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HIGHLIGHTS GRAPHICAL ABSTRACT

o - Electroplating 12 pm layer of nickel on
uranium metal foil target.

o - Electrodeposition of tube-shaped ura-
nium thin foil with automated
apparatus.

e - Good nickel layer adherence in ura-
nium with surface sanding. Uranium
loss of 0.16 wt%.

e - Easy assembly of uranium foil annular
target with nickel electroplated layer.

technetium-99m

ARTICLE INFO ABSTRACT

Keywords: The most used production route of Mo-99 is through the fission of U-235 in irradiation targets that are irradiated
Uranium foil targets in research reactors. The annular target is a promisor design since it can incorporate high U-235 quantities, thus
Mo-99

increasing the production yield of Mo-99. This target type uses a foil of uranium metal enveloped by a thin nickel
foil that acts as a diffusion barrier. The process of uranium enveloping with nickel foil is today done manually.
This operation risks the nickel foil breaking up during target assembling. In the present work, we studied the
nickel electrodeposition over uranium metal foil surfaces to replace nickel foils. A pre-forming procedure of the
uranium metal foil by calendering was developed to facilitate the assembling operation. The electrodeposition
was done over the uranium foil pre-conformed in a tubular shape. An automated apparatus for electrodeposition
of nickel in uranium tubular-shaped foil was developed. The results showed that the high nickel adherence to
uranium metal depends on the proper activation of the uranium surface. Among the activation processes studied,
the mechanical activation showed good adhesion of the nickel layer, with a loss of only 0.16% of uranium mass.
Homogeneous and regular 12 pm thickness electrodeposited layers over the uranium metal were obtained. This
work showed that the process could be used in continuous production technology, such as the production of
irradiation targets.

Electrodeposition
Nickel

Uranium metal
Annular targets

1. Introduction metastable technetium-99 (Tc-99 m). This isotope has been used for over
50 years, and it is present in over 80% of nuclear imaging diagnoses
The most used radioisotope in medicinal diagnostics is the worldwide [1]. It has been used in about 30-40 million nuclear
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Table 1
Solutions and conditions of the studied activation treatments.
Activation  Solution Concentration Current Time Reference
1 No N.A. N.A. N.A. N.A
activation
2 NiCl,.6H,0 2.4M N.A. 1 Cieszykowska
HNO; 7.2M min et al. [22]
Petit et al. [24]
3 H3PO4 4.8 M 3A 4 Kocik et al.
H,SO04 9.3 M cathodic min [39]
Zaki [40]
4 H;PO, 48M 80mA/ 1 Kocik et al.
H,S0,4 9.3M cm? min [36]
5 CoHCl30, 0.8 M 80 mA/ 1 Rebol et al.
HCl 0.7 M cm? min [25]
Gore et al. [26]
6 H3PO4 7.7 M 80 mA/ 1 Owen et al.
HCl 0.8M cm? min [27]
Worthington
et al. [28]
Gore et al. [26]
7 H,SO04 7.2M 80 mA/ 1 Lundquist
HCl 0.8 M cm? min et al. [29,30]
8 Sanding Grit 400 N.A. 1 Wu et al. [32]
HNO3 15.6 M min Tang et al.

[31]

N.A. = Not Applicable.
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Fig. 1. Equipment for nickel electrodeposition on tubular thin uranium foil.

medicine procedures annually, and new applications have been devel-
oped for using the Tc-99 m every year [2]. It is primarily used in
tomographic imaging techniques to diagnose heart and brain disease
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and track cancer spreading [3]. Due to its short half-life (6 h), Tc-99 m
needs to reach the final consumer in the form of its parent isotope,
molybdenum-99 (Mo-99), inside lyophilized cases. Valuable informa-
tion on the global production, use, and projected demand of Tc-99 m is
available in a report published by the U.S. National Academies of Sci-
ences, Engineering, and Medicine [4].

The most productive method to obtain Mo-99 on an industrial scale is
by fissioning U-235 through neutron irradiation of uranium-containing
targets in research reactors. Uranium is incorporated into so-called
irradiation targets, irradiated for about a week, and dissolved to
extract Mo-99 [5].

The production of M0-99 has been done using highly enriched ura-
nium (HEU, > 93% U-235) to maximize the production yield. However,
since 1986 the U.S. Reduced Enrichment for Research and Test Reactor
Program (RERTR) has directed its studies to replace the use of HEU with
low enriched uranium (LEU, < 20% U-235) in the production of 99-Mo
[6,7]. Hansell [8] deals with the risks of nuclear terrorism associated
with the Mo-99 production. For this reason, the international producers
of Mo-99 are trying to replace conventional HEU targets with LEU.

The effort to reduce uranium enrichment resulted in developing a
new type of target that uses a thin foil of LEU [9,10], produced from hot
and cold rolling of uranium metal until reaching about 125 pm thick-
ness. The uranium foil obtained is placed onto a recess machined on an
aluminum tube (inner tube). The inner tube containing the uranium foil
is inserted into another aluminum tube (outer tube). The assembly is
inserted into a steel die, and a “draw plug” operation plastically deforms
the inner tube. In this operation, the spaces between the tubes are
eliminated (or reduced) to guarantee good contact that ensures the
proper cooling of the target during fission. The assembly is then sealed
by welding the target ends to prevent contamination of the reactor
environment. After irradiation, the target is disassembled, removing the
uranium foil, which is then chemically processed to recover Mo-99. The
procedures for fabricating and processing the uranium metal foil
annular target are available [10-15]. Vandegrift et al. [13] provide a
rich background on the development of uranium metal annular targets.
Due to the high density of uranium metal (around 19 g/cm?®), this type of
target can compensate for the decrease in U-235 content due to the use
of LEU.

The uranium foil must be protected with a diffusion barrier to pre-
vent bonding between the uranium foil and the aluminum tube caused
by the fission products. This protection is necessary to ensure easy target
disassembly and extraction of the uranium foil after irradiation. Usually,
this operation is carried out by enveloping the uranium foil with a thin
nickel foil, which acts as a barrier to the diffusion of fission products.
The recoil range of the fission fragments defines the necessary thickness
of the nickel layer to be effective as a diffusion barrier. The maximum
recoil distance for nickel is about 7 pm [16-18]. To prevent the bonding
of the uranium foil with the aluminum tubes, a diffusion barrier layer
approximately 10 pm thick was successfully used [13,14,19,20]. How-
ever, to provide a safety margin, the thickness usually adopted for the
nickel layer is approximately double the recoil distance.

Although the use of nickel foils as a diffusion barrier is an effective
solution to prevent diffusion between the uranium foil and aluminum
tubes [12,13,21], this practice has shown that due to its small thickness,
the nickel foil may break during the insertion of the inner tube into the
outer tube. During insertion into the outer tube, the uranium foil
wrapped with nickel must be manually positioned around the inner tube
only by using the pressure exerted by the operator’s fingers. This oper-
ation is delicate due to the small gap between the inner and outer tubes.

To minimize this problem, Durazzo et al. [11] developed an inno-
vative method for target assembling. The uranium foil is pre-shaped by
calendering, acquiring a tubular shape with a diameter slightly smaller
than the diameter of the inner tube. In this way, the foil is perfectly fixed
over the inner tube surface by itself, using its elastic force without
pressure from the operator’s fingers. Thus, the inner tube containing the
uranium/nickel foil slides easily into the outer tube, facilitating the
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Fig. 2. Schematic attachment of the uranium foil into the fixing device.
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Fig. 3. The illustrative sequence of the nickel electrodeposition process on the uranium foil.

Table 2
Loss of mass in the activation treatments tested.
Activation  Solution Type Weight Weight Weight
Before (g) After (g) loss (%)
1 No N.A. N.A. N.A. N.A.
Activation
2 NiCl,.6H,0 Chemical 0.6016 0.5899 1.9448
HNO3
3 H3PO4 Cathodic 0.6405 0.6403 0.0312
H,S04
4 H3PO4 Anodic 0.6209 0.6118 1.4656
HyS04
5 C,HCl30, Anodic 0.6660 0.6163 7.4625
HCl
6 H3PO4 Anodic 0.5948 0.5563 6.4728
HClL
7 H2S04 Anodic 0.5595 0.5285 5.5407
HCl
8 Sanding Mechanical ~ 0.6821 0.6810 0.1613

N.A. = Not Applicable.

target assembling operation.

Another approach to eliminating the problem is replacing the nickel
foil wrapping technique with electrodeposition of a nickel layer over the
surface of the uranium foil. In addition to avoiding the previously
mentioned problems in target assembly, Smaga et al. [16] consider
nickel electrodeposition the best manufacturing approach in cost and
performance. Vandegrift et al. [7] agree that plating fission barriers on
the uranium foil make target preparation simpler and more economical.

Few publications on nickel plating on thin uranium foils for use in
targets are found in the literature, some with limited information [7,13,
16-18,20,22]. In any electrodeposition process, the activation treatment
is decisive for high adhesion between the deposit and the substrate.

Therefore, proper surface preparation methods are required. Smaga
et al. [16] concluded that the preparation of the uranium foil before
electrodeposition (activation treatment) has a significant impact on the
coating quality and showed that in uranium foils without any activation
treatment, the nickel layer completely fails to adhere. In addition,
excessive uranium mass losses associated with activation treatments
have been reported, which leads to a decrease in uranium foil thickness
below the specified minimum of 112 pm.

Vandegrift et al. [13] and Smaga et al. [16] used an activation
treatment consisting of an initial degreasing step (xylene or tetrachlor-
ethylene) followed by pickling in 8 M nitric acid solution for 5-10 min.
The sample was then etched with a 5.33 M ferric chloride solution for
2-5 min to roughen the surface. After that, the sample was pickled again
in 8 M nitric acid for 2-7 min. The uranium mass loss from etching was
less than 10%. Nickel electrodeposition used a solution of nickel sulfo-
mate (Ni(SO3NH3)2) with the addition of nickel bromide. The pH was
stabilized at 4 with the addition of boric acid. The current density was
32 mA/cm?, maintained for 25 min. The bath temperature was held at
40 °C. The thickness of the nickel layer obtained was 10 pm, measured
by microscopy.

Vandegrift et al. [7] consider surface preparation of the uranium foil
to be the most challenging step in electrodeposition. This is because the
foil is fragile (125-130 pm), and it is necessary to find a balance between
surface roughness and foil dissolution. They used degreasing in xylene,
pickling in 8 M nitric acid, etching with ferric chloride solution at 40 °C,
and immersion again in 8 M nitric acid until a metallic surface was
obtained. The authors deposited zinc onto a thin uranium foil 130 pm
thick, and a 12 pm layer was successfully deposited. However, the loss of
uranium was significant, with 25 pm of the thin foil being removed.

Cieszykowska et al. [22] agree that the nickel plating is advanta-
geous in relation to the wrapping of the uranium foil with the nickel foil,
simplifying the target assembling. The authors used four different
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Fig. 4. Uranium foil without activation treatment. Only one pickling with
HNOj3 was performed for 5 min. A -Scanning electron micrograph of the surface
(secondary electrons). B — Optical micrograph of the cross-section illustrating
the deposited nickel layer. A gap is observed between the nickel layer and
the substrate.

methods for surface preparation prior to nickel plating. Pretreatment
using a 5 M ferric chloride solution resulted in unsatisfactory results.
Pretreatment using nickel chloride solution and nitric acid
(NiCl,.6H20-510 g/L + HNO3-340 g/L) at 40 °C for 50-120 s showed
promising results. Pretreatment without chloride attack, only with
double pickling with 8 M nitric acid, showed good results. The Watts
bath [23] (combined nickel sulfate, nickel chloride, and boric acid) was
used for electrodeposition. The current density was 30 mA/cm?, applied
for 60 min at 50 °C.

Conner et al. [20] deposited nickel on uranium foil for target testing
under irradiation. They obtained a 9 pm thick nickel layer using a cur-
rent density of 20 mA/cm?. Electrodeposition time was not reported.
The surface pretreatment method was the same as Smaga et al. [16].
Nickel electrodeposition used a solution of nickel sulfomate (Ni
(SO3NH5),) with the addition of nickel bromide. The uranium mass loss
from etching was 5.8%.

Olivares et al. [17] and Lisboa et al. [18] electrodeposited nickel
onto 120 pm thick uranium foils. The pretreatment adopted was pickling
with 65% HNO3 for 10 min. A solution of 250 g/L nickel sulfate, 60 g/L
nickel chloride, and 40 g/L boric acid at 40 °C was used in the elec-
trodeposition. Applying a current density of 3 A/cm? for 30 min resulted
in a homogeneous nickel layer with a thickness of 32.3 pm and good
adhesion.

Other activation treatments are available in published papers that

Materials Chemistry and Physics 290 (2022) 126620

spot | mode  — T

¢ WD maga | HV HFW
2 10.1 mm 500x 5.00kV 414uym 3.0 SE

Eletrodeposicdo - Amostra 1

Full scale counts: 1428
Integral Counts: 74686
2000

15001 ¢
1000

u

500 | | s

U'f' UUM yu v Ni Ni
0 .

0 1

KIm - 17 - CI keV

Cursor:  10.240 keV
0 Counts

POSITION 1

Full scale counts: 9281

Integral Counts: 116975
10K+  Ni

8K

6K

4K

2';' co NI Ni

1 T

0 1 2 3 4 5 6 7 8 9 10

kim-17-Cl keV

Cursor:  10.240 keV
0 Counts

POSITION 2

Fig. 5. Scanning electron micrograph showing discontinuity in the electro-
deposited nickel layer.

studied the deposition of nickel on the surface of uranium, aiming at
corrosion protection. Petit et al. [24] used trichloroethylene vapor
degreasing followed by pickling in 8 N nitric acid to remove the oxide
layer. Then, the surface was etched with a 2.5 M solution of nickel
chloride in a 4.8 N nitric acid solution. The temperature of the solution
was maintained at 42 °C. The period for the uranium attack was 50-60 s.
This procedure removed approximately 18 pm from the uranium surface
and produced a very clean surface for plating.

Some activation treatments adopt electrolytic attack using a solution
containing chlorine ions from chlorides or hydrochloric acid together
with weaker acids, such as sulfuric and phosphoric acids [25-30]. In this
way, an activation effect is obtained that allows well-adhered nickel
electrodeposition on the surface of the metallic uranium.

Rebol et al. [25] suggest using a solution containing from 15% to
50% by weight of trichloroacetic acid with the addition of 0.1-1% by
weight of hydrochloric acid. A current density of 40-60 mA/cm? is
applied for 3-10 min. Gore et al. [26] used a solution containing 125 g/L
of trichloroacetic acid and 20 ml/L of HCl, maintaining a current density
of 77 mA/em? for 15 min. These authors achieved a finer roughness
using a 50 v/o H3PO4 (85%) solution containing 20 ml/L of HCI,
maintaining a current density of 77 mA/cm? for 10 min. Owen and
Alderton [27] propose an electrolytic etching using a phosphoric acid
solution with 20% by volume of hydrochloric acid, with a current
density of 80 mA/cm? for 10 min. Worthington et al. [28] used an anodic
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Fig. 6. Activation test 2 (NiCl,.6H20 + HNO3). A — Scanning electron micro-
graph illustrating the surface of the uranium foil (secondary electrons). B —
details of A. C — Optical micrograph of the cross-section of the uranium foil. A
pit is observed where the thickness of the uranium foil has been reduced to less
than half. The deposited nickel layer showed good adhesion even inside
the pits.

etching in a solution of 5.5 M H3P0O4/0.2 M HCIl, with a current density
of 45-55 mA/cm? for 6-10 min. Lundquist and Stromatt [29,30] used
electrolytic etching with 6 M H3S04/0.32 M HCl solution, with a current
density of 30-90 mA/cm? and etching time 3-10 min.
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Fig. 7. Optical micrograph of the cross-section of the uranium foil subjected to:
A - activation treatment 3 (H3PO4 + H3SO4 with anodic polarization). B —
activation treatment 4 (H3PO,4 + H,SO4 with cathodic polarization). There is a
gap between the nickel layer and the substrate in both samples, demonstrating
low adhesion. These results are very similar to those obtained for the sample
without activation treatment (Fig. 4).

Although its use in thin uranium foils has not been found in the
literature, mechanical activation treatments are also used for preparing
surfaces. Materials such as superalloys form passive oxide layers on their
surface quickly and reduce the adhesion ability of deposited films. Such
materials require special cleaning and preparation processes for elec-
trodeposition, which often includes mechanical activation. For example,
in the deposition of palladium films on stainless steel, the activation
treatment involves sanding with a SiC abrasive paper, degreasing in a
basic solution, and a final step of acid activation [31]. Wu et al. [32]
activate the surface of Nickel-Base Single Crystal Superalloy with SiC
paper up to #600 for electroplating Pt-Ir films. Zhanwen Wang et al.
[33] only use #800 sandpaper and an ultrasonic alcohol bath to prepare
stainless steel samples for deposition of superhydrophobic nickel coat-
ings. R.P. Silva et al. [34] also use sanding of the stainless steel surface
with a succession of 500, 800 and 1000 grit sandpaper followed by
cleaning with distilled water to electrodeposit nickel and copper. M.B.
Gonzalez and S.B. Saidman [35] use 1200 grit sandpaper to prepare
stainless steel samples to electroplate a polypyrrole layer as a protective
oxidation layer.

In general, other complicated activation treatments are often
necessary. In the electrodeposition of black nickel on copper, degreasing
processes and surface activation with acids followed by the deposition of
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Fig. 8. Activation test 5 (C;HCl30, + HCI). A — Scanning electron micrograph
illustrating the surface of the uranium foil (secondary electrons). B — Optical
micrograph of the cross-section of the uranium foil. Good coverage, good
adhesion, and good homogeneity in the nickel layer thickness are observed.

a pre-layer nickel were necessary to obtain good adhesion of the black
nickel layer [36]. In the deposition of palladium membranes on porous
stainless steel whose substrate has a high surface roughness with large
and non-uniform pores, it is necessary to form an intermediate layer that
serves as an interdiffusion barrier to guarantee the formation of a de-
posit free of defects [37,38].

An additional difficulty in using nickel electrodeposition to apply the
diffusion barrier to uranium foil targets is related to the need to deform
the foils during target assembly. The nickel-covered uranium foil must
be bent to be positioned in the inner tube before insertion into the outer
tube at the target assembly stage. In this situation, the electrodeposited
nickel layer may detach from the surface of the uranium foil. Vandegrift
et al. [7] observed this problem in tests using zinc electrodeposition over
uranium metal foil. These authors observed the peeling of the electro-
deposited layer on the inner curvature of the uranium foil when it was
bent during assembly. The detachment occurred on the side of the
uranium foil where the zinc layer was being compressed. This also
occurred outside the bent foil, where the zinc was tensioned but less
pronounced than the compressed side.

In this work, nickel electrodeposition over uranium metal foil sur-
faces was studied as an alternative to nickel foil wrapping, avoiding the
problem of nickel foil tearing during assembly. A novelty presented in
the present work is the use of the preforming process of the thin uranium
foil before nickel electrodeposition, thus avoiding the possible peeling of
the electrodeposited nickel layer due to its deformation during
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Fig. 9. Activation test 6 (H3PO4 + HCI). A — Scanning electron micrograph
illustrating the surface of the uranium foil (secondary electrons). B — Optical
micrograph of the cross-section of the uranium foil. Good coverage, good
adhesion, and good homogeneity in the nickel layer thickness are observed.

assembly. The electrodeposition was carried out over the uranium foil
already shaped in a tubular format, ready for assembling in the inner
tube and, therefore, without need for its conformation after electrode-
position. As the uranium foil is already in the necessary shape, it is not
necessary to apply pressure on the uranium foil covered with nickel
during the target assembly, thus preventing the layer from detaching
from the substrate. An apparatus was specially designed and built to
carry out this task.

It is clear from the literature that for the deposited layer to have good
adhesion, the uranium surface must be irregular enough so that nickel
finds anchor points on the surface and can mechanically adhere to the
material. The sample surfaces were previously prepared through eight
different activation processes in this work. The effectiveness of the
activation for forming a well-adhered electroplated nickel layer was
verified employing scanning electron microscopy and optical micro-
scopy. The balance between the roughness obtained in the activation
and the dissolution of the uranium foil was evaluated by measuring the
loss of mass that occurred during the activation treatment by weighing
the uranium foil before and after the activation treatment.

The results demonstrated the possibility of electrodeposition of an
adherent, continuous, and homogeneous nickel layer with controlled
thickness over the pre-formed uranium foil in a tubular shape. No
peeling of the nickel layer was observed during target assembling using
uranium metal foil with electroplated nickel. A nickel layer with a
thickness of around 12 pm was successfully electrodeposited.
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Fig. 10. Activation test 7 (H3SO4 + HCI). A — Scanning electron micrograph
illustrating the surface of the uranium foil (secondary electrons). B — Optical
micrograph of the cross-section of the uranium foil. There is good coverage but
poor adhesion of the nickel layer.

2. Experimental

The procedures adopted for fabricating the thin uranium metal foil
and its shaping in the tubular form are described in previous work [11].

Based on methods found in the literature, different activation pro-
cesses were tested, which are described in Table 1. Flat uranium foils 10
mm wide X 30 mm long X 0.125 mm thick (3 cm? surface area) were
used for the activation tests. Before the activation treatment, all samples
were degreased with acetone and immersed in a 15.6 M HNOj solution
for 5 min to remove oxides. The activated samples were immersed in
15.6 M HNOs for 1 min before electrodeposition. In order to evaluate the
activation treatment’s efficiency, nickel electrodeposition experiments
were carried out on the activated samples. Uranium mass loss was
measured by weighing before and after the activation treatment.

For the electrodeposition, the Watts solution was used [23] with a
composition of 240 g/L of nickel sulfate (NiSO4(H20)s), 40 g/L of nickel
chloride (NiCly), and 30 g/L of boric acid (H3BOs3). Boric acid was added
to stabilize the pH at 4. The polarization and current control system used
in the activation and electrodeposition processes was the GI21P pulse
rectifier from General Inverter. The current density was the same as
Smaga et al. [16], fixed at 32 mA/cm?. All treatments were carried out at
a temperature of 25 °C. The electrodeposition time was kept constant at
20 min in all experiments. This value was calculated to obtain an elec-
troplated nickel layer with a thickness between 12 and 13 pm, assuming
the cathodic efficiency of 95.5% recommended by Di Bari [23].

Materials Chemistry and Physics 290 (2022) 126620
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Fig. 11. Activation test 8 (sanding). A — Scanning electron micrograph illus-
trating the surface of the uranium foil (secondary electrons). B — Optical
micrograph of the cross-section of the uranium foil. There is good coverage,
good adhesion, and good homogeneity in the thickness of the nickel layer.

Vandegrift et al. [13] and Conner et al. [20] used a nickel thickness of 9
pm to prevent the uranium foil from bonding with the aluminum tubes
during irradiation tests carried out in Indonesia. The results obtained in
these tests showed that the uranium foil did not bond with the aluminum
tubes of the target, demonstrating that a nickel layer thickness greater
than 9-11 pm was sufficient to prevent this effect.

After the nickel activation and electrodeposition treatments, the
surface of the samples was observed in a scanning electron microscope
(SEM) coupled to a dispersive energy spectrometer (EDS) from Thermo
Fisher Scientific, model Quattro ESEM. The coating quality and adhesion
were examined using optical microscopy, observing the cross-section of
the samples. The samples were embedded in epoxy resin and sanded
with 320, 600, 800, and 1200 sandpapers. Then, the samples were
polished with a diamond paste (1 pm), followed by polishing on
colloidal silica (0.06 um). The samples were observed in a Zeiss optical
microscope; model Axio Imager M2m coupled to an image analyzer.

After evaluating the activation treatments efficiency on the nickel
layer adherence and considering the uranium mass loss, the most suit-
able activation treatment was selected to be applied in the electrode-
position tests performed on samples shaped in tubular form. In this case,
the uranium foils followed the same dimensions used in the target
developed by the Argonne National Laboratory (ANL), reported by
Vandegrift et al. (44.8 mm wide X 75.8 mm long - 34 cmz) [13]. Elec-
trodeposition equipment was designed and built to carry out the process
with the uranium foil in a tubular format. Fig. 1 shows an illustrative
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Fig. 12. Illustration of the counter electrode scheme and bath conditions used in the nickel electrodeposition tests.

Fig. 13. Illustration of the evolution of electrodeposition as a function of the geometries shown in Fig. 12.

diagram and a picture of the equipment.

Process solutions are placed in containers inside a small tank filled
with water. The main container holds the Watts solution for nickel
electrodeposition. The other containers are put side by side with the
activation solution, water used for washing, and the HNOj3 solution.

A direct current motor is coupled to graphite brushes connected to
the electrical source and pressed against a shaft through springs,
enabling the transfer of electrical current to the electrochemical pro-
cesses. At the same time, the motor enables a controllable and pro-
grammable rotational movement to be applied to the tubular uranium
foil through the shaft. Fig. 1 illustrates the layout of the power supply

and rotation system of the uranium foil.

The tubular-shaped uranium foil is attached to the electrodeposition
equipment by fitting it into a fixing device, as shown in Fig. 2. The fixing
device is manufactured with a diameter slightly smaller than that of the
tubular-shaped uranium foil so that it remains attached to the interior of
the device by its own elastic force. This tensile strength also ensures
efficient electrical contact between the fixing device and the uranium
foil. The diameter of this device is 23 mm, and the diameter of the
tubular uranium foil is 26 mm. The uranium foil is inserted 10 mm inside
the device.

The electroplating bath (Watts solution) was stirred by recirculating



R.F. Ianelli et al.

Fig. 14. Optical micrograph of the cross-section of the central region of the
uranium foil (about 5.2 mm wide) illustrating the increased thickness of the
nickel layer in this region.

the solution by a 0.7W hydraulic pump with a flow of 120 L/h to pro-
mote uniformity of nickel distribution in all of the foil surfaces. The
equipment provides vertical and horizontal movement of the uranium
foil, enabling the automatic transfer of the uranium foil between all the
solutions used in the electrodeposition process and lateral agitation of
the sample inside the containers. The displacement speed and posi-
tioning of the uranium foil are programmable and controlled by com-
puter software.

After manual fixation of the uranium foil in the fixation device, the
operation of the electrodeposition equipment is fully automatic, with
the parameters of the entire process controlled by a computer.

Electrodeposition was performed in two steps. In the first step, the
uranium foil was immersed in the bath to a height of 25 mm, and the first
half of the foil was coated with nickel. Then, the target was inverted, and
the uranium foil was immersed again up to a height of 25 mm, with
nickel being electroplated in the second half of the foil. There was a
small area in the central region of the uranium foil in which the elec-
trodeposition was superimposed, with a width of about 5.2 mm. Fig. 3
illustrates the steps of the nickel electrodeposition process, from clean-
ing the oxidized uranium foil to the electrodeposition of nickel on its
entire surface. After electrodeposition of the nickel layer, the uranium
foil was used to assemble a target according to the procedure described
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in previous work [11]. The objective was to verify any difficulties caused
by the electrodeposited nickel layer during the assembly.

3. Results and discussion
3.1. Activation tests

The electrodeposition equipment described early was used for the
activation/electrodeposition tests. In these tests, flat samples were fixed
using clamps. A nickel counter electrode coupled to the side of the
container was used to deposit layers of similar thickness on both sides of
the sample. The uranium foil was moved with a rotation of 20 rpm and
lateral displacement movements of 1 cm each second during the process.

A problem related to activation procedures is the possibility that they
cause an excessive loss of uranium and a consequent thinning of the
uranium foil. Table 2 shows the mass loss resulting from the activation
treatments tested.

The sample that did not receive any activation treatment (activation
1) had only its oxide layer removed with 15.6 M HNOjs solution for 5
min. This sample had a relatively smooth surface, as shown in Fig. 4A.
Although HNOs dissolved the uranium oxide existing on the surface of
the material, the chemical attack on the metallic surface was uniform.
This result was already expected because the lack of an activation

Fig. 15. Target assembly sequence with thin nickel-plated uranium foil.
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treatment caused the surface of the uranium foil to show very few im-
perfections in which nickel could penetrate and mechanically adhere,
making it difficult to attach to the surface. For this reason, the electro-
plated nickel layer failed to adhere to the surface of the uranium foil. A
gap can be seen between the nickel layer and the uranium metal sub-
strate, as shown in Fig. 4B. Some sites even showed peeling of the nickel
layer, as shown by the EDS spectrum in Fig. 5. Uranium metal substrate
without nickel coating can be seen at point 1.

In activation test 2, chloride ions promoted intense localized corro-
sion, resulting in deep attacks on the uranium foil surface by pitting
corrosion. This activation treatment resulted in a morphology full of
small pits over the entire surface of the uranium foil, as shown in Fig. 6A.
Fig. 6B shows details of the pits formed on the surface.

This activation test provided a nickel layer with good adhesion.
However, it formed regions with pits deep enough to cause a significant
decrease in the thickness of the uranium foil, as shown in Fig. 6C. This
pronounced decrease in thickness is not acceptable as it may cause
insufficient heat transfer during target irradiation. Continuous contact
between the uranium foil and the target’s cladding tubes is essential for
efficient heat exchange and target cooling in irradiation. Note that
nickel penetrated the small cavities, forming a continuous layer even
inside the pits.

To prevent pitting and maintain a low uranium mass loss, activation
tests 3 and 4 used an electrochemical polishing solution with sulfuric
acid and phosphoric acid [39]. Unlike other activation methods gener-
ally used, these activation solutions did not have chlorine ions in their
composition.

In activation test 3, the sample was subjected to cathodic polariza-
tion, which inserts electrons into the cathode, causing an electro-
chemical reaction to reduce hydrogen ions on the metal surface [40]. In
this case, hydrogen bubbles that evolve in the process mechanically
clean the surface of the sample. Activation test 4 used the same activa-
tion solution proposed in activation test 3 but used anodic polarization,
which is typically used in electrochemical activation processes to cause
the surface imperfections necessary for the adhesion of the electro-
deposited layer. Although these experiments showed the lowest mass
loss among the electrochemical processes studied, the absence of chlo-
rine ions made the surface morphology obtained in activation tests 3 and
4 very similar to the surface morphology obtained for the sample that
did not undergo an activation process, shown in Fig. 4. Therefore, both
tests failed to promote an adhered nickel layer over the uranium foil, as
shown in the cross-section of the samples after electrodeposition illus-
trated in Fig. 7. The appearance of the nickel layer deposited using
activation treatments 3 and 4 is very similar to that obtained in the
sample that did not receive activation treatment, illustrated in Fig. 4B.

These results confirmed that the presence of chlorine was necessary
for an adequate activation of the metallic uranium surface. For this
reason, in the following activation tests, the samples were electro-
chemically activated with solutions containing hydrochloric acid (HCI)
and another weak acid. Activation tests 5 and 6 used HCl and tri-
chloroacetic acid (CoHCl30,) and phosphoric acid (HsPOy4), respec-
tively. Both activation tests resulted in very similar surfaces, with a
morphology described in the literature as an “optimal activation” [26].
In this case, it is possible to observe localized regions with many in-
dentations due to hydrochloric acid activity (similar to activation test 2,
Fig. 6) distributed in the middle of regions where the surface appears
unchanged, resulting from the action of weak acids. Both activations 5
and 6 provided a well-adhered nickel layer on the uranium foils. How-
ever, these two activation treatments resulted in the most significant
mass loss of uranium foils, 7.4% (activation 5) and 6.7% (activation 6).

Fig. 8 shows the result obtained with the activation treatment 5, and
Fig. 9 shows the result obtained with the activation treatment 6. A
complete nickel coating with a very homogeneous layer thickness is
observed in both cases.

In activation test 7, the action of sulfuric acid seems to have over-
lapped the action of hydrochloric acid, resulting in a less rough surface,
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with the presence of few imperfections, as shown in Fig. 10A. Conse-
quently, despite its homogeneous thickness and continuity, the nickel
layer deposited over the sample failed to adhere to the uranium surface
(Fig. 10B). In addition, the mass loss resulting from this activation
treatment was high, 5.5%.

As the purpose of the activation process is to create structures for the
mechanical fixation of the nickel layer, in activation test 8, a simpler
process was tested, which was mechanical grinding with sandpaper
followed by pickling in 15.6 M HNO3 for 1 min. Although not used for
uranium, the technique of mechanical activation by sanding has already
been successfully used in the electroplating process on other substrates
[31,32].

This process resulted in a surface containing grooves seen in
Fig. 11A. The cross-section of the sample subjected to this activation
treatment (Fig. 11B) shows that the presence of these grooves was
enough for the deposited nickel layer to remain adhered to the surface of
the uranium foil. The nickel layer showed continuity and good homo-
geneity in thickness.

Among the activation tests that demonstrated good adhesion of the
nickel layer to the uranium metal foil surface and continuity and ho-
mogeneity of the thickness of the deposited layer, the activation treat-
ment 8 was the one with the lowest mass loss. This treatment also proved
to be simpler to implement, as it does not require acids or electro-
chemical connections, avoiding the generation of liquid waste contam-
inated with uranium. Therefore, for its convenience, the sanding of the
foil surface with 400 grit sandpaper was the activation treatment
defined for carrying out nickel electrodeposition tests on tubular-shaped
uranium foils.

3.2. Electrodeposition tests on tubular shaped uranium foils

Uranium metal foils manufactured according to the procedures
described in previous work [11] were cut in dimensions 44.8 mm wide X
75.8 mm long (34 cm?) and pickled in a 15.6 M HNO5 solution for 5 min
to remove the oxides. After pickling, the uranium foils were manually
sanded on both sides with 400 grit sandpaper using eight passes along
the entire length of the foil. Irregular movements were used to distribute
the scratches over the surfaces randomly. After sanding, the foils were
calendered to obtain a tubular shape. They were again pickled in the
15.6 M HNOs solution for 1 min to remove impurities that may have
contaminated the surface of the uranium foil.

The system used for fixing the uranium foil was coupled to the
electroplating machine (Fig. 2). After the activation tests, the nickel
counter electrode arrangement has been modified to incorporate a base
at the bottom of the container. This modification was necessary to
promote the uniform distribution of the electrodeposited layer in the
inner region of the tubular-shaped foil, as shown in Fig. 12A. However,
the electrodeposition test using this geometry failed to deposit nickel on
the inner side of the uranium foil, mainly in the central region. Parts of
the uranium foil were visibly exposed (see Fig. 13 A) because the ma-
terial flow tends to converge, always taking the shortest path towards
the electrode to be electrodeposited. As the region inside the target is the
one that presents the greatest distance in relation to the nickel counter
electrode, this region received less deposition. The imagined solution to
this problem was adding a pin in the center of the nickel base, as shown
in Fig. 12B. In this case, the material flow lines are also routed to the
interior of the sample, thus solving the problem observed.

Although this new electrode geometry eliminates the problem of lack
of nickel in the inner region of the tubular-shaped uranium foil, visually
covering the entire sample, the inspection by optical microscopy of the
nickel layer revealed that the outer region of the uranium foil had a
much thicker layer than the thickness of the layer deposited in the inner
region of the sample, which had a thickness smaller than the minimum
recommended by the literature (7 pm). Fig. 13 B shows this result.

The problem possibly occurred because, despite the existence of an
electrode close to the inner surface of the uranium foil, the inner
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electrode occupied much space in the central region of the tubular-
shaped target and left little volume of solution for deposition on the
inner surface of the foil. The central electrode and the target geometries
made it difficult to renew the solution in this region, which was poor in
nickel ions in relation to the outer region of the bath, preventing the
nickel layer in the inner region from reaching the same thickness as the
layer in the outer region. The rotation movement applied to the foil was
not enough to promote the homogenization of the electrolytic bath. The
solution was stirred through the injection of nitrogen gas directed to the
interior region of the target to promote the homogenization of the
concentration of the electrolyte solution and the elimination of the
problem. The scheme used is illustrated in Fig. 12C. However, this
method left round-shaped defects in the deposited layer, indicating that
the gas bubbles injected into the solution prevented the electrodeposi-
tion of nickel on the surface of the uranium foil, as shown in Fig. 13C.

Olivares et al. [17] and Lisboa et al. [18] used recirculation of the
electrochemical bath to maintain the homogeneity of the solution during
the electrodeposition process. This technique was also adopted in the
present work. Fig. 12D shows the new geometry used. The red lines on
the nickel counter electrode indicate the regions coated with resin to
balance the amount of material deposited on both sides of the
tubular-shaped uranium foil. In this scheme, a central electrode of a
smaller diameter was also used to allow a greater volume of solution in
the region of the foil’s interior and recirculation of the electrolytic bath
during the electrodeposition process. Using this scheme, the
tubular-shaped uranium foil’s interior and exterior surfaces showed the
deposition of a continuous nickel layer with good adhesion and homo-
geneous thickness, between 12 and 13 pm. Fig. 13 D shows the result.

As mentioned earlier, nickel electrodeposition was carried out in two
steps. The first half of the uranium foil was covered, and then it was
inverted, covering its second half. Therefore, in the central region of
uranium foil (about 5.2 mm wide), the electrodeposition occurred in
double, overlapping the layers. This situation resulted in a thicker layer
thickness in this region, as shown in Fig. 14.

The results obtained in the electrodeposition tests were considered
satisfactory using a central nickel counter electrode and recirculation of
the electrolyte solution, according to the scheme shown in Fig. 12D.
However, an increase in the nickel layer thickness deposited at the ends
and in the central region (5.2 mm wide) of the tubular-shaped uranium
foil was observed. For this reason, a target assembly test using the
uranium foil under these conditions was carried out. The objective was
to verify whether these effects could cause difficulties in assembling the
target.

3.3. Target assembly using uranium foil with electroplated nickel layer

Details of the uranium thin foil annular target assembly procedure
are described by Durazzo et al. [11] in an earlier publication. The only
difference was replacing nickel foil that envelops the uranium foil by
coating it with a nickel layer by electrodeposition.

The tubular-shaped uranium foil containing the electroplated nickel
layer was placed into a machined recess in the inner tube, as illustrated
in Fig. 15. The tubular shape of the uranium foil allowed fitting it around
the inner tube without the need for foil deformation, preserving the
integrity of the electroplated nickel layer. Next, the inner tube con-
taining the uranium foil was inserted into the outer tube, as illustrated in
Fig. 15. Both tubes were made of aluminum.

After this assembly, the set was inserted into a matrix. The inner tube
was plastically deformed by the action of a “draw plug” with a diameter
slightly larger than the inner diameter of the inner tube. No abnormal
events were observed during the target assembly with the uranium foil
electroplated with nickel. The inner tube containing the uranium foil
slid smoothly into the outer tube. The nickel layer maintained its
integrity during the inner tube expansion operation, the most aggressive
assembling operation. Fig. 16 shows that the nickel layer remained
adhered and intact after the target assembly. When using enveloped
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nickel foil as a diffusion barrier, it is common to observe a space between
the nickel foil and the uranium foil, with a width of around 5 pm [11].
This gap was not observed using the electrodeposition process.

The gap between the nickel and the outer tube surface is unavoidable
and typical in this target production process. Values between 10 and 30
pm are established as acceptable [17] and considered small enough to
ensure good heat transfer during target irradiation. In the target as-
sembly containing the electrodeposited nickel layer, the observed gap
between the nickel and the aluminum tube was 10.9 pm.

4. Conclusions

The electrodeposition of a nickel layer on the metallic uranium foil
was studied to eliminate the difficulties observed in the traditional
target fabrication procedure, which adopts the enveloping of the ura-
nium foil with a nickel foil to act as a diffusion barrier.

The electrochemical methods of activating uranium foil using
CoHCI302 + HCl and H3PO4 + HCl (methods 5 and 6, respectively)
proved efficient, ensuring a well-adhered and uniform nickel layer.
However, such methods consumed a greater amount of uranium
(6.5-7.5% by mass). Activation by mechanical action (sanding)
demonstrated satisfactory adhesion of the nickel layer with minimal loss
of uranium mass (0.16%).

The feasibility of electrodeposition of a continuous and adherent
nickel layer in both surfaces of the tubular uranium foil was demon-
strated. The nickel layer thickness obtained was about 12 pm for 20 min
of deposition with a current density of 32 mA/cm?.

The behavior of the electrodeposited nickel layer during target as-
sembly was satisfactory. No voids were observed between the nickel
layer and the surface of the uranium foil after target assembling. This
represents an advantage over nickel foil wrap, which results in a gap
between the nickel foil and the uranium foil.

The automated electrodeposition equipment proved to effectively
promote a nickel electrodeposition process on the preformed thin sheet
in the tubular shape. This methodology proved to be applicable on a
production scale.
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