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Characterisation of secondary products of
uranium–aluminium material test reactor fuel
element corrosion in repository-relevant brine
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Abstract

Corrosion experiments with non-irradiated uranium–aluminium fuel elements were performed in MgCl2-rich brine.

Distribution analysis of corroded material showed that about 90% of the initially available metallic U and Al pre-

cipitated. Investigations of these secondary corrosion products provided that one component is a Mg–Al–Cl–hydro-

talcite.

� 2003 Published by Elsevier B.V.
1. Introduction

The final disposal of spent fuel elements from re-

search reactors in deep geological formations is under

discussion as a national waste management option in

Germany. The main requirement for final disposal is

reliable and safe storage of the radioactive waste for a

long time. In long-term safety analysis possible accident

scenarios also have to be taken into account. In Ger-

many, the Gorleben salt dome is under consideration as

a final repository for highly active waste, including

Material Test Reactor Fuel Elements (MTR-FE) from

the research reactor DIDO, J€uulich. The material for

research reactor fuel elements are completely different

from fuel elements of nuclear power plants for electricity

production. As fuel, MTR-FE have a metallic uranium–

aluminium alloy covered with Al [1]. The spent fuel

elements will be placed in a cast-iron container (POL-

LUX) for final disposal. An accident scenario for a salt
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dome, which cannot be ruled out totally for a time pe-

riod of hundred thousand years, is a water ingress which

creates highly concentrated salt brines. Previous inves-

tigations showed that the MTR-FE are not stable in

these salt brines; corrosion occurs and radionuclides are

released [1]. The distribution of the released radionuc-

lides between the newly formed solid corrosion products

and the solution showed that about 90% of the radio-

nuclides are immobilised by the corrosion products

(secondary phases) [1]. Due to the high dose rate of ir-

radiated fuel it was not possible to determine the

structures, chemical speciations and compositions of the

solid corrosion products.

The identification of the secondary phases is essential

because these phases may control the concentration of

dissolved radionuclides in the leaching solution [2], for

example, by immobilisation. Since irradiated uranium–

aluminium MTR-FE have practically the same chemical

uranium–aluminium matrix as non-irradiated MTR-FE

[3], we assume that non-irradiated uranium–aluminium

MTR-FE will have a nearly identical corrosion behav-

iour leading to almost identical main secondary phases.

Therefore, corrosion experiments with non-irradiated

MTR-FE have been performed to clarify the nature,

chemical composition and structure of the corrosion

products.
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2. Experimental

The corrosion experiments were performed in three

glass autoclaves at 90 �C under initial Ar atmosphere

using MgCl2-rich brine (relevant for Gorleben salt

dome). Fe0 was added to simulate the presence of the

iron system due to the corrosion of the cast-iron con-

tainer. To investigate the corrosion at different surface-

to-volume ratios three experiments were performed: two

with one and one with four non-irradiated MTR-FE

plates in the same volume. The details of the experi-

ments are summarised in Table 1.

Uranium–aluminium plates used were cut from a

non-irradiated fuel element of the material test reactor

DIDO, J€uulich, Germany. The size of uranium–alumini-

um plate pieces used is 20 · 28 · 1.5 mm3 with a mass of

about 1.9 g. The uranium content in the piece is about

0.087 g (4.5 wt%). Fe0 was added as cast-iron plate,

GGG40, with the composition Fe (93%), C (3.45–3.8%),

Si (2.6–2.9%), Mn (0.25–0.50%), S (0.005–0.01%). The

average was 3.3 g.

MgCl2 brine, representing one of the repository-rel-

evant solutions for the Gorleben salt dome, has the

following composition: 937.1 g/l MgCl2 Æ 6H2O, 39.68 g/l

CaCl2 Æ 2H2O, 4.13 g/l NaCl, 1.42 g/l KCl and 0.126 g/l

MgSO4 Æ 7H2O (see chemical composition in [4]). All

chemicals were from Merck, Darmstadt, and of analyt-

ical grade. The salts were dissolved in deionised water at

70 �C. Heating was stopped when the solution became

clear. After cooling the solution was placed in a volu-

metric flask.

Before starting the experiments, Ar first was bubbled

through the solution to remove dissolved gases (CO2, O2

etc.). Then the plates were added in such way that they

did not come into contact with each other. The closed

autoclaves were placed in a Heraeus desiccator at 90 �C.
At different time intervals the autoclaves were opened

under an Ar atmosphere to take solution samples. The

samples were filtered (450 nm filter) and the pH was
Table 1

Experimental details of the corrosion experiments in the autoclaves

Autoclave

1

Solution MgCl2 brine

Volume of solution, ml 400

Number of MTR-FE plates 1

Weight of MTR-FE plates 1.84

Iron speciation GGG40

Weight of iron, g 2.99

Temperature, �C 90

Environment Ar

Duration of the experiment, days 525
measured immediately under an Ar atmosphere at 90 �C.
The measurements were performed with a pH-meter

Metrohm, Filderstadt, type 691, using a combination

ROSS pH-electrode Orion Co., type 8130, calibrated

with Merck buffer solutions. All pH values measured

were corrected for highly concentrated brines according

to [4]. Solution samples were then diluted (1 ml of

sample with 9 ml 0.1 M HNO3) and analysed by ICP-

OES (type 3520 B, ARL Instruments, Ecublens, Swit-

zerland). Chloride was determined by a spectral

photometer CADAS 100, Dr. Lange, with Dr. Lange

cuvette chloride tests LCK 311.

After the experiments the autoclaves were opened

and the liquid and solid phases were separated and

stored in Ar atmosphere. Aliquots of the sediment

phases were treated in different ways: one wet aliquot

was dried at 90 �C for about 24 h and another aliquot

was dialysed. For the dialysis, a dialysis hose VIS-

KING, type 36/32, was filled with the substance (2–4 g)

and placed in a 2 l vessel containing deionised water.

The water was changed twice a day for 2–5 days. After

dialysis, the substance was dried at 90 �C for 24 h.

Samples of sludge were scrapped off the surface of not

completely corroded plates, then treated the same way

as described above. All dried samples were milled to

powder and then analysed by XRD (Stoe Stadi trans-

mission diffractometer coupled to a Co anode X-ray

tube and using CoKa radiation with k ¼ 178:8970 pm

at 40 kV and 30 mA) and SEM (Jeol JSM 840). To

analyse the elemental composition of the solid an ali-

quot of 0.2 g was dissolved with 5 ml 8 M HNO3. The

clear solution obtained was analysed by ICP-OES; the

chloride concentration was measured photometrically.

The uranium activity was analysed by a-spectrometry

(a-analyser, Canberra-Packard GmbH). For these pur-

poses, U was extracted from the liquid samples with

TOPO (tetraoctylphosphinoxide). From the specific ac-

tivity the masses of different U isotopes were calculated

and summarised.
2 3

MgCl2 brine MgCl2 brine

400 400

1 4

2.03 7.91

– GGG40

– 2.96

90 90

Ar Ar

605 157



Fig. 1. Plates of non-irradiated material test reactor fuel ele-

ments after 160 days of leaching in MgCl2-rich brine at 90 �C
(autodalve 3).
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3. Results and discussion

The two experiments with one plate of non-irradiated

uranium–aluminium fuel element (autoclave 1 with iron

and autoclave 2 without iron) were finished after the

plates corroded totally and no further pressure increase

was observed. In both experiments the complete corro-

sion of the plates lasted the same time. The experiment

with four plates (autoclave 3 with iron) was stopped

before they corroded completely. Observable changes in

incompletely corroded plates from autoclave 3 are

shown in Fig. 1. The layer of secondary phases on the

surface can be seen very distinctly.

Significant amounts of corrosion products (second-

ary phases) were formed in all experiments. Visually, the

secondary phases appear as a coarse-grained material in

the lower part and small-grained material in the upper

part. In all experiments the sediments were white with

green-coloured areas (probably UO2).

The element compositions of the solid phases are

given in Table 2. The main elements of the secondary

phases are Mg and Al. The large amount of Mg in the

sediment is due to the oversaturation of MgCl2 Æ 6H2O.

From analytical data it can be seen that all initially

available metallic aluminium corroded and metallic

uranium precipitated (Table 3). After dialysis the sedi-

ments are enriched by Al and U, that means that Al and

U are components of insoluble phases.
Table 2

Element composition and amount of corrosion products, wt%a

Autoclave Amount of

sediment, g

Mg Al

1 30 11 4.5

2 20 11 5.9

3 100 9.5 7.1

a The rest is water, chloride and minor elements (less than 2%).

Table 3

Aluminium and uranium distribution between solid and liquid phase

Autoclave Initially Remained uncorroded

g % g %

Aluminium distribution

1a 1.60± 0.13 100 0 0

2a 1.77± 0.14 100 0 0

3a 6.88± 0.55 100 1.1 ± 0.15 16

Uranium distribution

1a 140± 30 100 0 0

2a 150± 30 100 0 0

3a 590± 120 100 54± 5 9

aThe derivation of total sum from 100% is due to the experimenta
XRD analysis showed that the solid phases are di-

vided into amorphous and crystalline parts. The crys-

talline part is represented by MgCl2 Æ 6H2O and by a

phase with the structure of a hydrotalcite-like com-

pounds. In autoclaves 1 and 3, hydrotalcite-like com-

pound peaks were already found in untreated

(undialysed) substance (see Figs. 2–4). The XRD
U After dialysis

U Al

0.37 n.m. 20

0.70 5.3 31

0.64 0.64 18

s after experiments were finished

In solution In sediment

g % g %

0.008 <1 1.4 84

0.024 1.4 1.2 67

0.019 <1 6.4 93

2.8 2 120 86

4.2 2.8 140 93

3.7 <1 580 98

l error.



Fig. 3. XRD pattern of dialysed substance from autoclave 2.

Fig. 2. XRD pattern of the sediment from autoclave 1 (not-indicated peaks belong to bishofite).
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patterns of dialysed samples from autoclaves 2 and 3

also showed amorphous admixtures. Nevertheless, in all
autoclaves the hydrotalcite peaks (especially the peak

with hkl ¼ 003) were identified. The highest concentra-



Table 4

Lattice parameters and element ratio for the hydrotalcites ob-

tained

Autoclave c ðd003Þ,
pm

a ðd110Þ,
pm

Mg/Ala Al/Cla

1 2328 305.3 2.8 2.1

2 2306 304.0 1.4 –

3 2337 303.6 0.5 2.1

aCalculated from analytically determined values.

Fig. 4. XRD pattern of the sediment from autoclave 3 (not-indicated peaks belong to bishofite).
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tion of hydrotalcite was found in the glass holder in

which the plates were placed and on the surface of an

incompletely corroded plate from autoclave 3. An ex-

planation for this observation is given later.

The lattice parameters a and c were calculated from

the XRD data (Table 4). The hydrotalcites found in the

secondary phase belong to Cl-HTlc with a Mg/Al ratio

close to 2. A Mg/Al ratio of 3 was found only in ex-

periment 1. Nevertheless, the analytically determined

ratio of Mg/Al for hydrotalcites from autoclaves 2 and 3

is lower because of the presence of amorphous phases.

The morphology of the Mg–Al–HTlcs obtained was

investigated by SEM. The highest concentration of hy-

drotalcite crystals appeared on the metallic surface. The

sand rose crystal structure, typical of hydrotalcites, can
be clearly seen. The same structure was identified by

previous researchers [2,5,6]. The hydrotalcite-like com-

pound crystals from autoclave 1 and 3 have different

sizes: about 2 lm from autoclave 1 and about 0.5 lm
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from autoclave 3. The reason for these differences is that

the crystal size increased with time of alteration [2] (525

days for autoclave 1 and 157 days for autoclave 3) due

to the presence of a large amount of amorphous phases

(Fig. 5).

No sharp SEM micrograph was obtained for the

sediment of autoclave 2.

The HTlcs were found by Abdelous et al. [2] as an

alteration product of nuclear waste glass and basaltic

glass in MgCl2-rich brine. It is therefore interesting to

note that the corrosion of nuclear waste glass, basaltic

glass [2], corrosion of metallic Al [7] and uranium–alu-

minium fuel elements (this work) in MgCl2-rich brine led

to the formation of hydrotalcite.

As reported for hydrotalcite synthesis, formation of

hydrotalcite normally happens at pH¼ 8–10 [8]. Final

pH values for experiments 1 and 2 were 3.8, and for

experiment 3 about 2.3. That means that the highest pH
Fig. 5. SEM micrographs of hydrotalcites from corrosion ex-

periments.
value in the bulk solution for hydrotalcite formation was

not higher than 3.8 (corrected value about 5.7). The

reason is that formation of hydrotalcite during the

corrosion experiments at lower pH must happen in a

different manner than the formation of hydrotalcite

through synthesis. Hydrotalcite is formed by synthesis

as a co-precipitation of Mg(OH)2 and Al(OH)3 in the

bulk solution. The formation of hydrotalcite is also due

to co-precipitation during the corrosion experiments.

However, it takes place in the pits, not in the bulk so-

lution. The proposed mechanism can be described as

follows.

Highly concentrated chloride medium causes a very

fast destruction of the Al oxide surface film and the

formation of pits on the metallic surface. Aluminium

ions are released from these pits

Al0 () Al3þ þ 3e� E0 ¼ �1:667 V ð1Þ

Moreover, an Al hydrolysis occurs in the pits leading

finally to the precipitation of Al(OH)3 as summarised:

Al3þ þ 3H2O () AlðOHÞ3 # þ3Hþ ð2Þ

Protons are produced by hydrolysis and diffuse inside

the pits and are then reduced to H2 [9]. Due to the hy-

drogen reduction the pH increases and Mg(OH)2 may

precipitate. The precipitation of Mg(OH)2 and Al(OH)3
could happen separately in a locally close area, but Mg–

Al–hydrotalcite formation by co-precipitation of these

hydroxides is more favoured. The surface of the plate

plays a catalytic role in hydrotalcite formation. An ex-

perimental proof of this was given by the fact that most

of the hydrotalcite was found in the glass holder and

some on the surface of incompletely corroded plates.

Hydrotalcite-like compounds are a large family of

double-layer hydroxides with a big variety of metals and

anions [8,10]. Hydroxide layers are positively charged

and deposited on each other and different anions occur

in the interlayer space to balance the positive charge.

The variety of anions is enormous including those

formed by radioactive elements [11–14]. The interlayer

anions can be quite easily replaced by anions present in

the surrounding aquatic medium [15], therefore another

name for hydrotalcite-like compounds is anionic clays.

Most geological materials (cationic clays and zeolites,

for example) are suitable for cation sorption, therefore

the ability of hydrotalcite-like compounds to exchange

radioactive anions, e.g. iodide, makes hydrotalcites at-

tractive for the immobilisation of radioactive anions.

Moreover, there is also a possibility of cation sorption

because the OH� groups on the surface can act as pro-

ton acceptors [16]. The formation of hydrotalcite as a

corrosion secondary product in repository-relevant

brine and their properties with respect to radionuclide

retardation make hydrotalcites even attractive as backfill

material in a final repository.
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4. Conclusions

Significant amounts of corrosion products were

formed in leaching experiments with the plates of non-

irradiated uranium–aluminium material test reactor fuel

element (MTR-FE) plates in MgCl2-rich brine. The

main elements of the secondary phases are Mg and Al.

Uranium is a minor component. Analysis showed that

nearly the greatest part of dissolved Al and U precipi-

tated in the secondary phases. This fact is important for

the final disposal strategy: even in the case of an acci-

dental scenario (water ingress in the Gorleben salt dome)

and complete corrosion of irradiated fuel elements, the

dissolved material will precipitate, which is especially

important for predicting uranium mobility.

The corrosion products of uranium–aluminium fuel

elements consisted of an amorphous and a crystalline

part. Bischofite and Mg–Al–Cl-hydrotalcite were iden-

tified in the crystalline part. The latter compound was

identified for the first time in corrosion experiments with

non-irradiated uranium–aluminium MTR-FE. The for-

mation of these hydrotalcites under the given conditions

was possible because of the available metallic aluminium

surface and highly aggressive chloride medium (MgCl2-

rich brine). The intensive pitting corrosion creates local

areas of different pH values, consequently brucite

(Mg(OH)2) and gibbsite (Al(OH)3) can be co-precipi-

tated and form the hydrotalcite.

Taking into account that an irradiated MTR-FE has

the same uranium–aluminium metallic matrix as non-

irradiated MTR-FE, identical secondary phases, con-

taining hydrotalcites can be expected in the case of an

accident scenario during the final storage in a salt dome.

The retardation of released radionuclides of an irradi-

ated MTR-FE by secondary phases as described in [1]

can be now partly explained through the presence of
hydrotalcites. Nevertheless, dealing with irradiated fuel

elements the behaviour of the decay elements must be

investigated in future.
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