
UNCLASSIFIED HW-62109 

AN ESTIMATION OF THE EXPLOSION HAZARD DURING 
REPROCESSING OF METALLIC URANIUM FUEL ELEMENTS 
METALLURGICALLY BONDED TO ZIRCALOY CLADDING 

J. L. Swanson 

Chemical Research 
Hanford Laboratories Operation 

September 30, 1959 

HANFORD ATOMIC PRODUCTS OPERATION 
RICHLAND. WASHINGTON 

N O T I C E ! 

This report was prepared for use within General Electric Company in the course 
of work under Atomic Energy Commission Contract AT-(45-l)-1350, and any 
views or opinions expressed in the report are those of the authors only. This report 
is subject to revision upon collection of additional data. 

LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. Neither the United States, 
nor the Commission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, express or implied, with respect to the accuracy, com
pleteness, or usefulness of the information contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of 
any information, apparatus, method, or process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" includes any employee or 
contractor of the Commission to the extent that such employee or contractor prepares, handles or distrib
utes, or provides access to, any information pursuant to his employment or contract with the Commission. 

„ ,„„„ , „ , D m •-« UNCLASSIFIED 
5 4 - 3 0 0 0 - 3 6 6 ( 9 - 5 9 ) AIC-OI KICHLAHD. WASH. _ _ _ _ _ _ _ „ _ _ _ _ _ _ 

3 ^9 -£0/ 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



UNCLASSIFIED HW-62109 

Distribution 

1. L. P. Bupp 
2. R. E. Burns 
3. V. R. Cooper 
k. S. M. Gill 
5. R. G. Geier 
6. W. L. Hampson 
7. K. M. Harmon 
8. M„ K. Harmon 
9. 0. F. Hill 
10. W. G. Hudson 
11. E. R. Irish 
12. A. M. Piatt 
13. W. H. Reas 
Ik. R. J. Sloat 
15. J. L. Swanson 
16. J. W. Talbott 
17. R. E. Tomlinson 
18. E. E. Voiland 
19. M. T. Walling 
20. 300 Files 
21. Record Center 

22, 31. Extra* * 

f%. 

A *' 

- 2 - UNCLASSIFIED 



UNCLASSIFIED HW-62109 

INTRODUCTION 

Through the years, considerable effort has been expended in studies of the explosive 
reactions sometimes observed in the dissolution of uranium-zirconium alloys in nitric 
acid. It has been shownWthat such reactions result from the rapid oxidation of 
finely divided solids released by the preferential dissolution of the metallic matrix. 
The explosive portion of such solids has been identifiedU)as an intermetallic compound 
with the approximate composition UZr2= This compound, referred to as the epsilon 
phase in previous work, has more recently(2)been termed the delta phase. The latter 
designation will be employed here. 

Since a uranium-zirconium alloy region will exist in the diffusion layer present 
between the uranium and Zircaloy in fuel elements prepared by metallurgically bonding 
uranium metal cores to Zircaloy cladding, concern was felt for hazards which might 
arise during the chemical reprocessing of such fuel elements. Since the Zirflex 
process will be used to declad such fuels, experimental studies were carried out to 
study the behavior in ammonium fluoride solutions of uranium-zirconium alloys and 
sensitive residues isolated from such alloys. Consideration was also given to an 
estimation of the magnitude of an explosive reaction which might occur during the 
nitric acid dissolution of fuel elements from which the diffusion layer is not 
completely rempved. "^ 

SUMMARY AND CONCLUSIONS 

Experimental studies were performed to define the behavior in ammonium fluoride 
solutions of uranium-zirconium alloys and of explosive residues isolated from such 
alloys. The results indicate that once the diffusion layer existing between the 
uranium core and the Zircaloy cladding is exposed to such solutions, it will readily 
and completely dissolve, thus eliminating the possibility of this portion of the 
diffusion layer, entering into an explosive reaction with nitric acid. 

Because of the probability that the Zircaloy cladding (and, therefore, the diffusion 
layer) will not be completely removed from the uranium prior to the nitric acid core 
dissolution step, consideration was also given to the magnitude of a possible 
explosive reaction resulting from the exposure of the diffusion layer to nitric acid. 
It is concluded' that the probability of an explosive reaction of sufficient magni
tude to pressurize a dissolver during normal plant operations is very remote. , 

EXPERIMENTAL DETAILS AND RESULTS 

The sensitive (explosive) residues used in this work were isolated using the technique 
described by Schulz, Scott and VoilandW, viz., an annealing heat treatment of 
uranium-zirconium alloys to form the delta phase followed by partial anodic dissolution 
of the sample in cold,dilute nitric acid. The anodic dissolution results in fairly 
rapid dissolution of the alloy matrix, leaving powder residues which, on drying and 
sparking with a Tesla coil, oxidize in a thoroughly authoriative manner (i.e., "explode"). 
The anodic dissolutions were performed at a current density of ca 0.5 amp/cm2 with 
1 M HNO3 as the electrolyte. The temperature of the electrolyte was maintained at 20 
to 30°C in an attempt to minimize nitric acid desensitization of the residues. The 
weights of residue isolated in this manner from annealed 5 w/o Zr alloys, amounted to 
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ca 8$ of the weight lost by the alloy pieces during the dissolutions. 

Exposure of residues prepared in this fashion to hot ammonium fluoride solutions 
resulted in an initially rapid reaction. Although complete dissolution of the 
residues was not achieved (20 to 30$ remained), the portions which remained after 
exposure to ammonium fluoride solution did not exhibit any sensitivity when sparked 
with a Tesla coil, demonstrating that the sensitive portions of the residues did 
indeed dissolve. Dissolution of the sensitive portions of the residues occurred within 
two minutes in 6 M NHi*F + 0.5 M NHjjNOo at 90 to 95°C and within three minutes in a 
boiling solution containing 0.8" M (NHj^g ZrFg, 1 M NH^F, and 0.1 M NH^NOoo These 
solution compositions are representative of those to be encountered at the beginning 
and end of a Zirflex process decladding step. 

In an attempt to substantiate in a more quantitative manner the conclusions based on 
the behavior of the various residues when sparked with a Tesla coil, X-ray diffraction 
patterns of various residues were obtained. The patterns of three typical residues 
are shown in Figure 1. On sparking with a Tesla coil, residue 1 exhibited slight 
sensitivity, residue 2 was very sensitive, and residue 3 was completely insensitive. 

It is seen that the annealed alloy yielded on anodic dissolution a residue having 
five diffraction lines which were not observed with the residue isolated from the 
as-received alloy. It is also evident that these lines are absent from the pattern 
obtained after exposure of the residue to ammonium fluoride solution for a short 
period of time. These five lines thus appear to be characteristic of the sensitive 
substance present in residues isolated from uranium-zirconium alloys. The positions 
of these lines agree precisely with those ascribed by Schulz, Scott and Voiland^1) to 
the sensitive component of their residues, identified as an intermetallic compound 
(delta phase) with the approximate composition UZr2. 

Uranium-zirconium alloys which yielded sensitive residues on anodic dissolution 
in nitric acid were partially dissolved in ammonium fluoride solutions under conditions 
such that no uranium fluoride precipitates were formed. In no case was any sensi
tive material observed, either on the surface of the alloy or as loose particles. 
This fact demonstrates that the material in the alloys which exhibited sensitivity 
when isolated in a finely divided form, dissolves in ammonium fluoride solutions at 
least as rapidly as the metallic matrix and would, therefore, not be isolated in a 
Zirflex decladding operation. 

Of the two different alloys employed, partial dissolution in ammonium fluoride solutions 
resulted in the isolation of no solid whatever from one alloy and only a minor amount 
(ca 0.2$ of the weight of alloy dissolved) from the second alloy. It is thus con
cluded that the majority of the ammonium fluoride insoluble material present in the 
residues isolated by anodic dissolution was formed by the anodic dissolution process 
and was not present in the alloy itself. 

Rates of dissolution of materials of interest in boiling solutions representative 
of those occurring in the Zirflex process were determined. Penetration rates were 
calculated from the dissolution rates and the densities of the material. The data 
are presented in Table I. 
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Residue Sensitivity 

1 slight 

2 great 

3 none 

• 

Source 

Anodic dissolution of as-received alloy. 

Anodic dissolution of annealed (one day at 590°C) alloy. 

Residue 2 after 5 minutes in 6 M NH^F + 0.5 M NH^NO at 95-100°C, 

70 60 50 

Degrees 29 

FIGURE 1 

X-RAY DIFFRACTION PATTERNS OF RESIDUES 
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TABLE I 

RATES OF DISSOLUTION AND PENETRATION BY REPRESENTATIVE 
ZIRFLEX SOLUTIONS AT THE BOILING POINT 

Solution Compoi 
( N % ) 2 ZrF6 

-

-

-

0.8 

0.8 

0.8 

DISCUSSION 

3ition(m 
NH^F 

6 

6 

6 

1 

1 

1 

ole/liter) 
NH^N03 

0.5 

0.5 

0.5 

0.1 

0.1 

0.1 

Material 

Zircaloy-2 

U-5 w/o Zr(l2a/o) 

Uranium 

Zircaloy-2 

U-5 w/o Zr 

Uranium 

Dissolution rate 
(mg/min,cm2) 

23 

16 

k 

3 

k 

0.5 

Penetration 
rate(mils/hr.) 

85 

20 

5 

11 

5 

0.6 

It has been demonstrated that explosive residues will not be formed during the de
cladding of metallurgically bonded fuel elements with ammonium fluoride solutions. 
However, further consideration is necessary before it can be said that such fuel 
elements can be safely dissolved in nitric acid following the decladding step. 
Unless the diffusion layer is completely dissolved during the decladding step, ex
posure to nitric acid could result in the isolation of the delta phase in the explos
ive (finely divided) form. The following discussion is aimed at arriving at an 
estimate of the amount of delta phase which might be present in the explosive form 
during the nitric acid dissolution step. 

The best data presently available'3)regarding the variations in uranium and zirconium 
concentrations through a diffusion layer are those given by Adda, Mairy and Bouchet'^) 
Their data giving composition as a function of distance of penetration are presented 
in Figure 2 with a thickness of extensive diffusion of 0.2 mils. This thickness 
corresponds to that observed(3)in coextruded fuel elements after heat treatment at 
700°C for 20 minutes. 

0.3 0 .'2 0'. 1 "3" 

Penetration (mils) 

FIGURE 2 

-0.1 

ZIRCONIUM CONCENTRATION PROFILE THROUGH DIFFUSION LAYER 
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From the data of Figure 2 and the penetration rate data of Table I, the time 
required to dissolve the diffusion layer can be calculated. Once the zirconium 
is removed from outside the diffusion layer, only two minutes or less are required 
to dissolve the 0.2 mil thick portion containing 99 to 17 a/o zirconium and ten 
minutes or less are required to dissolve the 0.1 mil thick portion containing zero to 
1.5 a/o zirconium. Thus it can be said, that at the completion of the decladding 
step, very little if any, diffusion layer will be present on surfaces from whichthe 
cladding has been removed. 

It is, however, impossible to guarantee that all of the cladding (and underlying 
diffusion layer) will be removed before the nitric acid core dissolution step is 
begun. This is due to the fact that the film of zirconium oxide formed on the 
Zircaloy cladding during exposure to high temperature reactor cooling water apparently 
does not dissolve in ammonium fluoride solutions. Rather, it is penetrated in local
ized areas so that dissolution of the Zircaloy proceeds by pitting and undercutting 
of the oxide film. All of the cladding and diffusion layer could, of course, be 
dissolved off the uranium if sufficient time is allowed in the decladding step. 
This, however, would probably not be desirable from other standpoints (longer time 
cycles, more uranium reacted) and since it is impossible to say at present how much 
time would be required to remove all the cladding, it appears necessary to assume 
that some of the cladding (and underlying diffusion layer) will be present on the 
uranium at the time the nitric acid core dissolution step is performed. Here then, 
we have exposure of a uranium-zirconium alloy (in the diffusion layer) to nitric acid, 
a condition which is known to result in the isolation of the explosive delta phase, 
if this phase is present in the alloy. 

It should be pointed out that the heat treatment to which the diffusion layer is 
subjected has a marked affect on the amount of delta phase present. On cooling an 
alloy from temperatures above 607°C, the amount of delta phase which is formed depends 
upon the alloy composition, the rate of cooling, and the kinetics of the phase trans
formations. With very rapid cooling, formation of the delta phase can be avoided(l*5). 
In the calculations of the possible hazard involved, it is assumed that all the 
zirconium in the diffusion layer is present as the delta phase (UZr2). 

On exposure to nitric acid, UZr2 can react either vigorously (i.e., explode) or 
slowly, thus being desensitized w , (i.e., rendered incapable of explosion). Be
cause of this desensitization, the amount of UZr2 which is present in an explosive 
form does not continually increase as the UZr2 is isolated in the explosive form. 
Rather, the amount of UZr2 present in the explosive form cannot exceed a maximum 
(steady state)level at which the rate of desensitization is equal to the rate of 
isolation in the sensitive form. Since the rate of desensitization was found(l) to 
be first order in the amount of sensitive material present, the rate of desensitization 
can be expressed as -dA/dt = kA„ The rate of isolation of UZr2 in the sensitive form 
from the diffusion layer depends on the rate of dissolution of the layer, the fraction 
of UZr2 in the layer, and the area of the layer exposed to attack. With a specified 
set of conditions, the rate of isolation of the sensitive material is constant, 
(dA/dt = k'). When the rates of isolation and desensitization are equivalent, the 
amount of sensitive material present is seen to be equal to k'/k. Values of k have 
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been determinedwas a function of nitric acid concentration and temperature. As 
mentioned above, calculation of k' requires a knowledge of the rate of dissolution 
of the diffusion layer, the fraction of UZr2 in the layer, and the area of the layer 
exposed to attack. 

Little quantitative information is available concerning the rate of dissolution of 
the diffusion layer in nitric acid. It is reported!3)that at least a portion of the 
layer dissolves more rapidly in nitric acid than does unalloyed uranium. It has 
also been reported(5)that uranium-zirconium alloys containing greater than ca 50 a/o 
zirconium cannot be dissolved in nitric acid. In this calculation, the rate of 
dissolution of that portion of the diffusion layer which will dissolve in nitric acid 
was assumed to be equal to that of unalloyed uranium. 

From the data of Figure 2, the thickness of the diffusion layer which contains 17 to 
50 a/o zirconium is seen to be ca 0,06 mils. This thickness was chosen as one of the 
dimensions necessary in defining the area of the diffusion layer exposed to nitric 
acid on the basis that alloys containing a higher concentration of zirconium will 
not dissolve in nitric acid and that the amount of zirconium present in regions having 
concentration below 17 a/o is only ca U$ of that present in regions containing 17 to 
50 a/o. Also from the data in this figure, the percentage of UZr2 in that portion of 
the layer containing 17 to 50 a/o zirconium is calculated to be 36 w/o (assuming all 
the zirconium in the layer is present as UZr2). 

The only quantity remaining to be determined to allow calculation of the maximum 
amount of UZr2 which can be present in a finely divided (explosive) form is the 
length of diffusion layer which is exposed to the nitric acid. This quantity, being 
initially equal to the total perimeter of the cladding which is still present on the 
uranium at the time the nitric acid dissolution is begun, obviously depends strongly 
on the sizes and shapes of the areas still covered with cladding. Since the sizes 
and shapes of the areas still covered with cladding depend on the number and location 
of the points at which the zirconium oxide film is penetrated during the decladding 
step, it is difficult to predict just what length of diffusion layer will be exposed. 
This is unfortunate since any error in estimating the length of exposed diffusion 
layer results in an error of equal direction and magnitude in the calculated amount 
of UZr2 which can be present. 

Practical experience in the manner in which zirconium oxide films are penetrated by 
ammonium fluoride solutions indicates that terminating the decladding step before the 
cladding has been completely dissolved will leave a few relatively large areas rather 
than a multitude of small areas still covered with cladding. However, for this 
estimate, the deliberately conservative assumption was made that the residual cladding 
was entirely in the form of small circles of 0.1 cm radius. With 90$ declad fuel 
elements having a surface to mass ratio of 0.17 cm2/g (that of 0.5" diameter uranium 
rods) being dissolved in boiling 13 M HNOo, it is calculated that the maximum amount 
of finely divided UZr2 present at one time is 1.5 grams per ton' of uranium. 
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The actual hazard involved in an explosive reaction occurring in a dlssolver depends 
on the rate of release of the energy, the capacity of the dissolver and its contents 
to absorb the liberated heat, and the pressure increase which can be tolerated. 
Lacking knowledge of the first two factors, it appears safest to assume that the 
energy is released instantaneously and that all the heat liberated is consumed in the 
conversion of liquid to vapor, thus giving the maximum possible pressure surge. 
Assuming the products of the explosive reaction to be U02 and Zr02, the heat liberated 
in the reaction of one gram of UZr2 is 1.9 kcal. This amount of heat is sufficient to 
vaporize 3.5 grams of water, producing ca 6 liters of steam at 100°C and one atmos
phere pressure. In a dissolver operating at a reduced pressure of 10 inches water 
and a vapor volume of 100 ft3, conditions representative of those in Redox dissolversl")} 

it is calculated that 12g UZr2 could explode without pressurizing the vessel. 

On this basis, eight tons of uranium could be processed at once without fear of 
pressurizing the dissolver due to an explosive reaction of UZr2 with nitric acid. 
Because of the conservative assumptions used in this calculation, the probability of 
pressurizing a dissolver due to such a reaction must be considered as being very 
remote. 

Finally, there exist at least two possibilities for completely eliminating the problem. 
The first, mentioned earlier, is a quenching heat treatment which will convert any 
delta phase to innocuous material. The second ie to destroy the passive character of 
the zirconium oxide film so that the cladding (and diffusion layer) can be completely 
dissolved in the decladding step on an economic time cycle. Two known methods of 
destroying the passive oxide film are by abrasion and by exposure to molten salts 
having compositions near NH^F • 2HF. 
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