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Abstract

Argonne National Laboratory is developing an electrometallurgical treatment for spent nuclear fuels. The initial

demonstration of this process is being conducted on U±Zr alloy fuel elements irradiated in the Experimental Breeder

Reactor II (EBR-II). We report the ®rst metallographic characterization of cladding hull remains for the electromet-

allurgical treatment of spent metallic fuel. During the electrore®ning process, Zr-rich layers, with some U, deposit on all

exposed surfaces of irradiated cladding segments (hulls) that originally contained the fuel alloy that was being treated.

In some cases, not only was residual Zr (and U) found inside the cladding hulls, but a Zr-rind was also observed near

the interior cladding hull surface. The Zr-rind was originally formed during the fuel casting process on the fuel slug. The

observation of Zr deposits on all exposed cladding surfaces is explained with thermodynamic principles, when two

conditions are met. These conditions are partial oxidation of Zr and the presence of residual uranium in the hulls when

the electrore®ning experiment is terminated. Comparisons are made between the structure of the initial irradiated fuel

before electrore®ning and the morphology of the material remaining in the cladding hulls after electrore®ning. Ó 1999

Elsevier Science B.V. All rights reserved.

1. Introduction

Argonne National Laboratory (ANL) is developing

an electrometallurgical treatment for spent nuclear fuels

[1]. The demonstration of the process is being performed

on irradiated U±Zr fuel elements from the Experimental

Breeder Reactor II (EBR-II) located in Idaho. The

electrometallurgical treatment process utilizes chopped

fuel segments in perforated, steel, anode baskets as

feedstock to an electrore®ner. The anode baskets are

immersed in molten eutectic LiCl/KCl salt at 773 K.

Current is applied to dissolve uranium, actinides, and

®ssion products from the cladding segments, and the

uranium is deposited on a steel mandrel that serves as a

cathode. The cladding hulls, noble metal ®ssion prod-

ucts, 1 and most of the zirconium, a constituent of the

metallic fuel, are left behind in the anode basket. This

material is run through a distillation furnace to remove

adhering salt, and then it is consolidated into a metal

waste form (MWF) ingot in an induction furnace [2,3].

The MWF is slated for eventual disposal in a geologic

repository.

Detailed characterization of the material that re-

mains in the anode baskets has been performed after

di�erent runs of the electrore®ner. Since this material

comprises the majority of the MWF, it is important to

characterize it. Additionally, the form and quantity of

the material left behind in the cladding hulls is related to

the speci®c operating conditions of the electrore®ner.

Characterization of unirradiated and irradiated cladding

hulls issuing directly from the electrore®ner has been

completed using a scanning electron microscope (SEM)

situated in a shielded glovebox. Chemical analysis has

been performed on samples to assist in determining what

is left behind with the cladding hulls after electrore®n-

ing. Since much analysis has been performed on fuel

elements irradiated in EBR-II, it is possible to construct

a before and after electrore®ning scenario. In this
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context, the microstructures of the fuel and cladding in a

representative fuel element irradiated in EBR-II will be

described and then related to the material left behind

with the cladding hulls after electrore®ning. Finally, the

thermodynamic driving forces which allow for deposi-

tion of Zr-rich layers on exposed surfaces of cladding

hulls, under certain electrore®ner conditions, will be

discussed.

2. Experimental procedure

The electrore®ner is a steel vessel 1.0 m deep and 1.0

m in diameter (Fig. 1). It is located in the Fuel Condi-

tioning Facility argon hot cell. While most of the elec-

trore®ning experiments have been conducted at 773 K,

some have been conducted at 723 K. The vessel is ®lled

with molten cadmium to a nominal depth of 10.2 cm. On

top of the molten cadmium rests the electrolyte, molten

LiCl/KCl (41.0 mol% KCl) at the eutectic composition,

to a nominal depth of 33.0 cm. UCl3 is dissolved in the

electrolyte with a nominal concentration of 9.0 wt.%.

Four ports (25.0 cm diameter) on the cover of the elec-

trore®ner are used to install anodes and cathodes into

the electrore®ner.

2.1. Electrochemical dissolution of irradiated fuel

In the electrore®ning process, uranium metal is oxi-

dized to U3� (UCl3) at the anode, and U3� is reduced to

uranium metal at the cathode. The reactions are given

by

Anode Reaction : U�feedstock� ! U�3 � 3eÿ; �1�

Cathode Reaction : U�3 � 3eÿ ! U�electrorefined�:
�2�

The feedstock to the electrore®ning process is spent

fuel from EBR-II. Prior to entering the reactor, the fuel

slugs are cast as a U±10Zr metal alloy, 2 less than 0.58

cm in diameter and approximately 34.3 cm long. In the

fuel fabrication process, a fuel slug is loaded into a

stainless steel cylinder cladding, approximately 0.58 cm

in diameter and 74.9 cm long. The cladding wall thick-

ness is 0.038 cm. The fuel element is welded to provide a

hermetic seal. Prior to welding the fuel element, a small

amount of sodium metal is added to provide a thermal

bond between the fuel slug and the cladding (the sodium

is liquid at the reactor's operating temperature). Upon

removal from the reactor, the uranium content in the

spent fuel is reduced by approximately 8.0%. A typical

electrore®ner feedstock composition is given in Table 1

[4,5]. Some initial electrore®ner tests were run using

unirradiated fuel elements and so the feedstock for these

tests had the typical alloy composition of U±10Zr.

To make an anode assembly, the lower 38 to 41 cm of

122 spent fuel elements are mechanically chopped into

0.64 cm segments and loaded into four rectangular,

perforated steel fuel dissolution baskets (FDBs). The

remaining plenum portions of the fuel elements are set

aside for the MWF. The four FDBs are assembled to-

gether in a `+' geometry to form an anode assembly.

This assembly is then immersed (23 cm) into the molten

salt electrolyte of the electrore®ner. The anode assembly

is connected to the anode (positive) lead of a d.c. power

supply that can operate either in controlled current or

controlled voltage mode. During electrore®ning, the

anode assembly is rotated (speeds of 5, 25, and 75 rpm

have been used). The electrore®ner operating conditions

for the cladding hulls used in this study are given in

Table 2.

For removing uranium from the electrore®ner, the

cathode consists of a steel rod, 6.67 cm diameter, im-

mersed in the electrolyte (23 cm). It is connected to the

cathode (negative) lead of the power supply. Puri®ed

uranium dendrites grow on the steel cathode, which is

rotated at 5 or 20 rpm. The size of the deposit is con-

strained radially to 25 cm by the action of a scraper,

mounted on the inside electrore®ner wall, as the deposit

rotates. The size of the deposit is constrained axially to

25 cm by the top of the electrolyte and by a scraper

mounted to the vessel ¯oor at the bottom. (The bottom

scraper protrudes above the molten cadmium layer.)

Uranium dendrites that are dislodged by the scrapers

fall into the cadmium pool and dissolve. The uranium in

the cadmium pool is recovered in a separate operation.

The power supply for the electrore®ner can be con-

®gured with the electrodes in a variety of ways de-

pending on the desired operation. For introducing spent

Fig. 1. Schematic diagram of the fuel conditioning facility

electrore®ner. 2 All compositions are listed in wt%.
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fuel to the electrore®ner, the two power supply con®g-

urations are:

Direct Transport:

Anode: fuel dissolution baskets with chopped fuel

segments,

Cathode: steel mandrel,

Anodic Dissolution:

Anode: fuel dissolution baskets with chopped fuel

segments,

Cathode: cadmium pool.

The direct transport con®guration is typical, with anodic

dissolution performed at the tail end of a fuel batch.

Only once (batch ERBF05A) has the anodic dissolution

con®guration been used to electrochemically dissolve the

entire fuel batch.

The power supply for the electrore®ner was operated

in the controlled current mode during direct transport.

The desired current is input to the control software

along with a cut-o� voltage. After the current is turned

on, the cell voltage rises with the increased resistance to

uranium oxidation as the area of uranium decreases over

time. The cell voltage is constantly compared to the cut-

o� voltage, and the power supply shuts down when the

cell voltage exceeds the cut-o� voltage. The current may

then be reduced and the power supply restarted. Toward

the end of an electrore®ning experiment, the current and

the throughput are low. Consequently, it is more expe-

dient to remove the re®ned uranium deposit on the

cathode and continue dissolving the spent fuel using the

anodic dissolution con®guration while harvesting the

re®ned uranium deposit. The anodic dissolution con-

®guration was operated in the controlled voltage mode.

During the electrore®ning process, feedstock metals

that are more active than uranium (e.g., sodium, cesium)

accumulate in the molten salt electrolyte as their re-

spective chlorides (discussed in Section 5.2). Noble

metal ®ssion products are ideally retained with the

cladding hulls after the uranium is dissolved, as the de-

sired ¯ow sheet results in all of the noble metals being

mixed with the cladding to produce the MWF. Noble

metal ®ssion products may also physically escape the

cladding hulls as small particles to eventually dissolve in

the cadmium pool or precipitate on a metal surface (e.g.,

the growing uranium deposit).

2.2. Destructive analyses

Three di�erent sets of cladding hulls were examined

straight out of the electrore®ner anode baskets. Each set

Table 1

Spent fuel feedstock composition for one anode assembly

(Batch ERBF04B)a

Active

Metals, U,

and Halogens

Mass (g) Elements

more noble

than U

Mass (g)

Li 0.453 Al 0.156

Na 2.18 ´ 102 Si 33.3

Mg 1.89 ´ 10ÿ2 P 0.161

Cl 4.12 S 0.112

K 1.75 Ti 7.81

Br 0.673 V 0.33

Rb 9.74 Cr 4.26 ´ 102

Sr 23.6 Mn 62.8

Y 13.5 Fe 2.08 ´ 103

I 5.0 Co 0.554

Cs 81.9 Ni 4.86 ´ 102

Ba 32.5 Cu 0.437

La 29.5 Ge 4.54 ´ 10ÿ2

Ce 56.8 As 0.48

Pr 28.0 Se 2.01

Nd 96.1 Zr 1.12 ´ 103

Pm 2.67 Nb 0.16

Sm 16.9 Mo 1.32 ´ 102

Eu 1.11 Tc 18.9

Gd 0.408 Ru 42.4

Tb 1.75 ´ 10ÿ2 Rh 11.5

Dy 3.75 ´ 10ÿ3 Pd 9.22

Th 1.19 ´ 10ÿ3 Ag 0.459

U 8.28 ´ 103 Cd 0.718

Np 4.34 In 0.115

Pu 44.6 Sn 1.56

Am 1.00 ´ 10ÿ3 Sb 0.409

Te 11.6

Ta 0.151

W 5.68 ´ 10ÿ3

aElements with less than 10ÿ3 g are not reported here. Column

sorting is by atomic number.

Table 2

Experimental conditions for electrochemical dissolution of irradiated fuel

Electrore®ning batch BF04B BF05A

ER temperature (K) 723 723

Stock U in chopped segments (kg) 8.28 8.33

Equivalent U from ®ssion products (kg) 1.43 1.40

Average anode voltage (V vs. Cd Pool) 0.19 0.44

Maximum anode voltage (V vs. Cd Pool) 0.38 0.60

Average current (A) 22 58

Anode RPM 25 25

Electrore®ning mode Direct transport, then anodic dissolution Anodic dissolution

Cathode Steel Mandrel, then cadmium pool Cadmium pool
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was run through the electrore®ner under di�erent op-

erating conditions. One set of cladding hulls was unir-

radiated, and the other two sets were irradiated. Since

the LiCl/KCl eutectic salt adheres to the hulls upon re-

moval from the electrore®ner, a water-wash was used to

dissolve away the salt from the irradiated hulls. Water

washing was conducted by placing a set of ten cladding

hulls from each batch in a beaker of water and per-

forming an ultrasonic cleaning procedure. The water-

washing performed on the hulls from ERBF04B and

ERBF05A was done to lower the activity of the hulls,

thereby mitigating the negative e�ects (high levels of

background, widened peaks) on the X-ray detector

during subsequent SEM analysis. The chances of ob-

serving layers on the exposed surfaces of the cladding

hull were also improved by removing the majority of the

salt that may hide any ®ne features near the salt/clad-

ding interface. For the unirradiated hulls, the adhering

salt was distilled o� by heating the salt-coated hulls in a

vacuum induction furnace.

SEM analyses and optical metallography were per-

formed on water-rinsed and distilled cladding hulls as

follows: (1) each cladding hull was mounted to expose its

respective cross-sections; (2) each mounted hull was then

ground and polished through 1 lm diamond paste; (3)

optical micrographs were taken of each polished, un-

etched sample (optical micrographs were subsequently

taken of some etched samples after SEM analysis was

completed); (4) each sample was then gold-coated to

improve the conductivity of the sample; and (5) each

sample was inserted into an ETEC Autoscan SEM ®tted

with a Kevex 8000 energy-dispersive spectrometer (EDS)

from FISONS Instruments. SEM micrographs were ta-

ken and both semi-quantitative and quantitative ana-

lyses were performed.

Most of the irradiated samples that were analyzed

had radiation ®elds between 500 and 750 mR/h (c) at 2.5

cm. Some samples measured greater than 1.0 R/h (c) at

2.5 cm, which made EDS analysis di�cult. As men-

tioned earlier, high-activity samples impact the EDS

detector by broadening the X-ray peaks, by increasing

the levels of background, and by increasing the dead-

time of the detector. In some cases, the activity of a

sample was too high, and the detector was overwhelmed.

Nevertheless, in all cases it was possible to take high-

quality SEM micrographs of the cladding hull micro-

structures.

Chemical analyses were performed on ten cladding

hulls from each batch of hulls to determine the amount

of U and Zr that remained with each cladding hull. The

ten cladding hulls were selected from the middle region

of the anode dissolution baskets. The chemical analyses

were performed by dissolving a large fraction of the

individual cladding hull remains in a solution of HF and

HNO3. The dissolved uranium was extracted and ana-

lyzed by isotopic-dilution mass spectrometry (IDMS).

The zirconium fraction was determined by inductively

coupled plasma atomic emission spectroscopy (ICP-

AES).

3. Initial condition of fuel elements discharged from EBR-

II

The electrore®ned, irradiated cladding hulls analyzed

in this particular study had binary U±10Zr fuel and

Type 316SS cladding. 3 They were irradiated, in EBR-II,

to around 8.0 at.% burnup, where burnup is the amount

of heavy atoms ®ssioned. Fig. 2 shows a representative

optical micrograph of a transverse cross-section of a fuel

element with U±10Zr fuel and Type D9 stainless steel

cladding 4 irradiated to approximately 10 at.% burnup.

The fuel elements irradiated to 8.0 at.% burnup would

have analogous structures before being inserted into the

electrore®ner.

A concentric three-zone fuel structure is typically

observed in irradiated fuel elements with U±10Zr fuel

and stainless steel cladding [6]. The original homoge-

neous U±10Zr alloy redistributes to form a Zr-rich

region in the center of the fuel element, a Zr-depleted

zone in the middle zone, and another Zr-enriched layer

nearest the cladding. The driving force for this redis-

tribution is a temperature gradient that exists from the

center of a fuel element towards the radial periphery

[6].

Near the fuel-cladding interface of a cross-sectioned

fuel element, remnants of a Zr-rind can be observed. This

is depicted in Fig. 3. The Zr-rind is formed during the

initial injection casting of the U±10Zr alloy fuel. At lo-

calized areas of the fuel-cladding interface, interaction

layers are observed where interdi�usion has occurred

between fuel and cladding constituents. The fuel swells

during irradiation, and at around 1.0 at.% burnup, the

fuel contacts the cladding resulting in the observed in-

terdi�usion [7]. A typical fuel-cladding interaction zone is

presented in Fig. 4. The interaction zone consists of

phases that contain U and Zr from the fuel, Fe, Ni, and

Cr from the cladding, and various ®ssion products (pri-

marily lanthanides) that have di�used down a tempera-

ture gradient, during irradiation, to the fuel-cladding

interface [8]. Other phases observed near the fuel-clad-

ding interface include blocky particles that are composed

mainly of noble metal ®ssion products and two lan-

thanide-enriched phases. One of the lanthanide-enriched

3 Type 316 stainless steel has the following nominal com-

position (in wt.%): 10±14Ni±16±18Cr±2Mn±2±3Mo±1Si±

0.08C±0.03S±0.045P±bal.Fe.
4 D9 stainless steel is a Ti-stabilized `316-like' stainless steel

with lower Cr (14%) and higher Ni (16%) concentrations.
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phases contains Pd and the other does not [8]. These

phases are shown in Fig. 5.

4. Results from analyses of cladding hulls after fuel

dissolution in the electrore®ner

4.1. Chemical analyses

The results of the cladding hull chemical analyses for

uranium and zirconium are presented in Table 3. Each

sample for chemical analysis consisted of ten cladding

hulls from the batches ERBF04B and ERBF05A.

Chemical analyses were also conducted on the unirra-

diated cladding hulls, but no U or Zr was detected.

From Table 3, it is clear that the cladding hulls from

batch ERBF04B had relatively high levels of both U and

Zr left behind after electrore®ning, while ERBF05A had

low levels of U and Zr. This di�erence is a consequence

of the electrore®ner operating conditions for the two

batches. Other components [e.g., cladding components

(Fe, Ni, Cr, etc.) and noble metal ®ssion products (Ru,

Pd, etc.)] were also detected using chemical analysis but

are not discussed here.

4.2. SEM/EDS analysis

4.2.1. Unirradiated cladding hulls

Fig. 6 shows a transverse cross-section of an unirra-

diated cladding hull taken from the electrore®ner. This

cladding hull and the irradiated hulls discussed later are

375 lm thick. Only the original stainless steel compo-

nents were detected in this sample using EDS analysis,

and there was no evidence of any adhering material or

unusual phases.

4.2.2. Irradiated cladding hulls

4.2.2.1. Cladding hulls from batch ERBF04B. Three

cladding hulls from batch ERBF04B were analyzed

using SEM/EDS. Fig. 7 is an SEM micrograph of a

cladding hull sample from this batch. This sample had

the least amount of adhering salt of the hulls analyzed

from ERBF04B. Overall, the water-washing procedure

Fig. 3. An optical micrograph of the interface (identi®ed with

black arrows) between U±10Zr fuel and D9 stainless steel

cladding in fuel element irradiated to approximately 10 at.%

burnup in EBR-II. The fuel is to the left and the cladding is the

bright region to the right. A gray Zr-rind layer appears between

the fuel and the cladding.

Fig. 2. Optical micrograph of the porous structure of a fuel el-

ement with U±10Zr fuel and D9 stainless steel cladding irradi-

ated to approximately 10 at.% burnup in ERB-II. Note the thin

layer of Zr-rind that appears between the fuel and the cladding.
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was incomplete. As would be expected, the cladding hull

samples with the most salt left behind had the highest

speci®c activities.

For the sample shown in Fig. 8, a minor adhering

salt layer is observed, along with a Zr-rich layer (as

con®rmed by EDS analysis) which adheres to the clad-

ding hull surface. The adhering Zr-rich layer contained a

few percent of U and what appeared to be signi®cant

levels of Fe, Ni, and Cr. Due to the high activity of the

samples analyzed in this investigation, an accurate

quanti®cation of the phase compositions was not pos-

sible. It was only possible to identify the X-ray peaks

that were present from the qualitative elemental analysis

of these elements. The Zr-rich layer, along with the ad-

hering salt, proved to be quite brittle, and, as a result,

spalled easily away from the inner surface during han-

dling and polishing of the cladding hull.

Another cladding hull from ERBF04B is illustrated

in Fig. 9. This micrograph shows the continuous band

of what appears to be the Zr-rind from the original

fuel that remained after the electrore®ning operation.

In addition, the large amount of salt that adhered to

this sample can be observed. Qualitative SEM/EDS

analysis revealed the Zr-rind layer contained U, Fe, Ni,

and Cr.

4.2.2.2. Cladding hulls from batch ERBF05A. A cross-

sectioned ERBF05A cladding hull sample is presented

in Fig. 10. Contrary to what was observed for the

hulls from ERBF04B, the two hulls from ERBF05A that

were analyzed were mostly free of any adhering salt. A

minor amount of adhering salt can be observed attached

to some regions of the interior surface of this cladding

Fig. 4. Optical micrographs of the interface between U±10Zr

fuel and D9 stainless steel cladding in a fuel element irradiated

to approximately 10 at.% burnup in EBR-II. In (a) and (b) the

fuel is to the left and the cladding is to right. (a) Shows the

interaction layer in an unetched sample and (b) exhibits the

interaction in a sample that was etched with oxalic acid. In (a)

and (b) a Zr-rind layer is present between the cladding and the

fuel.

Fig. 6. SEM micrograph of the interior surface of an unirra-

diated cladding hull after electrore®ning. Material to the left is

mount and to right is Type 316SS cladding.

Fig. 5. Optical micrographs of: (a) `blocky' noble metal-con-

taining phases and (b) lanthanide-rich phases (both identi®ed

with black arrows) found in irradiated fuel near the fuel/clad-

ding interface.

Table 3

Composition of U and Zr left with cladding hulls (wt%)

Batch Av. U Standard

deviation

for U

Av. Zr Standard

deviation

for Zr

ERBF04B 11.0 1.3 18.3 2.8

ERBF05A 0.8 0.1 3.9 1.2
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hull. In addition to the salt layer, a Zr-rich layer can be

observed adjacent to the interior surface of the cladding

hull.

5. Discussion

5.1. Material left behind with cladding hulls

The main features of the original, as-irradiated fuel

elements, before electrore®ning, are: (1) a three-zone fuel

structure, where each zone has a di�erent U and Zr

composition; (2) `blocky' particles, approximately 10 lm

in diameter, that are present in the fuel and are enriched

in noble metal ®ssion products; (3) two types of lan-

thanide-rich phases, where one type of phase is enriched

in Pd; (3) a zirconium rind on the radial periphery of the

fuel slug that is a remnant of the original casting of the

fuel and is present near the inner surface of the cladding;

Fig. 7. SEM micrograph of the interior surface of a cladding

hull from electrore®ner batch ERBF04B. From left to right, the

black region is mount, the gray region is a LiCl/KCL salt layer,

the bright\contrast region is a Zr-rich layer, and the medium-

contrast region is cladding.

Fig. 8. SEM micrograph of the interior surface of a cladding

hull from electrore®ner batch ERBF04B. From left to right, the

black region is mount, the gray region is a LiCl/KCL salt layer,

the bright-contrast region is a Zr-rich layer, and the medium-

contrast region is cladding.

Fig. 9. SEM micrograph of the interior surface of a cladding

hull from electrore®ner batch ERBF04B. To left is residual salt;

the middle layer is Zr-rind; and to the right is cladding hull.

Fig. 10. SEM micrograph micrograph of the interior surface of

an ERBF05A cladding hull. In (a) and (b) the material to the

left is mount and to the right is cladding. In (b) the brightest-

contrast layer is Zr-rich, and the medium-contrast material is

salt.
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and (4) interdi�usion zones that are present at localized

areas of the inner surface of the cladding and contain

primarily lanthanide ®ssion products and cladding

constituents.

After electrore®ning, the components of the di�er-

ent phases found in the irradiated fuel are dissolved

away in the electrore®ner and end up either in the

LiCl/KCl eutectic salt, in the cadmium pool, with the

U product that is deposited on the cathode, or with

the cladding hulls. Even the interaction layers (de-

scribed in Section 3) that are an intimate part of the

cladding after irradiation to 8 at.% burnup, were dis-

solved during electrore®ning. The interaction layers are

concluded to be dissolved, because visually no layers

are observed that look like ones observed in as-irra-

diated fuel elements, and no lanthanide ®ssion prod-

ucts, which are major components of the interaction

layers, were detected in the cladding hull sample

chemical analysis.

The cladding hull interaction layers appear to have

been present in these samples originally, before they

were loaded into the electrore®ner. As shown in Fig. 11,

the interior cladding hull surfaces are highly uneven. If

no interaction ever occurred, then the inner surface of

the cladding hulls would have remained smooth, like

they were when the fuel elements were initially cast.

However, since the surfaces were uneven, some inter-

action must have occurred, and the interaction previ-

ously observed for irradiated fuel is considered the cause

[7,8]. Only the portion of the cladding hull that was

unreacted was left behind.

Of the material that remains with the cladding hulls

after electrore®ning, a signi®cant fraction of it is inti-

mately adhering to the interior and exterior surfaces of

the cladding hulls. Based on the results of chemical

and SEM analyses of the ERBF04B and ERBF05A

cladding hulls, this adhering material mainly consists

of Zr-rich layers that contain U and small amounts of

the major stainless steel components. Chemical analysis

has shown that noble metal constituents are present in

very low levels with the cladding hull samples. Based

on the morphology of the layers, they appear to have

been electrodeposited, up to a thickness of around 5.0

lm (see Fig. 7), onto the cladding hulls. The layers are

very uniform and do not appear as localized clumps of

material, which may have suggested some other

mechanism by which the Zr and U could have been

left behind with the cladding hulls (e.g., incomplete

dissolution of the fuel may have left clumps of mate-

rial).

In some isolated cases, some of the alloy fuel has

been left behind with cladding hulls in the form of `is-

lands' of material (these samples are not discussed in this

paper), but even in these circumstances layers appear on

the interior and exterior surfaces of the cladding hulls.

The `islands' of the original fuel would result from in-

complete dissolution of the fuel, whereas the uniform

layers are evidence of electrodeposition.

For some cladding hulls, other layers enriched in

zirconium are observed that are not deposited, and they

did not directly adhere to any cladding hull surfaces.

These layers appear to be undissolved Zr-rind and resi-

dues from the original fuel. This rind not only contains

Zr, but it also contains minor amounts of stainless steel

components of Fe, Ni, and Cr, along with some U. The

non-Zr components are most likely a result of the in-

terdi�usion processes that occurred during irradiation of

the fuel elements. As mentioned earlier, the fuel, which

swells during irradiation, contacts the cladding, and in-

terdi�usion between fuel and cladding constituents is

initiated. Since the Zr-rind is found at the outer pe-

riphery of the fuel, the Zr-rind is the portion of the fuel

to come into contact with the cladding ®rst. Then, the

constituents of the fuel alloy, rind, and cladding inter-

di�use, resulting in the presence of U, Fe, Ni, and Cr in

the Zr-rind [9].

In terms of relating the percentages of U and Zr left

behind with the cladding hulls to the morphology of

the residual material, the cladding hulls with the

highest levels of remaining U and Zr can be correlated

to higher levels of remaining Zr-rind. This is in addi-

tion to the Zr-rich layers that are deposited on the

exposed surfaces of the cladding hulls. In the case

where 99.2% of the U and 96.1% Zr are dissolved from

the cladding hull, no Zr-rind is observed and the re-

sidual Zr and U are contained in the uniform, depos-

ited Zr-rich layers.

Fig. 11. SEM micrograph showing the uneven interior surface

of an ERBF04B cladding hull. Salt is present to left; cladding is

to the right; and a Zr-rind layer is in middle.
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5.2. Mechanism for uranium metal to be deposited on

exterior surfaces of cladding

The observed layers of Zr and U depositing on the

exterior cladding hull surfaces after electrore®ning are

explainable. As indicated in Table 1, some metals pres-

ent are more active than uranium metal. These include

the thermal bond sodium, alkali, alkali earths, and

lanthanide metals. These metals will react to displace

UCl3 in the electrolyte, e.g.,

3Na�UCl3 ! 3NaCl�U �3�
or in general,

xM� yUCl3 ! xMCly � yU: �4�
The uranium metal that is produced from the above

reactions may deposit on the cladding exterior or on the

spent fuel itself. When the U3� in the electrolyte contacts

the exterior surface of the cladding, uranium metal will

deposit on the exterior surface and active metals will

oxidize from the exposed fuel surface. An electronic

current will ¯ow through the steel of the cladding

(Fig. 12) to support the oxidation±reduction reaction.

This reaction mechanism is similar to that for short-

circuiting a battery. On the other hand, U3� in the

electrolyte can come into contact with the active metals

on the exposed fuel and chemically react. Uranium

could then deposit on the exposed fuel while the active

metals are dissolved via the chemical reaction. However,

the exterior surfaces of the cladding represent twice the

surface area of the exposed fuel, so that reaction on the

exterior surfaces can predominate.

Because of the above mechanism, the amount of

charge (number of coulombs) necessary to oxidize the

uranium in the anode assembly will be greater than the

charge corresponding to the stock amount of uranium in

the spent fuel alone. With Faraday's Law, the amount of

charge theoretically required to oxidize the stock

amount of uranium in the anode assembly may be cal-

culated (8.3 kg in Table 1, or 9.97 ´ 106 coulombs). This

value can be compared to the charge actually required to

nearly exhaust the uranium from the baskets, (approx-

imately 11.5 ´ 106 coulombs). The di�erence (1.55 ´ 106

coulombs) between the actual charge and the theoretical

charge for stock uranium agrees well with the additional

amount of charge expected for the uranium reduced by

the active metals (1.83 ´ 106 coulombs for approxi-

mately 1.5 kg U). Moreover, approximately 300 g of

uranium is typically retained in the hulls (in the e�ort to

retain noble metals). Allowing for the 300 g of uranium

to be retained in the hulls, the actual charge almost ex-

actly agrees with the charge for the amount of uranium

anodically dissolved (stock uranium plus uranium from

reaction less 300 g).

5.3. Mechanism for zirconium metal to be deposited on

exterior surfaces of cladding

When anode voltage is large enough, the oxidation of

zirconium from the fuel matrix occurs. Thus the reac-

tions

Zr! Zr2� � 2eÿ; �5�

and

Zr! Zr4� � 4eÿ �6�

can represent a fraction of the current at the anode, in

addition to the uranium oxidation reaction. The

threshold for oxidation of zirconium at the anode can be

approximated by taking the di�erence of the standard

reduction potentials in an electromotive force series [10],

which is approximately 0.4 V. (The di�erence in stan-

dard reduction potentials is an approximation in that all

species involved are not present in the electrore®ner at

unit activity.) Once zirconium ions (e.g., Zr�2) are dis-

solved in the molten salt electrolyte, zirconium can later

deposit onto the exterior surface of the cladding, by

exactly the same mechanism that uranium deposits onto

the exterior surface of the cladding.

Even while current is impressed on the electrore®ner

cell, uranium is a more active metal than zirconium. If

the anode voltage is marginally at the zirconium oxi-

dation threshold or drops below it, Zr�2 ions in contact

with uranium or cladding can be displaced by uranium

metal in an oxidation±reduction reaction:

3Zr�2 � 2U! 3Zr� 2U�3: �7�

Fig. 12. Schematic diagram depicting the electronic current ¯ow

through the stainless steel cladding to support the oxidation±

reduction reaction.
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Here, as in the mechanism for uranium deposition on

the exterior cladding surface, the cladding provides the

short-circuit for the electrons in the oxidation±reduction

reaction, i.e.,

3Zr2� � eÿ ! 3Zr �8�

and

2U! 6eÿ�2U�3: �9�
However, uranium is the more active metal and is oxi-

dized while the more noble metal zirconium is deposited

on the cladding surface. The thermodynamic driving

force for this reaction is even greater if some Zr2� is

present at the cladding surface when the current to the

cell is turned o� and the anode voltage decays to zero.

For the reaction to occur when the current is turned o�,

some residual uranium must be present with the hulls,

which has been on the order of 300 g uranium.

When results for the unirradiated cladding hulls are

compared with the results for the irradiated cladding

hulls, the unirradiated cladding hulls, which contained

simulated fuel, showed no signs of uranium or zirconium

layers on the interior or exterior surfaces. This di�erence

can be explained by the complete dissolution of the

simulated fuel from the unirradiated cladding hulls. The

simulated fuel may have in fact dissolved more readily

since there was no metal redistribution and alloy for-

mation in the absence of irradiation. The observed cell

resistances support this explanation.

The highest cell resistance observed for the unirra-

diated, simulated fuel was 16.8 X, which occurred for

the complete dissolution of uranium and zirconium. On

the other hand, the highest cell resistance observed for

the irradiated fuel Batch ERBF04B was 21.0 X. 5 Note

this maximum cell resistance occurred for incomplete

uranium dissolution. Furthermore, virtually all irradi-

ated fuel batches electrore®ned under direct transport

required a cell resistance 30% greater than the unirra-

diated batches in order to oxidize most or all the ura-

nium. These observations urge the conclusion that

metal redistribution and alloy formation restrict ura-

nium dissolution by lowering the mass transfer coe�-

cient or the activity of uranium metal (e.g., the fuel

matrix restricts the access of the uranium surface for

electrochemical oxidation, [11,12]). Hence a higher cell

resistance is needed for a comparable extent of uranium

dissolution in the irradiated fuel relative to the unir-

radiated fuel.

6. Conclusions

The following conclusions can be drawn from the

SEM analyses: (1) Zr-rich layers, with a few percent

uranium, are deposited on the exposed surfaces of the

irradiated cladding hulls in the electrore®ner; (2) Zr-

rich layers appear on cladding hulls even when most of

the fuel has been dissolved away, i.e. 99.2% of the U

and 96.1% of the Zr; (3) where detectable fuel is left

behind in the cladding hulls, the majority of the re-

maining material consists of the Zr-rind , which was

formed during the injection casting of the original fuel;

and, (4) no evidence of the fuel-cladding interaction

layers, which is present in U±10Zr irradiated to 8 at.%

burnup, was found on the interior surface of the

cladding hulls.
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