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ABSTRACT

The dissolution of LWR fuel cladding using two fluoride ion donors, HBF4 and K2ZrF6, in combination with
nitric acid has been investigated as a potential reprocessing head-end process suitable for chemical decladding
and fuel dissolution in a single process step. Maximum zirconium concentrations in the order of 0.75 to 1 molar
have been achieved and dissolution found to continue to low [F]:[Zr] ratios albeit at ever decreasing rates.
Dissolution rates of unoxidised zirconium based fuel claddings are fast, whereas oxidised materials exhibit an
induction period prior to dissolution. Data is presented relating to the rates of dissolution of cladding and UO2

fuels under various conditions.
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1- INTRODUCTION

Although mechanical methods are nowadays used in all commercial reprocessing operations to expose fuel from
within its cladding and thus permit its dissolution in nitric acid, chemical decladding processes have been used in
the past for this purpose. LWR reprocessing at the Eurochemic plant in Belgium included a chemical decladding
process based on the Citriflex process, itself a development of the Zirflex process [1] developed in the USA for
decladding of'defense reactor' fuels; dissolution of cladding was also used as the head-end process in France for
the reprocessing of uranium metal fuels.

Head-end processes based on chemical processes have the advantage that they remove the need for fuel shearing
which is a mechanically intensive process requiring relatively large machinery and consequently large active
plant cells and associated maintenance facilities. However, LWR claddings are designed for use in demanding
environments and consequently their materials of construction tend to be resistant to corrosion. This necessitates
the use of aggressive chemical reagents which presents problems relating to corrosion of plant materials and
formation of acceptable wasteforms.

Both the zirconium-tin etc. alloys of the zircaloy type and the zirconium-niobium alloys used in Eastern Europe
are very inert materials and in aqueous media are dissolved at significant rates only by fluoride species. The
most obvious reagent is thus hydrofluoric acid, however, apart from the difficulties associated with handling HF
its use was found to be problematic as hydrogen is liberated by its reaction with zirconium in the absence of
nitric acid whereas in the presence of nitric acid the rate of reaction is reduced by the formation of protective
oxide and fluoride films on the cladding surface. The reaction is also strongly exothermic (-1000 kJ/mol [2])
and can be difficult to control. An alternative approach is to use a fluoride salt to liberate fluoride ions in situ,
such as the use of ammonium fluoride in the Zirflex process. However, the conditions of the Zirflex process are
such that the process is only suitable for dissolution of cladding and not the UO2 fuel. In some respects this may
be seen as an advantage as it offers the potential to selectively declad fuel elements and treat the resulting liquor
without the complications due to the presence of significant activity from the dissolution of the fuel. However, it
does necessitate an additional process step in that the head-end process must now include decladding and
dissolution phases, i.e. a mechanical decladding step has been replaced by a chemical one. The purpose of the
work described below was to investigate the feasibility of dissolving both fuel and cladding simultaneously in
the same process medium. To this end one of two fluoride species, fluoroboric acid (HBF4) and potassium
hexafluorozirconate (K2ZrF6), were used in combination with nitric acid and their ability to dissolve both UO2

and zirconium alloys was investigated.

2- EXPERIMENTAL

Four different types of fuel cladding were used in various experiments, these were; unirradiated unoxidised
zircaloy-4, autoclave oxidised unirradiated zircaloy-4, unirradiated unoxidised zirconium/1% niobium and
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reactor oxidised zirconium/1% niobium. Wall thicknesses were between 0.6 and 0.7 mm and oxide thicknesses
were of the order of 15-30 microns for the autoclaved samples and 10 microns for the irradiated material.

Cladding samples with a length of typically 5 - 5 0 mm were cut from larger pieces of fuel pin, in the case of
those samples with an oxidised surface, the cut ends were protected by PTFE caps whenever feasible to prevent
attack on these surfaces. Pieces of cladding of known mass were placed in PTFE vessels to prevent any reaction
between fluoride species and glassware and the appropriate amount of fluoride reagent and nitric acid was added.
The vessels were immersed in an oil bath to provide temperature control and condensers fitted to prevent
evaporation. The extent of cladding dissolution was followed throughout the dissolution experiments by taking
aliquots of liquor and analysing for Zr by X-ray fluorescence and also by withdrawing the cladding samples
periodically, drying them and determining their mass. Similarly the dissolution of UO2 specimens was
monitored by X-ray fluorescence. Radiometric methods were used to determine the rate at which activity was
removed from the irradiated cladding specimens.

3- RESULTS AND DISCUSSION

When considering the use of a chemical process for the combined decladding and dissolution stages of a head-
end process, a number of questions arise, including;
• do the reagents dissolve both fuel and cladding?
• if so, at what rate and what controls this rate?
• can sufficiently high concentrations be reached before precipitation becomes an issue?

Additionally it is of course very important that the liquors produced are suitable for processing down stream and
that acceptable wasteforms can be produced from the resulting liquors, these latter points will not be discussed
further in this paper but their importance should not be overlooked.

Dissolution of zirconium alloys using either HBF4 or K2ZrF6 in nitric acid was generally found to occur readily
by a pitting mechanism as shown in figure la), rates of reaction were found to be dependent upon the ratio of
fluorine to zirconium in the system and to show a complex interaction with nitric acid which tended to retard the
dissolution rate. However, if too high a fluoride concentration were used, precipitation (figure lb) was found to
occur on the cladding surface which also retarded the rate of dissolution. These findings are described below.

Figure 1. a) Optical and b) SEM photographs of partially dissolved zircaloy samples

3.1- Dissolution of zircaloy-4 and zirconium/1% niobium using HNO3/K2ZrF6

The maximum achievable zirconium concentration that could be achieved was investigated using two different
concentrations of K2ZrF6 (30 and 45 g/1 equivalent to approximately 0.1 and 0.15 mol/l) in 7M nitric acid at
90oC, the results are shown below in figure 2. A number of observations can be drawn from this figure. Firstly
the rate of dissolution of unoxidised zircaloy-4 is shown to be very similar to that of unoxidised
zirconium/l%Nb under both sets of conditions, secondly the reduction in the rate of zirconium build up in
solution and thirdly, the relatively high final zirconium concentrations. The slowing of the dissolution rate is
due to the reduction in the ratio of fluoride ions to zirconium ions in solution, this ratio starts at 6:1 and
decreases as the cladding is dissolved, the fast dissolution at the beginning of the reaction results in a very steep
reduction of the [F]:[Zr] ratio which in the case of the 45g/l K2ZrF6 runs drops to 2.65:1 after only half an hour,
1.6:1 after 3 hours, 1.3:1 after 12 hours and is slightly less than 1:1 at the end of the experiment at which point
some, albeit slow, dissolution is still occurring. The effect of changing surface area on the rate of dissolution is
only small as relatively long open cylindrical specimens were used which thinned during the length of each
experiment but which lost little of their length, this being the primary dimension affecting their surface area.



Dissolution of zirconium at these low [F]:[Zr] ratios is an important advantage compared to other fluoride based
dissolution processes which often require much higher ratios, for example the rate of dissolution of zircaloy
under zirflex conditions tends to zero as the [F]:[Zr] ratio falls to 6, this being the starting point of these
experiments [1]. The mass of fuel and cladding per linear cm of PWR fuel pins are typically of the order of 5g
and lg for PWR fuels, if one considers the simultaneous dissolution of fuel and cladding then a solution of
uranium of 250g/l, a typical concentration for feeding to a Purex type separation process, would thus be
associated with a zirconium concentration of 50 g/1. This concentration is exceeded by the results shown in
figure 2 which indicate maximum solubilities in excess of 75 g/1 and 55 g/1 for the 30 and 45g/l K2ZrFs
conditions respectively, these zirconium concentrations do not include that derived from the dissolution reagent
itself which would add a further 10-15 g/1 Zr.

Figure 2. Determination of maximum achievable zirconium concentration
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The effect of K2ZrF6 and nitric acid concentration on the rate of dissolution is shown in figure 3. This shows
that increasing the nitric acid concentration at a fixed K2ZrF6 concentration leads to a reduction in the rate of
dissolution. In general, this trend holds irrespective of the concentration of K^ZrF^ although as its concentration
is raised it was observed that the rate of dissolution in high concentration (12M) nitric acid systems tended to
increase relative to that in lower nitric acid concentrations and exceeded that in 7M nitric acid at 16 g/1 K2ZrF6

and even that in 5M nitric acid when the K2ZrF6 concentration was 30g/l. Increasing the nitric acid
concentration when dissolving zirconium in HNO3/HF has been speculated to be due to competition at zirconium
surface sites [3]. Figure 4 also shows the effect of K2ZrF6 concentration on the rate of dissolution with
dissolution rates being plotted against the molar ratio of fluorine to zirconium present in the system. As can be
seen, the rate of dissolution using 45g/l K2ZrF6 exceeds that in 30g/l K2ZrF6 by a factor of 2 for any given
[F]:fZr] ratio. It is also apparent that for each system the rate of dissolution is proportional to the [F]:[Zr] ratio
until almost all the cladding has dissolved which occurs at a [F]:[Zr] raitio of 3. These two observations taken
together suggest that the rate overall rate is approximately proportional to [F]2/[Zr] although further evidence is
required to properly substantiate this dependence.

The effect of temperature on the rate of dissolution of unoxidised specimens of fuel cladding using 7M HNO3
and 30g/l K2ZrF6 was also investigated. Figure 4 shows the results for the dissolution of ~0.5g samples in 50ml
of solution, i.e. to a final [F]:[Zr] ratio of 3. As can be seen, increasing the temperature from 60 to 100°C
decreases the time required for complete dissolution from 8 hours to 2 hours. Plotting the initial rates of



dissolution (measured over the first half hour) against reciprocal temperature gives a good straight line from
which an activation energy of 38.4 kJ/mol can be determined.

Figure 3. Effect of nitric acid and K2ZrF6 concentration on rate of dissolution
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This apparently low activation energy arises from the fact that due to the different rates of dissolution, the
[F]:[Zr] ratio during the first half an hour reduces by considerably different extents, for example, after half an
hour the [F]:[Zr] ratios are 5.24, 4.51, 4.01 and 3.65:1 for the experiments conducted at 60, 80, 90 and 100°C
respectively. If one divides the apparent rates of dissolution by the average [F]2:[Zr] ratio for the period over
which the rate is determined and plot these revised rates against reciprocal temperature an increased activation
energy of 78.2 kJ/mol is found. Still higher apparent activation energies might be expected if the instantaneous
rates were determined at identical [F]:[Zr] ratios.

Figure 4. Effect of temperature on rate of dissolution
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The above results all relate to investigations using unoxidised cladding samples, however, the external surface of
spent fuel cladding is covered by an oxide film produced by reaction with the reactor coolant, the thickness of
this oxide is dependent upon the length of time spent in reactor but for typical spent LWR fuel is of the order of a
few tens of microns thick. Similarly the inside surface of fuel cladding also tends to become oxidised, although
to a lesser extent, by interaction with the fuel itself. The dissolution of oxidised specimens was investigated
using samples of real spent fuel cladding and also those of simulated material produced by autoclaving zircaloy
specimens in water dosed with lithium hydroxide. Samples of oxidised cladding were carefully cut from longer
lengths thus exposing fresh, unoxidised surfaces, the specimens were then either capped such that only the outer
oxidised surface was exposed, plugged so that the outer oxidised and unoxidised cut-ends were exposed or left
with all surfaces exposed. The rate of dissolution of these specimens is shown in figure 5 which clearly indicates
the relatively inert nature of the oxide surface. Under the relatively aggressive conditions used in these
experiments (60 g/1 K2ZrF6,~115°C) the dissolution of approximately 1.3g of unoxidised cladding in 50 ml of
liquor (final [F]:[Zr]=3) required only 20 minutes. Twice this time was required by the oxidised but
uncapped/unplugged specimen as this had half the metallic surface area exposed, the internal surface being
unoxidised as the cladding samples had been sealed prior to oxidation by welded zirconium end plugs. The
plugged specimen permitted attack only at the oxidised surface and the relatively small area of exposed metal at
cut-ends but despite this was fully dissolved in approximately 100 minutes. Much slower dissolution was
exhibited by the capped specimen which only permitted attack of oxidised surfaces, in this case an induction
period of approximately one hour was observed in which there was little or no loss of mass. Dissolution
continued to be slow although measurable for a further 30 minutes or so after which it accelerated markedly.
The following observations were made during the dissolution of the fully oxidised sample;
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Description of sample

Sample surface is black, ZrO2 film is ~30|xm thick
Black surface with brown spots
Surface begins to turn grey, diameter decreased from 9.40 to 9.38mm
Grey and blue spots cover about one-third of surface
Lustrous spot appeared, area of about 0.5cm2, NO2 evolved. Approximate end of
induction period
About 30% of cladding has been dissolved the remaining material is grey and
lustrous
complete dissolution

Similar findings were made with less aggressive conditions (e.g. 30g/l K2ZrF6, 90°C) although in this case the
induction period was extended to approximately 5 hours.

The dissolution of cladding samples from fuel irradiated to a burn-up of 44.7 GWd/te U alone and in the
presence of unirradiated UO2 pellets is shown in figure 6. These specimens were uncapped and were
decontaminated prior to the dissolution experiments by first dissolving the UO2 fuel in 8M nitric acid followed
by a 3 hour immersion in boiling fresh 12M nitric acid and two subsequent half hour immersions in boiling 0.2M
nitric acid. The activity remaining after this treatment was assumed as the baseline against which the
decontamination occurring during the dissolution process was measured. This was performed by determining
the gamma dose rate of the cladding sample and the dissolution liquor in a standard geometry at intervals
throughout the dissolution process, the initial cladding gamma activity was measured as 64 and 60u,R/s for the
samples dissolved with and without UO2 pellets respectively. The cladding samples can be seen to take
approximately 7 hours to completely dissolve irrespective of whether or not UO2 pellets were present. This is
about twice as long as shown in figure 4 at the same conditions and is a measure of the more inert nature of
irradiated, hence oxidised, cladding although no induction period was seen as the unoxidised cut faces of the
samples were immediately available for attack. The initial (first 2 hours) rate of dissolution of the specimen
dissolved without UO2 is approximately 50% faster than that dissolved in the presence of UO2, this was
generally found to be the case although in some occasions samples dissolved in the presence of UO2 faster than
alone in otherwise identical conditions, this is ascribed to differences in the coherence of the oxide coatings.

The decontamination of the cladding samples occurs very quickly with relative gamma activities being reduced
to 12.2 and 6.7% after 6 minutes for the samples dissolved with and without UO2, after one hour the values were
3.1 and 3.2%. Similarly the alpha contamination of the samples was quickly transferred to the solution with the
solution alpha activity reaching 32 and 87% of its final value after 6 and 12 minutes respectively. When more
aggressive conditions were used (60g/l K2ZrF6 and 115°C) alpha decontamination was even quicker with 38, 45
and 53 % decontamination having occurred after 1, 2 and 3 minutes and complete decontamination after 32



minutes. The radionuclides responsible for the cladding contamination were (in order of importance) caesium-
137, strontium-90, caesium-134, europium-154 and antimony-125, it should be noted that the cladding
specimens were approximately 10 years cooled.

Figure 5. Comparison of dissolution of oxidised and unoxidised samples
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Figure 6. Dissolution of cladding samples from spent fuel pins
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The very fast rates of decontamination were a little surprising but are consistent with observations of the change
of length and diameter of the specimens measured as they dissolved which showed that in the initial stages of the
dissolution process, up to about 20% mass reduction, approximately 80% of the dissolution was occurring on the



internal surface of the cladding. This implies that the oxide on the internal surface of the cladding is very much
less coherent than that on the outside and therefore easier to attack. It should be pointed out that in the
dissolution of actual fuel specimens the internal surface would be unavailable for attack until the fuel contained
within the cladding has been dissolved, although some experiments were conducted in this investigation into the
simultaneous dissolution of fuel and cladding the fuel pellets were not placed within the cladding specimens.

3.2- Dissolution of zircaloy-4 specimens in HBF4/HNO3

Additional experiments were performed in which HBF4 was used in place of K2ZrFj as the source of fluoride
ions. As was the case with K2ZrF6 relatively concentrated zirconium solutions could be produced (>lmol/I Zr)
and dissolution was found to continue until total [F]:[Zr] ratios were below 2:1. In contrast to the work using
K2ZrF6, precipitates were observed if too high a fluoroboric acid concentration was used although these were
generally small or absent at HBF4 concentrations of 1 molar and below.

The rate of dissolution of 0.2 g zircaloy specimens in 25 ml of mixed HBF4/HNO3 is shown in figure 7. The
rate of dissolution is seen to increase as the HBF4 concentration rises initially, reach a peak and then reduce. The
reduction in dissolution rate at high HBF4 concentrations is associated with the production of a white crystalline
precipitate on the zircaloy surface which hinders further attack (see figure lb). The precipitate was analysed by
X-ray diffraction and found to contain ZrF4.3H2O, on some occasions additional unmatched phases were also
present, mass spectroscopic analysis indicated the presence of boron and oxygen in these cases. Dissolution of
zircaloy by HBF4 in the absence of nitric acid produces an amorphous black precipitate which was soluble in
nitric acid, this is presumed to be ZrH2. Decreasing the nitric acid concentration increases the rate of dissolution
at a given HBF4 concentration and also increases the HBF4 concentration at which the dissolution rate reaches
its peak value and hence increases the maximum achievable dissolution rate.

Figure 7. Effect of HBF4 concentration on the rate of dissolution of zircaloy

30min
6 0 m i n 8 M H N Q

6>
•*—4}M HNQ, 30 minutes

room temperature

[HBF.i)/(molfl)

Low nitric acid concentrations are thus to be preferred from a cladding dissolution perspective ,however,
relatively high concentrations of nitric acid are required to dissolve UO2 at reasonable rates and to give
acceptable nitrate concentrations for down stream processing. This is particularly so in the case of batch
dissolution as the initial nitric acid concentration must be high enough to account for the reduction that will
occur during the dissolution process. Additionally, it is advisable to eliminate or minimised the extent of
precipitation that occurs for practical considerations and therefore lower HBF4 concentrations are to be preferred.
For these reasons, mixtures of 0.5-1 M HBF4/6-8 M HNO3 were chosen as the best compromise between
maximum rate of cladding and fuel dissolution and minimum precipitate formation.

The dissolution of an autoclave oxidised zircaloy specimen (32|a.m thick oxide film) was investigated using 1M
HBF4/8M HNO3 at reflux, the cut ends being capped with PTFE to prevent attack at unoxidised surfaces. After
approximately one hour at these conditions the zircaloy, which was originally dark grey began to lighten and



after a further 20 minutes NOx began to be evolved which was taken as an indication that the underlying metal
had been exposed. Dissolution continued to be slow until after 3 hours and 10 minutes the cladding cracked
open, the experiment was terminated at this point. Having shown that both oxidised and metallic cladding could
be dissolved and also that UO2 dissolves under these conditions, attempts were made dissolve PTFE capped
specimens of oxidised zircaloy filled with UO2 pellets. Different HBF4 and HNO3 concentrations and amounts
of UO2 were used in a series of experiments conducted under reflux during which the following observations
were made.
8M HNO3/IM HBF4, to 76g/l Zr, 300g/l U - The originally tan coloured oxide coating changed to a light grey
colour over the first hour or so with the first signs of NO2 evolution after approximately 50 minutes. A small but
visible crack in the cladding appeared after 70 minutes and allowed access to the previously encased fuel pellets
the dissolution of which turned the solution a yellow/green colour making further in situ observations more
difficult. By 105 minutes a ragged hole in the cladding was apparent which grew to a diameter of about 0.5 cm
by 130 minutes about which time a second hole appeared. After 200 minutes about one-third of the cladding
had dissolved but the pellets appeared relatively unchanged in size although analysis showed a uranium
concentration of 58.4g/l after 235 minutes, which increased to 170.8g/l after 360 minutes, the zirconium
concentrations being 20.9 and 28.8g/l at the same times.
8M HNO3/0.5M HBF4, to 76g/l Zr, 300g/l U - Breakthrough to the underlying zircaloy was observed after 102
minutes, followed quickly by the appearance of several small holes in the cladding from which streams of NO2
were evolved. A series of larger holes appeared over the next hour or so until about half the cladding had been
dissolved at 180 minutes, dissolution continued for 12 hours in total with full cladding dissolution being
achieved by about 6 hours. Uranium concentrations were 130g/l after 6 hours and 230g/l after 12 hours equating
to about 75% dissolution.
6M HNO3/O.5M HBF4, to 76g/l Zr, 300g/l U - The oxide coating was breached after approximately 90 minutes
with breakthrough to the pellets after about 120 minutes. Two large holes were apparent in the cladding after
180 minutes and the tube broke in two after a further 30 minutes. Complete dissolution of the cladding had
occurred by 6 hours at which point the uranium concentration had reached 46.2g/l (14% dissolution), UO2

continued to dissolve reaching 165g/l (52%) after 12 hours, 265g/l (84%) after 19 hours and 306g/l (96.4%) after
25 hours, complete dissolution was achieved after 30 hours.

4- CONCLUSIONS

Both reagents, HBF4 and K2ZrF6, in conjunction with nitric acid have been shown to be capable of dissolving
LWR fuel cladding and UO2 simultaneously. Unoxidised material dissolved readily, however, oxidised material
is more inert and exhibits an induction phase in which dissolution occurs very slowly prior to breach of the oxide
layer. The induction period has been found to be of the order of one to a few hours, depending upon the
conditions employed. Higher concentrations of the fluoride reagent lead to faster dissolution rates in general
although at very high concentrations of HBF4, the dissolution rate diminished due to precipitation of zirconium
fluoride on the cladding surface which prevented dissolution of the underlying zircaloy. Conversely, increasing
the nitric acid concentration was found to decrease the rate of cladding dissolution thus requiring a compromise
between the rate of cladding dissolution and that of UO2 which is of course accelerated by increasing the nitric
acid concentration. Concentrated zirconium solutions (>0.75 mol/1) have been produced using both fluoride
species, this is in excess of that required if one dissolves nuclear fuel and its associated cladding to a
concentration typical of that in the feed to the PUREX process.

Of the two fluoride reagents, K2ZrF6 produced faster dissolution rates for a given fluorine concentration in the
systems studied with 45g/l K2ZrF6 (~0.9 M [F]) being capable of dissolving unoxidised cladding to give a
zirconium concentration of 33g/l in about 8 hours, oxidised cladding exhibiting an additional induction period of
approximately 2.5 hours. UO2 dissolution rates also appeared to be less severely retarded using K2ZrF6 than
HBF4. Whilst rates of dissolution using K2ZrF6 are less than the maximum rates reported for the Zirflex and
Citriflex processes the time taken to completely dissolve oxidised fuel cladding using K2ZrFg/HNO3 is less than
that reported to be required in practice for the alternative processes [4].

5- REFERENCES

[1]- J.L. Swanson. The Zirflex Process Terminal Development Report, HW65979, USAEC (1960)

[2]- R. Klein. Corrosion 53, 327 (1997)

[3]- R.E. Meyer. Journal of the Electrochemical Society 1J7, 684 (1965)

[4]- CJ. Joseph et al. Operating Experience and Planned Improvements in the Eurochemic Reprocessing Plant.
4th International Conference On The Peaceful Uses Of Atomic Energy- Geneva, Switzerland (1971)


