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Abstract

The uranium deposits were prepared by electrolysis in a fused chloride melt. Whatever the electrolysis conditions,

the deposit morphology was dendritic. The in¯uence of the parameters current density, melt temperature and electrolyte

concentration on the morphology was investigated using an optimal design. Our results show that increasing the

temperature makes the coatings more compact. The dendritic morphology is attributed to transport phenomena

(di�usion, convection, migration) promoted by the cation discharge at the substrate-coating interface. Ó 2000 Elsevier

Science B.V. All rights reserved.

1. Introduction

Electrochemical deposition in molten salts now is

possible for the preparation of uranium [1±5]. The pre-

sent work is focused on this topic.

We will ®rst report previous works on the electro-

deposition of uranium in chloride media.

In 1930, Driggs and Lilliendhal [1] reported the ®rst

preparation of metallic uranium by the electrolysis of a

molten salt solution �NaCl±CaCl2�. A `tree-like' deposit

of this metal was obtained. They showed by chemical

analysis that the deposit was extremely pure.

Kolodney [2], within the framework of the Manhat-

tan Project, con®rmed that uranium could be deposited

by electrolysis of chloride melts such as (BaCl2±KCl±

NaCl±UCl3). The best results concerning the current

e�ciency of the electrolysis and the purity of the de-

posited metal were obtained with a uranium concen-

tration of 25±35 mass%. Kolodney observed that the

deposit was dendritic, bright and malleable.

Marzano and Noland (Argonne National Labo-

ratory) [3] using electrolytes KCl±BaCl2±UCl3 at 600±

625°C and LiCl±KCl at 390±625°C and various

substrates such as stainless steel and nickel alloys

obtained dendritic deposits with high purity (99.9%) and

current e�ciencies about 50±60%. Examination of den-

dritic crystals revealed that they grow preferentially in

the �310� direction. These authors pointed out that they

could not obtain smooth coatings with thicknesses ex-

ceeding a few tenths of a micrometer, even though many

experimental conditions were tested, such as rotating the

cathode to lower the thickness of the di�usion layer,

adding impurities to the melt, substituting ¯uorides for

chlorides as electrolyte, using current reversal.

The Argonne National Laboratory went on with

these studies in the 1980s. The objective was to obtain

uniform deposits without dendrites: Marshall et al. [4]

observed that the morphology of the coating is in¯u-

enced neither by the cathode materials (tantalum, nickel,

aluminium, iron, copper and stainless steel) nor by the

concentration of UCl3 in the 12±20 mass% range.

However, they obtained more compact deposits when

they used potentiostatic pulses for electrodeposition.

Finally, a detailed investigation of the coating mor-

phology in LiCl±KCl was carried out by Totemeier and

Mariani [5] using scanning electron microscopy in order
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to determine the e�ect of zirconium in the feed material

on the cathodic product.

The literature cited above does not report a signi®-

cant in¯uence of experimental conditions of electrolysis

on the dendritic morphology of uranium coatings; even

though, it has been shown in other systems that electr-

okinetic parameters such as concentration of the elec-

trolyte, applied potential (or current) and melt

temperature may in¯uence the dendrite formation pro-

cesses and growth rates [6±8].

This paper reports an investigation of the electrode-

position of uranium in a higher temperature range 670±

710°C, using the NaCl±KCl±UCl3 mixture as electro-

lyte, and includes certain results obtained in a previous

electrochemical analysis of this system [9,10].

The in¯uence of the electrokinetic parameters on the

morphology of the uranium deposit was ®rst studied

using an optimal design to rationalize the experimental

runs. Secondly, considering that the cathodic material

could play an important role on the adherence of a

coating, we observed the underlayer of the uranium

deposit on various substrates. Finally, coating growth

was studied to identify the physical phenomena acting

on the development of the dendrites and their geometric

shape. This work relied on SEM micrographic analysis

like the work of Mariani and Totemeier [5].

2. Experimental procedures

2.1. The cell, the electrodes and the electrolyte

A vitreous carbon crucible containing the electrolyte

was placed in a cylindrical refractory steel chamber

where the inside wall was protected by a graphite liner.

The cell was closed with a water-cooled stainless steel

lid.

The experiments were performed in an inert U-grade

argon atmosphere previously dehydrated and deoxy-

genated using a puri®cation cartridge (Air liquide).

Taking into account the temperature range of the

experimental work (670±710°C), the solvent used was an

equimolar NaCl±KCl mixture, which melts at 658°C;

trivalent uranium was obtained by dissolving UCl4 in

the melt and placing uranium metal in the form of small

granules in the crucible. As observed in a previous work

[9], the reduction of UIV into UIII by uranium metal is

complete:

3UCl4 �U! 4UCl3 �1�

The melt was initially dehydrated by heating the mixture

of salts up to its melting point (658°C) under vacuum

(4� 10ÿ2 mbar). The solute was then introduced into the

melt through an air-lock under argon.

Various cathode materials were used: a 2 cm2 stain-

less steel 304 sheet, steel SEA 1028, copper and vitreous

carbon rod (2 cm2). The vitreous carbon crucible in

contact with the uranium granules was used as anode

and the comparison electrode was a platinum wire (1 mm

diam) [9]. The setup is shown in Fig. 1.

2.2. Characterization of the uranium deposit

After the electrolysis run, the cathode was covered

with a mixture of dendritic uranium and salt attached to

the dendrites, which was ®rst weighed as a whole.

Washing the cathode in an ultrasound tank containing a

water ethanol solution dissolved the salt and detached

the dendrites from the cathodic material. They were

dried and weighed. The compactness of the uranium

coating was measured by the ratio of the weight of

uranium alone over the overall deposit weight. The

weight of uranium was used to calculate the current ef-

®ciency of the electrolysis run. The dendrites were col-

lected on an adhesive pellet and observed by scanning

electron microscopy (LEO S440). A thin compact layer

of uranium or uranium compound remained at the

surface of the cathode. The cross-section of this layer

was examined by energy dispersive spectroscopy

(Oxford Link System) and by X-ray di�raction (Siemens

D500).

2.3. Optimal design

In order to optimize the experimental conditions for

the preparation of uranium deposit, rather than using

Fig. 1. Experimental cell: (1) vitreous carbon crucible; (2) re-

fractory steel chamber; (3) graphite liner; (4) water-cooled lid;

(5) inlet lock; (6) electrodes; (7) seal.
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the traditional approach, consisting in studying each

factor separately, we used the `optimal design method-

ology' where an optimal (in the statistical sense) matrix

of experiments allows the factors to be varied simulta-

neously [11].

In this study, the aim was to assess the dependence of

each of the three responses called yi:

· the morphology of the deposit: smooth coatings, den-

drites (qualitative response).

· the compactness of the deposit (quantitative re-

sponse),

· the current e�ciency of the electrolysis (quantitative

response).

with respect to three factors: current density (CD),

uranium ion content (UC), temperature (TEMP).

Since we chose a `face centred central composite de-

sign' [12] (Table 1), the experimental domain is repre-

sented, in a three-dimensional coded space, by a cube

(Fig. 2) where eight points are located at the corners (the

factorial design points), six lie on the centre of the faces

(star matrix points) and one at the centre of the cube

(centre point). All the runs were duplicated except the

centre point which was performed in triplicate. So, 31

runs had to be done; during the experiment, CD was

varied between 50 and 400 mA cmÿ2 while UC from 3 to

5 mass% and TEMP 670±710°C. The experiments are

reported in Table 1.

3. Experimental results and comments

For the optimal design experiments, the cathode was

a steel sheet (SEA 1028), each electrolysis run was per-

formed using 600°C, yielding a theoretical mass of 0.5 g

pure deposited uranium.

3.1. In¯uence of the electrokinetic parameters

3.1.1. The deposit morphology

After each of the 31 runs performed, the deposits

were observed by SEM. Two types of dendrites, referred

to as type 1 and type 2 were observed; they are shown in

the micrographs in Figs. 3 and 4, respectively. Dendrite 1

presents a primary arm and secondary arms perpendic-

ular to it. Dendrite 2 is also rami®ed but is more com-

pact than type 1 and appears to be twinned. Fig. 5 shows

the type of dendrite obtained in each experimental

condition. The dendrite shape seems to depend on the

temperature. Indeed, at 670°C, only type 1 was present,

whereas at 710°, the dendrites were type 2. At the in-

termediate temperature, 690°C, either or both can be

observed (hatched plane Fig. 5). To explain the existence

of a transition temperature between two types of den-

drite, the following assumption can be proposed: Ura-

nium exists in two crystal structures a (orthorhombic)

and b (tetragonal), only a stable at lower temperatures

can be observed at room temperature [13]. The a to b
transition temperature at 1 atm. is about 668°C [13],

Table 1

Experimental conditions: current density, CD; melt temperature, TEMP and uranium ion content, UC

No. X1 X2 X3 UC (% mass) TEMP �°C� CD (mA cmÿ2)

1 )1 )1 )1 2 670 50

2 +1 )1 )1 5 670 50

3 )1 +1 )1 2 710 50

4 +1 +1 )1 5 710 50

5 )1 )1 +1 2 670 400

6 +1 )1 +1 5 670 400

7 )1 +1 +1 2 710 400

8 +1 +1 +1 5 710 400

9 )1 0 0 2 690 225

10 +1 0 0 5 690 225

11 0 )1 0 3.5 670 225

12 0 +1 0 3.5 710 225

13 0 0 )1 3.5 690 50

14 0 0 +1 3.5 690 400

15 0 0 0 3.5 690 225

Fig. 2. Scheme of the optimal design model.
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very close to our lower experimental temperatures.

Dendrite type 1 provides from crystallization relevant to

phase a and cooling of samples down to room temper-

ature does not change the crystallographic structure of

the deposit. Dendrite type 2 obviously grows following b
structure and the cooling should promote sensibly the

morphology of the deposit due to the transition b! a.

3.1.2. The current e�ciency and the proportion of

uranium in the coating

In Fig. 6(a) the current e�ciency remains close to

100% and it is not in¯uenced by the current density

except at two points obtained at low current (83% and

78%). These experiments highlight that these working

conditions may be suitable for industrial applications.

Fig. 6(b) displays the proportion of uranium in the

coating obtained for each experimental point. It can be

observed that the uranium mass was 30±35% of the total

mass of the deposit, the rest was NaCl±KCl. Only for

two points at 710°C the proportion was close to 50%.

This observation is coherent with those presented above:

indeed, at the highest temperature, we observed that the

dendrites were rami®ed and more compact, so that the

insertion of salt was not as easy.

In each case, the results obtained had the same

magnitude except two breaking points. Nevertheless, the

Fig. 3. SEM of type 1 uranium dendrites.

Fig. 4. SEM of type 2 uranium dendrites.

Fig. 5. Type of dendrite obtained for di�erent conditions of the

optimal design model.
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use of optimal design reveals important information on

uranium deposition and gives results similar to those of

the Argonne National Laboratory presented in Section 1

[3] which indicate that the parameters current density,

temperature and concentration of the electrolyte have a

moderate in¯uence on the morphology of the uranium

deposited. To explain this, we can assume that the

compactness of the coating is mainly in¯uenced by other

phenomena not directly dependent on the electrolysis

conditions such as: interactions between the deposited

metal and the cathodic substrate or physical processes

occurring during the growth of the metallic phase within

the di�usion layer.

Additional experiments were performed in order to

examine: (i) the in¯uence of the substrate on the ad-

herence of the deposit, (ii) the mode of growth of the

coating during electrolysis.

3.2. Adherence of the deposit on various substrates

3.2.1. Experimental results

The cross-section of uranium coatings exhibits for

various substrates an underlayer sensibly more compact

and adherent than the upper part of the deposit; the

adherence and the compactness of this underlayer de-

pend strongly on the substrate, as observed by SEM

(Figs. 7±10); the composition of this layer was deter-

mined by EDS and XRD:

(i) on steel (Fig. 7) there was a porous and quite

adherent layer of pure uranium, of 4 lm thickness

for a 600 C electrolysis; on vitreous carbon this

layer was also pure uranium and of about 75 lm

thickness for a 1200 C electrolysis (Fig. 8),

(ii) on copper (Fig. 9), there was a very compact

and adherent layer of Cu5U compound. In the case

Fig. 6. Scheme of the results obtained: (a) current e�ciency of the electrolysis, and (b) uranium rate in the deposit.
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of stainless steel it was divided in two strata: a thin

layer of U6Fe (2 lm) at the substrate interface and

above a compact layer of pure uranium (Fig. 10).

3.2.2. Discussion

Uranium deposition on various substrates can be

divided into two steps:

(i) a thin layer is deposited on the substrate,

(ii) dendrites attach to this thin layer.

Adherence depends directly on the reactivity between

the uranium and cathode material. There is strong re-

activity when intermetallic compounds like UCu5 or

U6Fe are formed by interdi�usion. Moreover, note that

Marshall [4] observed a UNi5 interface with a nickel

cathode in NaCl±KCl±UCl3 at 800°C. The presence of

an underlayer is correlated with good adherence of the

dendrites. Conversely, on a steel and on vitreous carbon,

there is a low reactivity between uranium and the sub-

strate. In the case of vitreous carbon, the formation of

uranium carbide is thermodynamically forbidden. In the

case of steel, the low reactivity with iron is due to the low

temperature. The presence of Ni in stainless steel makes

it possible to lower the temperature of the reaction and

di�usion.

3.3. Dendrite growth during electrolysis

Previous studies on electrochemical nucleation of

uranium [10] have shown that, in the early stages of

electrolysis, the initial nuclei are created instantaneously.

Thus, the ®rst nuclei grow simultaneously so grains of

uniform size are observed after electrolysis times of less

than 1 s.

The micrographs presented in Figs. 11±13, show the

surface of the cathode after electrolysis of, respectively,

Fig. 10. SEM of electrode cross-section covered with resin,

electrolysis conditions: UC � 5% mass, substrate steel SEA

1028, TEMP � 680°C, CD � 33 mA cmÿ2, Q � 600 C.

Fig. 8. SEM of electrode cross-section covered with resin,

electrolysis conditions: UC � 3% mass, substrate steel SEA

1028, TEMP � 680°C, CD � 50 mA cmÿ2, Q � 1200 C.

Fig. 7. SEM of electrode cross-section covered with resin,

electrolysis conditions: UC � 5% mass, substrate steel SEA

1028, TEMP � 690°C, CD � 225 mA cmÿ2, Q � 600 C.

Fig. 9. SEM of electrode cross-section covered with resin,

electrolysis conditions: UC � 5% mass, substrate steel SEA

1028, TEMP � 690°C, CD � 225 mA cmÿ2, Q � 600 C.
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45 s, 3 and 7 min corresponding to charges of 20, 80 and

200 C.

(i) charge� 20 C (Fig. 11): A thin layer of uranium is

observed on the cathode (Fig. 11(a)), we note that some

parts of the substrate are not covered (dark zones).

Magni®cation of this layer shows that it is composed of

nodules (Fig. 11(b)).

(ii) charge� 80 C: The micrographs in Fig. 12 show

that the surface of a uranium deposit obtained after

3 min of electrolysis is no longer homogeneous, includ-

ing two kinds of crystals:

· small grains of quite uniform size (Fig. 12(a)) which

seem to result from the initial germination process;

· dendrites with varying degrees of rami®cation, pre-

sent (Fig. 12(b)) clearly resulting from an additional

physical process. This second process ®nally predom-

inates.

(iii) charge� 200 C: Here the substrate is entirely

covered with a layer of uranium and some faceted

Fig. 11. SEM of uranium deposit obtained by a short electrolysis: 44 s (charge: 20C) Electrolysis conditions: substrate steel,

TEMP � 690°C, CD � 225 mA cmÿ2.

Fig. 12. SEM of uranium dendrites (cleaned and dried),

electrolysis conditions: substrate steel, TEMP� 690°C, CD�
225 mA cmÿ2, Q� 80 C.

Fig. 13. SEM of uranium deposit obtained by electrolysis: 7 min (charge: 200C). Electrolysis conditions: substrate steel,

TEMP � 690°C, CD � 225 mA cmÿ2.
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prominences appear which could be the base of den-

drites (cf. Fig. 13(a)). Similar prominences had been

observed in analogous conditions by Chauvin et al. [14].

At the magni®cation of Fig. 13(b) we see that it is

composed of an agglomerate of grains of homogeneous

size. These grains arise from the growth of the nodules

observed in the micrograph in Fig. 11. The comparison

of these two micrographs reveals that the increase in size

of these nodules is anomalously low. However, this can

be explained by the fact that most of the current is used

for the growth of the dendrites.

3.4. Discussion on dendrite phenomena

Dendrite formation is generally attributed to the

di�usion of depleted electrolyte on the electrode surface

which promotes a tertiary current distribution. Other

physical phenomena occurring during electrodeposition

should also be taken into account to explain the par-

ticularities of uranium electrodeposition i.e. the instan-

taneous dendrite growth in any electrokinetic

conditions, their rami®ed morphology, the irregularity

of the deposit thickness.

For this discussion, we will refer to recent papers

which report on phenomena concerning the develop-

ment of dendritic coatings in aqueous media.

Firstly, let us consider the beginning of the growth of

the layer, just after nucleation: Budevski et al., have

proposed models taking into account the binding energy

of the electrodeposited metal (M), either on substrate

(S), WMS or on the predeposited metal WM±M [15,16].

When WM±S � WM±M (Volmer±Weber model), M be-

comes deposited on M rather than on S, leading to

three-dimensional islands. This initial process favors the

rapid formation of axial dendrites on the cathode

surface. Obviously it corresponds to uranium electro-

coating on steel.

With copper, a surface alloy is formed by metal

interdi�usion with the underlayers of uranium and

dendrite formation occurs when the intermetallic layer is

saturated; at this time WM±M is higher than WM±alloy and

once again, M forms 3D islands. This situation is

predicted by the model of Stranski±Krastanov [15,16].

During coating growth, orthogonal needles result

from di�usional phenomena favouring current at the top

of the islands. At this stage, the heterogeneity of the

electrolyte layer at the interface with the cathode mate-

rial causes a particular ¯uid motion which readily

in¯uences the morphology of the coating. Recent articles

deal with these particularities, observed in aqueous

electrodeposition [17±21].

Fleury et al. [17] demonstrated that the depletion of

cations near the cathode generates strong local electric

®elds. According to these authors, the electrolyte motion

follows contrarotative vortices at the tip of each needle,

producing rami®cation at the edges. Obviously this

phenomenon, repeated at each tip, leads to a coating

with an arborescent morphology and fractal properties.

Experimental visualization of contrarotative vortices

and the dendrite growth modes were reported by Huth

et al. [20].

Another phenomenon can explain that on a vertical

cathode, the coating is thicker at the bottom than at the

top and that dendrite growth is rather thicker in the

bottom of the crucible: the discharge of uranium ions at

the cathode promotes a signi®cant change in the density

of the electrolyte because of the high atomic mass

uranium. The depleted solution is lighter than the bulk

solution and rises to the surface whereas at the anode,

the oxidation process produces a heavier solution falling

in the electrolyte. So, mass transfer and therefore deposit

growth is favoured in the lower part of the cathode

where the more concentrated solution is.

These theoretical considerations seem to agree

with our observations on uranium electrodeposition

(although any visual veri®cation is impossible in this

case) and so can be accepted for the interpretation of

our results.

We observed that dendrites cannot be avoided by

changing the electrokinetic parameters. A possible

solution could be the use of pulsed currents: during the

on-time the convective processes are only in their

beginning period and during the o�-time the heteroge-

neities created in the di�usion layer would disappear, so

that a net improvement can be expected in the overall

process. Marshall et al. [4] obtained more compact

uranium coatings using this method.

4. Conclusion

Our work, initially focused on the conditions of

preparing compact coatings of uranium, has shown that

the deposits of this metal by electrodeposition in molten

chlorides are dendritic. Several experimental runs, car-

ried out in an optimal design, demonstrated that only

the temperature has a moderate e�ect on the com-

pactness of the coatings, whereas other parameters such

as the current density and the uranium ion content,

which are critical in other electrodeposition systems, do

not in¯uence the crystallographic properties of the

uranium coatings. Similar features were observed by

other authors preparing uranium coatings at lower

temperatures.

Nevertheless, this work reveals two original aspects:

(i) the cathodic substrate in¯uences the adherence of the

coating, due to speci®c interface properties leading in

certain cases (copper, stainless steel) to alloy sublayers;

(ii) dendrites are metallic protrusions, formed at the

early stages of the electrodeposition runs, growing much

faster than the other crystals.
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Dendrite formation is favoured by the di�usion of

the electrolyte occurring as soon as the protrusions

appear; besides, a fractal structure is evidenced and

attributed to other transfer phenomena, namely elec-

troconvection and migration at the cathode interface

which are speci®c both to the shape of the growing

dendrites and the electrolyte properties.

Identical phenomena were identi®ed and character-

ized in aqueous electrodeposition systems. We intend to

follow this work by similar detailed investigations in

molten salt, taking into account the speci®c properties of

uranium electrodeposition baths, enabling the process to

be modelled.
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