rial, a zirconium alloy with various melallic constituents. Pressurized water reactors
use Zircaloy-4 (Zry-4), while i boiling water reactors Zircaloy-2 (Zry-2) is the
preferred cladding material; the compositions of both alloys are shown in Table
1.2. In German PWRs the mass of Zircaloy amounts to about 290kg/Mg HM
(heavy metal), in BWRs to about 320 kg/Mg HM (including the fuel assembly
channels).

During reactor operation, the surfaces of the cladding become covered by oxide
layers. At the inner surface a thin layer is formed which in high-burnup fuels
reaches an oxygen concentration of about 0.2% in the upper 25 um Zircaloy zone
as compared to about 0.1% in the Zircaloy bulk material. This oxygen originates
in the oxide fuel; however, as was mentioned in the preceding sections, it does not
significantly affect the stoichiometry of the fuel. The inner oxide layer also contains
fission products transported there mainly by fission recoil (see Section 3.2.4.). In
addition, interaction zones between the cladding oxide and fuel (including fission
products) are occasionally observed which are usually locally limited and tightly
adherent to the cladding material.

On the outside of the cladding, which is in contact with high-temperature water
or steam, the nature and the thickness of the oxide layer on PWR and on BWR
rods are markedly different. The PWR rods show a rather homogeneous black
oxide layer. the thickness of which depends on the period of exposure as well as
on the thermo-hydraulic design of the fuel assembly. The maximum thickness is
generally observed in the upper third of the fuel rod length, amounting to about
60 to 100 um. On BWR rods, normally a very thin oxide layer of a few pm only is
observed; in addition, nodular corrosion occasionally occurs with zones reaching
a thickness up to 100 um. Additionally, local oxide layers can be present which are
generated by chemical action of the coolant and which are affected by the material
properties of Zircaloy-2. At design burnup, these local oxide layers reach a maxi-
mum thickness of about 25pm; by change in the fabrication technology of the
material their extent has been significantly reduced. Mixed-oxide fuel rod claddings
show the same oxidation effects as those of standard UO; fuel rods.

The oxide layers mentioned above are generated by oxidation of the Zircaloy
base material by high-temperature water or steam. They must not be confused with
the layers formed by deposition of corrosion product oxides originating from the
surfaces of the other primary circuit components and structures; these corrosion



138 Radiochemistry during normal operation of the plant

product deposits are postulated to be at least partly responsible for contamination
buildup in the primary system. The inner fraction of these corrosion product oxide
layers adheres very tightly to the cladding material and is usually covered by a
loosely-adhering layer. In these oxide deposits radionuclides are formed by neutron
activation, mainly Co, *8Co, Fe, $4Mn, among others. A more detailed descrip-
tion of these processes will be given in Section 4.4.

Since the cladding is in the neutron field during the whole operation period of
the fuel assembly (usvally for 3 or 4 fuel cycles), considerable amounts of radionu-
clides are produced in it. The dominant radioactivities stern from the neutron acti-
vation products of the zirconium base material, namely 9Zr and its daughter pro-
duct **Nb; according to OriGEN calcuiations, the ®Zr aclivity concentration in
spent fuel claddings at the time of discharge amounts to about 500 MBq/g (core-
averaged value). From the tin content of both Zircaloy-2 and -4, 1258b is generated
by the reaction chain '#Sn (n,y) 125Sn LN '25Sb, with an activity concentration
on the order of S MBq/g as calculated from the tin content of the Zircaloy material
and the neutron fluence. Investigations conducted in the context of spent fuel re-
processing, however, yielded '*5Sb activity concentrations greater by a factor of 7
to 20 than the calculated values; potentially, redeposition of fission product '2Sb
from the nitric acid solution during leaching of the fuel has been responsible for
this discrepancy. Another essential contribution to the cladding total activity is
made by ®Co, which is produced by neutron activation of cobalt traces present in
the material. The *’Co activity concentration varies according to the trace impurity
content of the material, with values between 0.7 and 15 MBq/g Zry being measured
{data corrected for decay to the time of discharge).

Zircaloy frequently contains uranium traces which, during reactor operation,
give rise to the formation of transuranium isotopes in the cladding. As is known
from investigations performed in the context of spent fuel reprocessing, after de-
sign irradiation of LWR fuel rods, the cladding contains 2*Pu in the range 20 to
100 Bg/g, in addition to 20 to 50 Bg #Pu/g, 7 to 10kBq 241Pu/g and 40 to 120 Bqg
' Am/g. Depending on their uranium impurity contents, different batches of Zirca-
loy may show marked diffcrences in their transuranium activity concentrations;
however, the values measured in different specimens were in good agreement with
those calculated from the actual uranjum content and the neutron fluence. Besides
the transuranium isotopes, fission products are also formed in the cladding mate-
rial by nuclear fission of the uranium trace impurities. In addition, in particular at
high fuel burnup, transuranium elements become fixed to the inner surface of the
cladding where they are present as contamination incorporated into the oxide
layer; as has been shown by a autoradiography, these nuclides are not homoge-
neously distributed but are, rather, concentrated in spots. These spots probably
originate from fue] particles adhering to the oxide tayer which had not been com-
pletely removed from the cladding during dissolution of the fuel.

Fission products are also present in the cladding base material as a resuit of
fission fragment recoil from the fuel. Investigations by Vehlow (1984) of spent
PWR claddings using selective electrochemical dissolution techniques showed that
'¥’Cs and various other long-lived radionuclides exhibit a concentration profile
with an almost logarithmic slope down to about a depth of 10 um from the inner
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cladding surface. Usually, this profile contains about 80% of the total ﬁ;sion pro-
duct inventory of the cladding (amounting to about 0.1% of the fucl_ rod_mvcnt'o_ry
of fission products), while the remainder originates from the uranium impurities
present in the Zircaloy base material. Obviously. the concentration profile repre-
sents the implantation depth of the fission product fragments caused by the ﬁss;on
recoil. Quile in contrast with the other fission products, the *Kr concentration
profile starts with a value of about zero near the surface, reaches a'well—prono_uncc.d
maximum at a depth of about 2um and then decrease;s again with a l'ogarzthmlc
slope to virtually zero at a depth of [0pm. This bchav;pr has been attributed to a
diffusion of #Kr in the Zircaloy material which is significantly faster than that of
the other fission products, leading to a slow release of impla_nted atoms from _the
material to the gas phase during the post-irradiation storage time. This assumption
is supported by the observation of measurable ®Kr releases from spent fuel clad-
dings during dry storage. . N

As was mentioned in the preceding sections, a significant fraction of the tritium
produced in the nuclear fuel is transported during reactor operation to th‘e Cladd}ng
material and deposited there. A reliable evaluation of the magnitude of this f(actzon
is only possible by experimental determination; rc!evant.ana_lys@ are comphcated,
however, by similar difficulties to those for *H dctcymmat;on.m irradiated fue.l.
According to Bleier et al. (1984), for H determination the Zir_caloy c_laddmg is
dissolved in nitric acid — hydrofluoric acid in a closed dissolution device; subse-
quently. the acid solution and the different fractions of the gas absorplior_l duct are
treated in the same manner as described in Section 3.2.3.6. In such a dlssol_ut_lon
process, fine insoluble particles will remain. probably co_nsisting ozf the onginal
surface oxide layers; they can be isolated from the so_lut]on‘ anc_l dlsso}\fed by a
KHSO4 melt process. An alternative method to acid dissolution is melting of It}]e
whole cladding sample with KHSOu; this technique has the advantage that the 'C
content of the material can be determined simultaneously by analyzing the volatile
compounds in the same manner as described above. In eva]uz}tmg the results ob-
tained by this melting technique, however, it has to be taken into account tha.t at
the high temperatures of the melt the original chemical state of both r'adtopuc!ldes
may be changed. After such a treatment, the “CO : *CO; ratio obtained is virtu-
ally identical to that what would result from the Boudouarc_i cquxlibrlun} thus
giving no information on the original specics;_ C(_)mparabie reactions concerning the
*H chemical species cannot be ruled out. A similar effect has to be expected in the
3H determination by vacuum hot extraction; at the temperatures of about 14OQ K
which have to be applied here, HTO originally present is reduced alm_ost quantita-
tively by the metal to HT. As with the determination (?f these radlonu_chdes in
irradiated fuel, the analytical procedure proposed by Bleier et al. (1984) is expen-
sive in its execution, but it is able to determine reliably *H and '*C in low concen-
trations and in the presence of a large excess of other radionuclides, with an analyt-
ical error of 5 to 10%.

As can be seen from Table 3.11., in a typical LWR fuel rod about one-half to
two-thirds of the 3H produced by ternary fission is re]easegi frpm_tht: fuel to the
Zircaloy cladding. The resulting axial *H profile in the .cIaddmg 1s virtually para}lel
to the y-scan data; this means that ihe relative fraction of total *H production
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transported during operation of the fuel rod to the cladding does not depend on
the local fuel burnup and, consequently, also not on the time-averaged local heat
rating. Morcover, this profile indicates that during reactor operation no significant
axial migration of *H in the cladding takes place (Bleier et al., 1984). On the other
hand, Broothaerts et al. (1982) reported that in the active zone of the fuel rod the
3H concentration in the cladding correlates with the axial ¥ scan, but that it in-
creases in the region of the upper rod plenum to values which, in some cases,
exceed the values in the middle region of the fuel rod; in contrast, in the region of
the lower AlyO3 insulation pellet the *H concentration in the cladding was about
the same as that in the lowest part of the active zone. These data contradict the
results reported by Bleier et al. (1983) showing that the *H concentration in the
cladding near the insulation pellet is lower by a factor of about 10 than in the
central region of the rod, with the concentrations being lower in the middle of the
upper plenum region by a factor of 35. The reasons for the differences in the resulis
are still not clear, and cannot be explained by the fact that in one of the cases
standard UO; fuel rods, in the other one UO2~PuOs> fuel rods with a compara-
tively low linear heat rating had been examined.

The radial *H distribution across the cladding wall thickness is quite homogen-
eous, as was demonstrated by investigations in which thin Jayers were consecutively
removed by mechanical means from the cladding and analyzed for 3H (Neeb et al.,
1980). From these results, a relatively fast 3H migration in the Zircaloy material in
a radial direction can be derived. This behavior seems to be contradictory to the
axial *H immobility mentioned above. Possible reasons for these differences in *H
bebavior may be the Zircaloy texture, which is different in the axial and radial
directions of the cladding, or the temperature gradient in the material, which is
considerably larger in the radial than in the axial direction. However, as yet there
1s no definite explanation.

In the course of the dissolution of irradiated Zircaloy cladding specimens in
mineral acids, the *H present is fiberated almost quantitatively as HT (Goode and
Cox, 1970; Neeb et al., 1980), indicating that the chemical form of *H in the metal
is dissolved hydrogen or ZrHy. Small fractions of HTO observed in these experi-
ments are probably due to secondary chemical reactions which occur during the
dissolution process.

From the experimental results described above, it can be stated that in LWR
fuel rods only about one half of the *H produced by ternary fission remains in the
fuel, with the other half being transported to the cladding material. In principle,
this transport can proceed via the direct contact between fuel and cladding which
are in close contact during operation. Another possibility is transport via the gas
phase of the gap; in this case, however, the rather short average residence time of
about 10 hours of *H in the gas phase of the gap (see the preceding section) is only
difficult to understand. In both transport mechanisms, the >H present in the fuel
and in the gap gas phase as HTO (or as hydrogen chemically attached to oxygen)
has to be reduced to elemental hydrogen, since it appears in the cladding as dis-
solved hydrogen or as hydride. Basically, such a reduction can be effected by two
different mechanisms:
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~ HTO from the fuel or from the gas phase is reduced by Zircaloy at the in-
terphase oxide—mctal and the hydrogen generated is incorporated into the met-
al.

— In the gap gas phase, HTO is decomposed by radiation-induced reactions, with
the *H atoms produced passing directly over to the metal.

The probabilities and the rates of both reactions under the prevailing conditions
are still not known and, therefore, it is not possible to identify the predominant
mechanism.

The comparatively fast incorporation of 3H into the cladding material has to be
compared with its slow release from the Zircaloy cladding to the reactor coolant
which, according to calculations based on measurements of the *H concentrations
in the coolant and its production rates there (see Section 4.2.3.), has been estimated
to be less than 1% of the amount produced in the nuclear fuel. In contrast, 3H
release from fuel rods with stainless steel claddings 1o the coolant is significantly
higher; according to the data from older US PWR plants which were summarized
by Yario (1982), about 50% of the tritium produced in the nuclear fuel is released
through the steel cladding to the coolant under typical PWR operating conditions.
This means that tritium release from the fuel is about identical for both cladding
materials, but that this radionuclide is not retained by the steel cladding material
as is the case with Zircaloy cladding. Since *H retention seems to be a specific
material property of Zircaloy, the system Zircaloy—hydrogen shall be discussed in
somewhat greater detail.

Spent Zircaloy fuel rod claddings usually show a hydrogen content of up to
100 ppm; in claddings having undergone high thermal load the hydrogen concen-
trations may total 500 ppm. A small fraction of this hydrogen content stems from
the Zircaloy fabrication procedure, while the bulk of it is picked up during opera-
tion from the hydrogen resulting from Zircaloy oxidation by the reactor coolant.
Hydrogen is soluble in Zircaloy up to a temperature-dependent concentration limit
amounting to about 5- 10~ 2ppm at 25°C and to about 100 ppm at 300 °C. This
means that at the reactor operating temperature most of the hydrogen in the Zirca-
loy is in the dissolved state, while during cooling-down it is precipitated as hydride.
These platelet-shaped hydrides mainly appear in the cooler outer zones of the clad-
ding; at lower hydrogen concentrations the composition ZrH s is assumed, at very
high concentrations a value of ZrH; is more probable. Compared with these hy-
drogen concentrations, the amount of tritium released from the fuel to the cladding
is insignificant; at a fuel burnup of 30 MWd/kg U and a release fraction of 50%,
the 3H concentration in the Zircaloy amounts to about 1072 ppm. For this reason,
it can be assumed that tritium behaves in a manner largely identical to that of
normal hydrogen and that it is also precipitated into the hydride platelets during
cooling down. The claim made by Grossmann and Hegland (1971), that 'H is
homogeneously distributed in spent fuel rod claddings whereas *H shows an in-
homogeneous distribution, i. e. that there is no constant hydrogen isotope ratio in
the different zones of the cladding, has not been confirmed up to now.

According to Motz (1962), the H, partial pressure over a Zr—1% H, alloy
amounts to less than 104 Torr at 400 °C; at the considerably lower Hz concentra-
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tions present in Zircaloy claddings it can be expected to be significantly lower.
There is no detailed data on the *H partial pressure in Zircaloy, but it can be
anticipated that it is virtually identical 1o that of \H. Under heating of the material,
3H is released in 2 manner similar to that of 'H; however, the release kinetics shows
remarkable differences depending on the gas phase above the specimen (Wélfle et
al,, 1981). In a flowing hydrogen atmosphere, tritium release from spent Zircaloy
claddings starts at about 550 °C, reaches a rather sharp maximum at temperatures
around 950 °C, followed by a fast termination of the release. In contrast, in a
helium atmosphere under identical conditions a considerable tailing of the release
occurs which is assumed to be due to a lack of recombination (or isotope exchange)
partners in a hydrogen-poor environment, thus resulting in a stower decomposition
of the *H fraction fixed in the hydride precipitates.

Investigations reported by Kearns (1972) on the diffusion coefficient of hy-
drogen in zirconium and Zircaloy over the temperature range 275° to 700 °C
yielded values for the constant D, of the Arrhenius’ equation of 7.16 - 10" cm?/s
and an activation cnergy of 44.5kJ/mol (all the data are average values for the
three main directions of the material, with the specific values showing no pro-
nounced differences).

According to Kunz et al. (1982), tritium diffusion in the Zircaloy matrix is not
significantly affected by irradiation, at least at low radiation doses, nor by the
concentration of oxygen and tin in the matrix, nor by the hydrogen concentration
of the material as far as it does not exceed the solubility limits. Precipitated 8-
hydrides, however, act as a sink for tritium, reducing the dissolved *H concentra-
tion and, therefore, the tritium diffusion current in the Zircaloy « phase. This
means that at higher concentrations the effective diffusion coefficient for tritium
decreases with increasing hydrogen content of the material. The temperature de-
pendence of tritium diffusion in the Zircaloy « phase can be described by the
equation

Dy = Dy -exp (—E./R - T)

with D, being the frequency factor (1.03 - t0~*cm?s) and E, the activation energy
of 42.1 kJ/mol (Greger et al., 1980).

In the preceding sections the discrepancy between the fast tritium uptake into
the Zircaloy and the very slow release from the Zircaloy cladding to the coolant
was mentioned, the reasons for which have not yet been identified. It has been
claimed that the oxide layer present at the outer cladding surface acts as a transport
barrier; heating experiments in an inert atmosphere confirmed that *H release
decreases with increasing thickness of the oxide layer at temperatures around
300 °C (Kunz et al., 1985 a). As an explanation of this difference in behavior from
the inner surface oxide, which docs not hamper tritium transport, a different com-
position of both oxide layers might be assumed. However, investigations performed
by Bleier et al. (1983) showed that the tritium concentration in the outer oxide
layer of PWR claddings is lower by a factor of about 80 than that in the Zircaloy
base material and that the 3H inventory in this oxide layer only amounts to about
1072% of the tritium inventory in the cladding. Even if a certain loss of *H from
the oxide during the course of its isolation (selective dissolution of the base material
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in HNO;—HF at 0 °C) is postulated, no indication of a specific barrier effectiveness
of the outer oxide layer can be derived from these experimental results.

On the other hand, these leaching experiments (Bleier et al., 1983) showed that
the leaching medium is of great importance for *H release from spent Zircaloy
cladding sections. Using boiling 7 M nitric acid, between 0.04_1 and 5% of ic *H
inventory was leached within 5 hours, even from cladding sections from which the
fuel had been removed before by nitric acid dissolution; more than 90% of the
leached tritium appeared as HTO. Leaching with boiling water, NaOH so}.ution or
Ca(OH), solution resulted in a >H release lower by 2 to 4 order§ of magmtudc,.ln
the initial phase of the nitric acid leaching, a steep increase in the cumula}we
amount of released *H was observed, which follows a t!2 dependence and might
be interpreted as a diffusion-controlled mechanism; after 5 to 6 hours leaching time
the 3H release was virtunally terminated. Since the release behavior of the other
fission products showed an almost identical time behavior, it can be assumed that
the nitric acid attack on the cladding surface is the reason for the 3H release, rather
than fission product diffusion in the base material. This assumption is consis?em
with results of leaching experiments in distilled water and dilute NaOH solution,
which showed that the temperature dependence of 3H release corresponds to an
Arrhenius’ function with activation energies of 48 kJ/mol for water and of 62kJ/
mo} for NaOH solution (Kunz et al., 1985 b). More than 90% of the 3H released
to the solution appeared as HTO. The rates of *H rclease to solutions ip the tem-
perature range 20 to 100 °C were higher by about four orders of magnitude than
those of release to a dry argon atmosphere at comparable temperatures.

Obviously, the low *H release from the cladding to the coolant during reactor
operation is mainly due to its very firm bond in the metal, represented by the
dissolution enthalpy of 37.4kJ/mol. In this context, the results reporled by Wa_lter
et al. (1973) are of interest: they showed that in the coated-particle fuel of h:gh—
temperature reactors the tritium released from the fuel is comple;e]y retained in
the pyrolytic graphite zone; only at temperatures beyond 1700 K is it released frt?m
there, showing an activation energy of about 440 kj/mol. Quite in contrast with
this béhavior, the *H produced in the outer graphite layer by neutron acti\{au?n of
lithium impurities is already released at temperatures of about 800<K. This differ-
ence in behavior underlines the importance of the specific properties of the base
materials for the retention of *H. A

Finally, the irradiated Zircaloy claddings contain ‘4C_ generated from nitrogen
impurities of the material by an (n,p) reaction. According to Bonka (1979), the
power-related '*C production amounts to 7.9 GBg/GWe "a " ppm No. The data
determined by Bleier et al. (1987) are somewhat lower, yielding about 23_ kBqg/g
Zircaloy in 2 BWR fuel rod at a burnup of 22.4 MWd/kg HM and a nitrogen
content of the cladding matenal of 35 ppm; in 2 PWR mixed-oxide fuel rod clad-
ding containing 40 ppm N3 and irradiated to a fuel burnup of 35.7 MWd/kg HM,
a l‘TC concentration of 17 kBq/g Zircaloy was measured. The measurements also
indicated that “C does not migrate in the cladding during reactor operation to a
detectable extent. )

From the experiments mentioned before, no conclusions can be drawn concern-
ing the chemical state of C in the Zircaloy matrix. In order to determine the
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activity concentration of this radionuclide, the samples were dissolved by KHSO4
melting; the specific analysis of the gases evolved during the melting procedure
yielded about 30% CO> and 70% CO, which corresponds roughly to the Boudouard
equilibrium at the melting temperature. With regard to the chemical state of the
very small mass concentrations of “C, a solid solution of the traces in the matrix
seems to be possible, with a formation of carbide compounds as well. Only a few
experiments have been reported (mostly performed in the context of final storage
of spent claddings) from which conclusions on the chemical nature of *C in Zirca-
loy can be drawn. Release experiments using non-irradiated Zircaloy thermally
doped with “C (Kopp and Miinzel, 1990) showed that in an inert atmosphere with
extremely low oxygen content at 870 K, less than 1% of the total carbon content
of the samples (limit of detection) was volatilized over 400 hours. Apparently, the
oxygen of the oxide layer on the Zircaloy material does not contribute to the
volatilization of carbon compounds at these temperatures. On the other hand,
oxygen and H»O impurities in the gas phase above the sample have a considerable
influence on the release kinetics of “C. Using spent Zircaloy cladding specimens
from a PWR, Smith and Baldwin (1993) observed that at temperatures up to
350 °C about 10% of the “C inventory appears to be readily available for release;
they concluded that this fraction of C is present in the crud layer (oxides depos-
ited from the coolant during operation, see Section 4.4.) on the outer surfacc of
the cladding and that this crud is significantly enriched in '"C compared with the
Zircaloy base material. The source of this '"C content in the corrosion product
oxides, however, is unknown.

3.2.6 Radionuclides in reactor core components and
structural materials

In addition to the nuclear fuel rods with the cladding as discussed above, the
reactor core also contains structural materials such as spacers, springs, bolts etc..
as well as the fuel assembly upper and lower end structures, in which radionuclides
are also produced by neutron activation reactions. Quite in contrast with the fuel
itself, no genecrally valid data on the activity inventories of these structural materi-
als can be established. The main reason for this are the differences in composition
of the materials used by different manufacturers, in particular as regards impurities
such as cobalt (which is the source element of ®Co which is frequently the pre-
dominant radionuclide in irradiated structural materials). Another important fact
is that the standard codes for activity calculations such as ORIGEN, KORIGEN or
ANISN usually are quite accurate for the active zone of the reactor core, whereas
in the outer regions (where the fuel assembly end pieces are located) only approxi-
mate values can be obtained, due to the steep axial decrease in neutron flux.

The fuel assembly spacer grids are fabricated either of Inconel or of Zircaloy
materials, depending on fuel assembly type and manufacturer. While the central
grids are located in the region of maximum neutron fiux, the upper and the lower
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grids are in the region of decreasing flux; for this reason, the activity inventories
of the individual grids depend on their position in the fuel assembly. Detailed
analyses of the longer-lived radionuclides produced during reactor operation (Rob-
ertson et al., 1990) showed that in Inconel spacer grids (Inconel 718 or 625) the
nuclides 35Fe and ®>Ni, which are activation products of the alloy main constitu-
ents, predominate, in addition to %°Co resulting from cobalt impurities. At a fuel
burnup of 32.7 MWd/kg U, their activity concentrations in the central grids are on
the order of 3 GBg/g cach, decreasing to about 1 GBg/g in the bottom and top
spacer grids. Compared with these nuclides, **Ni and **Mn only play a minor role
(all these data relate to the end of irradiation). **Nb, the (n,y) activation product
of the alloy constituent niobium (nominal value about 4%), shows activity concen-
trations in the central grids on the order of 4 MBg/g. It is surpassed by far by
93mNb, which is generated by an (n,n’} reaction produced by fast neutrons (thresh-
old energy 0.5 MeV) from stable **Nb, mainly because of its much shorter halflife
(13.6a vs. 2 - 10* a). The measured #*™Nb : **Nb activity ratios, on the order of 100,
are higher by about three orders of magnitude than those that had been previously
calculated. In Zircaloy spacer grids, 5°Fe and '>’Sb are the main radionuclides,
with the latter being produced from the alloy constituent tin (1—2%) by the reac-
tion chain mentioned in the preceding section. After a fuel burnup of 41.8 MWd/kg
U, their activity concentrations in the central grids amount to about 0.1 GBg/g
each. The other long-lived radionuclides such as %°Co, ®*Ni and others show activ-
ity concentrations which are lower by two to five orders of magnitude.

Because of the differences in the composition of the various materials, in partic-
ular with respect to the impurity elements, the measured activity concentrations
are only of limited applicability; more general information can be obtained from
the specific activitics, i. e. the radionuclide activities related to the masses of their
parent elements. These values are fairly independent of the type of material used,
at least as far as neutron self-shielding in the relevant structure does not have to
be taken into account. When long-lived radionuclides are considered, the specific
activities are directly proportional to the time-averaged neutron flux at the relevant
position. As an example, the ¥Co, **Fe and ®*Ni specific activities of the Inconel
spacer grids of a Westinghouse fuel assembly (average burnup 32.7 MWd/kg U) are
shown in Fig. 3.27. (according to Robertson et al., 1990). The radionuclide with
the by far highest specific activity is ¢°Co; in the five central grids the specific
activities do not show significant differences from each other while the values in
the top and bottom grid are distinctly lower.

BWR fuel assemblies are surrounded by a fuel channel made of Zircaloy-2. The
radionuclides generated here and their activity concentrations are on the same
order of magnitude as in the fuel rod claddings.

The upper and Jower end pieces of the fuel assemblies made of stainless steel
are in the region of steeply decreasing neutron flux and, therefore, show compara-
tively low radionuclide inventories. According to investigations reported by Fischer
(1987), the most important radionuclide induced in the stainless steel material
(Stahl 1.4541) is ®Co, which shows an activity concentration on the order of
500 MBg/g in the upper end piece of a PWR fuel assembly irradiated to a burn-
up of 32.2 MWd/kg HM (heavy metal) and a corresponding value of about 300



