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SUMMARY 

Laboratory gamma-irradiations at a constant temperature (100°C) were 
carried out in two sorts of experiments, one at variable and another at 
approximately constant dose rates. The damage developed during irra
diation was analyzed by thermal analysis, microstmctural analysis and 
small angle neutron scattering. The results were compared with the„ 
yields of the Jain-Lidiard model for each experiment. Light Absorp
tion, measurements of hydrogen yields by solution of the samples in 
H20, and thcrmogravimetry were performed at the Barcelona Univer
sity. The results of these experiments were also taken into account. 

Experiments at a variable dose rate (from 240 to 40 kGy/h in monthly 
cycles) were performed on 40 samples at a time. Each month one of 
these samples was retrieved and analyzed. The effects of progressive 
accumulation of doses up to 750 MGy were thus followed at intervals 
of about 30 MGy. A saturation level of radiation damage was sought 
for, and at least some sort of temporary stabilization of damage has 
been found at 100 J/g, corresponding to approximately 0.8 mol% of 
the salt being decomposed. 

Experiments at a constant dose rate were planned to obtain information 
on radiation damage development and anneal in conditions as near as 
possible to those of radioactive waste repository concepts. For this 
reason the dose rates were kept low.: One set of experiments was per-/ 
formed at 15 kGy/h and another, which is still proceeding, at 4 kGy/hi 
Variation in the duration of each individual experiment gave 11 sets of 
samples irradiated at 15 kGy/h, up to total doses between 0.02 and 44 
MGy, and 4 sets of samples irradiated at 4 kGy. Each set of samples 
consisted of 16 samples which were irradiated simultaneously. 

Theory development is based on experiments on pure undeformed sin
gle crystals irradiated at atmospheric pressure, which is different from 
impure, polycrystallinc and deformed rock salt irradiated at the pres
sure expected to occur in repository concepts. Samples such as pure 
undeformed monocrystals and conditions of irradiation such as atmos
pheric pressure, were nonetheless included in the experiments to form 
a link with existing theories. Of the samples irradiated together, each 
sample differs from one of the others in only one of the following fac
tors: microstructure, composition, amount of added brine, or pressure. 
This was accomplished by placing the samples in separate holders 
which allowed pressures to be applied by means of a gas bellows. The 
instrumentation was designed, tested and produced especially for this 
research. 

The starting materials consisted of pure NaCl Harshaw (H) monocrys
tals, pressed pure NaCl powder (PP), synthetic rock salt (SS), and dif
ferent kinds of natural rock salt: Spciscsalz of the 800m level, Boreho-
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le polyhalitic salt, Borehole anhydritic salt and Polyhalitic salt (all 
provenient from the Asse Salt Mine, Remlingen, Germany) and Potasas 
del Uobrcgat salt (from the Potasas del Liobrcgat Mine, Cardona, 
Spain). 

The stored energy of the starting materials was measured by DTA 
(Differential Thermal Analysis) in other equivalent non-irradiated 
samples. 

In the experiments at 15 kGy/h and those at a variable dose rate none 
of the samples was annealed prior to irradiation. In the experiments at 
4 kGy/h the Harshaw monocrystals, which had been shown to contain 
variable amounts of stored energy, were annealed prior to irradiation. 

Stored energy measurements were performed on the darkest material 
which could be selected from each sample after irradiation (recrystalli-
zation taking place during irradiation produces white crystal areas 
which do not contain stored energy). Small-sized second phase min
erals and perhaps little pieces of recrystallized material may still have 
been present in the samples prepared for measurements. The results of 
stored energy determinations in the darkest pieces of irradiated samples 
were corrected for the original stored energy contents of non-inadiated 
samples and for thermal effects due to impurities, when indicated. 
These corrected results were used in interpretation, although polycrys-
tallinc rocks evidently have less stored energy since they also include 
recrystallized parts and impurities. The most common impurity in our 
samples is polyhalite which, when heated, loses its compositional water 
in an endothermal process (absorbing heat and lowering the tempera
ture). 

Samples irradiated at a low and constant dose rate (15 t 5 kGy/h) 
show, after an initial increase of the stored energy, a decrease of stored 
energy with increasing total dose. Below an integrated dose of 15 
MGy (obtained at a low and constant dose rate) the irradiated samples 
yielded higher stored energy levels than could be attributed to colour 
centres (as measured by Light Absorption). The initial increase and the 
ensuing decrease of stored energy is therefore ascribed to the develop
ment of dislocations and their anneal, also because no colloid anneal 
peak is observed in the thermograms of the Harshaw crystals at these 
low total doses. Moreover, the development of low energy dislocation 
arrangements has been shown by means of microstructural analysis. 

Both colouring of samples and DTA measurements show that stress on 
the samples irradiated within the specially designed pressurizing sam
ple holders enhances damage in the low dose region. 

Above integrated doses of 15 MGy (and at least up till 44.6 MGy) the 
stored energy is shown to increase again, and a good correspondence 
between Jain-Lidiard mode! calculations of damage and DTA measu
rements is found. 
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Summary 

It was already known that Fluid-Assisted Rccrystallization (FAR) 
completely anneals the crystals affected by it. Our experiments show 
that FAR can take place in irradiated salt without decomposing the 
brine. They also show that FAR continuously takes place under irra
diation, and that it can take place even if the brine has evaporated. 
Samples of which the amount of brine measured elsewhere by TG did 
not surpass the 0.02 wcight%, suffered from fluid-assisted re-
crystallization. The theory of rccrystallization has been modified in 
some points. 

Nuclcation of colloids is shown to occur at higher integrated doses, 
and for higher increments of stored energy in Harshaw monocrystals 
than in polycrystallinc samples. This is caused by their different brine 
content and dislocation density. Both deformation structures and brine 
content have been shown to facilitate colloid nucleation. 

In general, the most damaged pieces of NaCl from natural rock salts 
were found to contain equal or less stored energy than the pure 
undeformed Harshaw monocrystals irradiated simultaneously. This 
contradiction with theoretical predictions is, with the help of 
microstructural criteria, inferred to be due to the fact that the theories 
do not take dislocation kinetics into account. 

The bleaching out of colloids in the interior of the crystals was shown 
to be coupled to the development of intracrystallinc recover}' micro-
structures. These creep (recovery) substructures arc shown to develop 
due to irradiation both in samples that were irradiated pressurized and 
non-pressurized. 

At minor irradiation doses the presence of brine was found to enhance 
radiation damage development, but at higher doses brine was found to 
enhance anneal. This is related to dislocation motion and rearrange
ment. OH" radicals as lattice impurities arc inferred to enhance dislo
cation motion. 

Qualitative optical microscope observations on thin sections performed 
on the irradiated samples sufficed to show that the ratios between re
covered/damaged areas and fluid-assisted rccrystallizcd/damagcd areas 
grow with decreasing dose rate. 

Small Angle Neutron Scattering experiments were performed on the 
pure Harshaw monocrystals SANS1, 2, 3, and 10, which were irradia
ted under the same conditions (240 to 40 kGy/h and 100°C), bu» to 
different integrated doses of 26, 103, 252 and 279 MGy respectively. 
SANS experiments were expected to provide information about the 
size and size distribution of the colloidal particles. However, the me
thod and installation were concluded not to be adequate to our pur
poses. 

It has been shown that the Jain-Lidiard model approaches some of the 
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experimental results, but does not reproduce the amount of damage for 
the interval of colloid nucleation, nor the saturation of damage found 
at high integrated doses in our experiments. 
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1. INTRODUCTION 

1.1 Problem definition 

One of the considered options for geological disposal of radioactive 
waste consists of depositing the waste in deep rock salt formations. 
Since rock salt can be damaged due to the effect of the gamma rays 
emitted by the radioactive waste, the extent of this damage has to be 
calculated. Experiments for the length of time during which gamma 
radiation outside the natural background will be present in a repository 
arc impossible to carry out. Therefore the processes implied in radia
tion damage development have to be well understood, since we have to 
rely on computer simulations based on theoretical models to predict the 
behaviour of a repository. 

In 1989 an "International Test Plan" [1] was formulated, which coor
dinated the different ways in which some remaining questions regard
ing radioactive waste disposal in rock salts would be tackled and 
which settled the responsibilities of the different partners within the 
European Community. The "International Test Plan" document esta
blishes a series of irradiation experiments directed to solve on the one 
hand the problem of gas development in repositories and on the other 
hand the problem of radiation damage development. These experiments 
were planned to be partly carried out in various laboratories but mainly 
in the HAW (High-Active Waste) test field in the Asse salt mine, 
Remlingen, Germany. Information on the HAW-test field can be found 
in [2]. 

In the HFR (High Flux Reactor) of the ECN (Energieonderzoek Cen
trum Nederland, The Netherlands Energy Research Foundation) two 
Gamma Irradiation Facilities containing rock salt samples arc in ope
ration, GIF A and GIF B. Initially these facilities were build to moni
tor the irradiation experiments that were planned in the HAW test 
field. Due to repeated delays in (and now definitive cancellation of) 
the emplacement of the radioactive sources in the HAW field, these 
complementary laboratory experiments were steadily extended. 

On the subject of radiation damage four important points have to be 
taken into account: 

a) theoretical models predict that, all other conditions being constant, 
low dose rates of gamma rays produce more damage than high 
dose rates until a maximum is reached and this efficiency decreases 
again (3,4]. Repository conditions arc thought to lie in the dose rate 
regime where the efficiency increases; 

b) crystals containing defects (due to cither mechanical strain or 
impurities) arc reported to have an enhanced efficiency for radi-
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ation damage development as compared to pure undeformed 
tals (5,6,7J; 

crys-

c) based on the predictions of the old Jain-Lidtard model and results 
from experiments performed at the Groningen University, some 
doubts exist on whether radiation damage in a repository would 
reach a saturation level or not. To reach a saturation level it is 
necessary that countcrmcchanisms exist. If they do not exist, radia
tion damage could increase until the percolation limit is reached 
and instantaneous backreactions could occur (8]; 

d) if the huge amounts of stored energy that were found in crystals 
irradiated at the Groningen University arc taken into account, some 
questions arise as to the consequences that "explosive 
backreactions'' would have on the integrity of a repository [4,8,9]. 
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Figure 1: Temperature and dose rale range of (he experiments per
formed at the Groningen University (RUG), the GIF A & B 
experiments at the KCS and those to be expected in a 
repository. 
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Introduction 

1.2 Field of conditions studied 

At present little is known about the factors and/or functions that are 
needed to produce a link between the experimental results obtained at 
high dose rates and those expected under repository conditions. With 
our experiments we aim to narrow this gap. Figure 1 shows that the 
dose rates in the HFR experiments are nearer to repository rates than 
ever was the case in a long laboratory experiment. GIF A is used to 
find a saturation level of stored energy in natural samples. To this end 
40 samples of similar composition are irradiated simultaneously. One 
of them is retrieved from the facility at regular intervals and replaced 
by a new one. In each GIF B experiment, 16 samples of different 
composition are simultaneously irradiated up to one of the total doses 
expected in the HAW field experiment (0.02 to 44 MGy), but at a hig
her dose rate and a constant temperature (100°C versus 85 to 1J0°C in 
the HAW field). 

1.3 Scope of the report 

This report covers the work performed during the period August 1988 
- August 1993. The results obtained in this period will be treated in a 
summarizing way. Only the main results will be described and discus
sed. For detailed treatment of the results we refer to our previous 
reports [10-15]. Some new results, which were not available at the 
time of our last progress report, are also included here. 

ECN-C—93-086 11 



2. METHODOLOGY 

The methods and techniques used to irradiate samples of different 
composition simultaneously, under pressure and at a constant tempera
ture are extensively described in our reports [10-13]. The analytical 
methods used to characterize the samples both before and after the 
irradiation experiment are also comprehensively described in [10-13]. 
For this reason only a brief description will be provided in this report. 

2.1 Irradiation facilities and sample containments 

2.1.1 Sample holders 

In the first irradiation experiments the samples were wrapped in silver 
foil and placed in an aluminium sample holder which was then intro
duced into another holder which could, via a gas-filled bellows, either 
pressurize the samples or not. If so, a pressure of 200 bar, which is 
comparable to the pressure on the salt in a repository, was applied in 
the bellows. A detailed description of the holders can be found in [11]. 

During our irradiation experiments the sample holders had to be tested 
in order to establish whether they reproduced the confining pressure of 
a repository in a reasonable time span. Therefore, the deformation of 
the samples due to the performance of the holders and the possible 
release of gases through the package were investigated. 

Measurements of the length of the samples showed that there was no 
extra shortening of the samples after 16 days pressurizing. This means 
that confining pressures are reached within 16 days, which is a reason
able time span compared with the long duration of the HAW [13]. 

Measurements on the chlorine content of the silver foil after irradiati
on, determined by means of neutron activation of the silver foil, gave 
us reason to develop golden sample holders since rather high amounts 
of chlorine (up to 1.3 10"3 mol% of the original NaCl sample) had 
reacted with the silver foil. Therefore, the aluminium sample holder 
and the silver foil were then replaced by relatively thick golden sample 
holders [13]. 

ECN-C—93-086 13 
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2.1.2 Irradiation facilities 

The sample holders are placed in one of the Gamma Irradiation Faci
lities (GIF), essentially a long container in which eight sample holders 
can be placed. Each GIF is equipped with a combination of heating 
and cooling devices to control the temperature. The GIFs are then 
placed between spent fuel elements in the cooling pool of the HFR 
where the samples are irradiated. The design of the GIFs has been ex
tensively described in (13]. 

The dose rates in GIF A are measured at regular intervals using red 
perspex. The dose rates in GIF B were initially also measured with red 
perspex. These measurements were very time-consuming, especially 
for low dose rates. Therefore the dose rates in GIF B are now 
measured using a NUCLEAR ENTERPRISES 2581 - 0.6 cm3 ioni
zation chamber. Several measurements where the dose rate was 
measured with both red perspex and the ionization chamber showed a 
good correspondence between the results obtained with both methods. 

2.2 Irradiation experiments 

2.2.1 GIF A experiments 

The GIF A experiments are planned in order to find out whether there 
is a saturation level for the stored energy accumulated in natural sam
ples. Thirty-nine Sp-800 samples are irradiated simultaneously in this 
facility (the fortieth position is occupied by a Harshaw crystal). Irradi
ation is performed with fresh spent fuel elements from the High Flux 
Reactor in order to obtain a dose rate as high as possible (240 to 
40 kGy/h in monthly cycles) at a temperature of 100 °C. Each month 
one sample is retrieved from the facility and replaced by a new one. 

After almost a full year of successful operation and an accumulated 
dose of 567 MGy, a major breakdown occurred in the facility. Due to 
fractures in a minitube the facility was filled with water from the 
cooling pool of the reactor and the experiment had to be restarted. 

After repair and reloading, the facility was successfully operated for 
more than one and a half year, and an accumulated dose of approxi
mately 600 MGy had been reached. Then, due to some minor technical 
problems, the facility was out of operation again for approximately two 
months. After repair the irradiation was continued and an accumulated 
total dose of approximately 750 MGy has now been reached. 

The samples in the second experiment are all placed in the newly 
developed golden sample holders. 

14 ECN-C--93-086 



Methodology 

2.2.2 GIF B experiments 

In GIF B 16 samples of different origin are irradiated simultaneously 
at a temperature of 100 °C. They are irradiated at a low dose rate 
which is kept as constant as possible. To achieve this, old spent fuel 
elements which have a slow decay are used. 12 samples are irradiated 
under enhanced pressuie and the other four at atmospheric pressure. 

For the first experiments in the GIF B facility a dose rate of approxi
mately 15 kGy/h (ranging from 20 to 10 kGy/h) was chosen. Nine ir
radiation experiments were performed at this dose rate with total doses 
which were as close as possible to the total doses planned in the 
HAW-field experiment. The samples used in these experiments were 
wrapped in silver foil. After completion of these nine experiments the 
choice was made to repeat the experiments, but now at a lower dose 
rate (approximately 4 kGy/h). In these experiments the newly devel
oped golden sample holders are used. Four of these new irradiation 
experiments have now been completed. 

2.3 Pre- & post-irradiation determinations 

2.3.1 Integrated dose calculations 

Calculations of the total dose received by the samples in GIF A and B 
were performed using the equation: 

D = A0 + Are'A2t + Azt 

where D is the dose rate, A9 Av A2 and A} are fitting parameters anu t 
is time. This equation has been applied to interpolate the values of the 
dose rate between the measured points. The total dose has then been 
calculated by integrating this equation. The results of these calculations 
arc also used for the simulation of the damage in theoretical models. 

2.3.2 Stored Energy measurements 

Stored energy measurements were carried out by means of differential 
thermal analysis on a SETARAM DSC-111. Calibrations were perfor
med by melting indium metal. Anneals take place in "closed" Pt cap
sules with a small capillary hole to allow gases to escape in order to 
avoid explosion of the capsule when the pressure builds up. The 
measurements were performed at a heating rate of 5 K/min. Ther-
mogravimetry was performed with a SETARAM CS- 92. For these 
measurements a heating rate of 20 K/min. was used. 
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When relevant, the stored energy present in the samples before irradia
tion has been deducted from the result obtained after irradiation. When 
necessary corrections for the endothermal dehydration of sulphatic 
minerals contained in natural samples have been applied as well [10-
12]. 

Whenever the measured stored energy is compared with results calcu
lated using the Jain-Lidiard model, the mol fractions obtained with the 
model have been transformed to stored energy, assuming 125 J/g to be 
the energy yield of 1 mol% defect-pairs as proposed by Groote and 
Weerkamp [4]. 

2.3.3 Light Absorption 

To determine the amounts of F-centres and colloids in the samples, 
Light Absorption measurements on thin sections using a double beam 
UV-Vis spectrophotometer have been carried out at the Barcelona 
University. Their results will not be described in this report but can be 
found in [16,17]. 

2.3.4 Small-Angle Neutron Scattering 

Small-Angle Neutron Scattering (SANS) experiments were expected to 
give the size, size distribution and geometry (Euclidian or fractal) of 
sample heterogeneities in the size range between 1 and 100 nm. Col
loids typically fall within this size range. 

Four irradiated Harshaw samples have been twice measured with the 
ECN SANS facility. Between the two measurements some modifica
tions were made in the equipment. The results of both measurements 
are not in agreement with each other. The cause of these discrepancies 
is not yet clear, which is why we refrain ourselves from drawing any 
conclusions from these measurements. We also withdraw all the con
clusions based on these measurements as reported in our previous 
reports [10-15]. 

2.3.5 Microstructural analysis 

Microstructural observations have been performed on ordinary peno
logical thin sections of the irradiated samples. These observations con
sisted of quantitative determinations of radiation damage-free material, 
and a study of the ways in which this material develops. Quantificati
ons are made using an optical microscope and a video camera coupled 
to an interactive image processor (IBAS) [18], The IBAS measure
ments on natural samples have been corrected for the presence of 
polyhalites and anhydrites using two polarising plates. Grain sizes were 
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measured by the intersection method [14]. 

The performed measurements have to be regarded as semi-quantitative 
since the thin sections were polished by hand, which means that a uni
form thickness of these thin sections is not guaranteed. Rather large 
differences in thickness may occur between various parts of one thin 
section. Moreover, the thin sections were not protected from light du
ring a long period, which must have produced some bleaching. 

ECN-C--93-086 17 



3. PRE-IRRADIATION MATERIAL 
CHARACTERIZATION 

3.1 Harshaw crystals (H) 

Harshaw monocrystals are frequently used as standards for stored 
energy measurements in salt. They arc poor in OH" content, have a 
very high purity and very low dislocation densities. They are produced 
by Harshaw Ltd. in the U.S.A., and are mainly used in optical instru
ments. 

Stored energy determinations of several non-irradiated Harshaw crys
tals have been performed with DTA. The obtained results are not very 
reproducible, but some kind of genera! pattern could be observed. Be
low 500 K an endothermal effect is observed, while between 500 and 
750 K an exothermal effect with a maximum around 600 K is obser
ved. The magnitude of this exothermal effect varies between 0 and 15 
J/g. Even samples taken from the same monocrystal show large diffe
rences in thermal behaviour. No mass loss is observed during the DTA 
experiments. A full explanation for the observed features has not been 
found yet. Most probably they have to be ascribed to a rearrangement 
of dislocations in the crystals [15,19] 

These crystals are now annealed before irradiation in an open canister 
at 500°C for one hour in an Argon atmosphere. After anneal they are 
allowed to cool down slowly to room temperature. Stored energy mea
surements on these annealed crystals showed no endo- or exothermal 
effects. 

3.2 Pressed powder samples (PP) 

Pressed powder samples are prepared by cold pressing NaQ powder 
(Merck, pro analysis) at 3 kbar, to which 0.2 weight% bi-distilled 
water has been added. The NaCl powder was analyzed by ICP. Only 
Fe (4.8 ppm) and Ca ^13 ppm) were found in contents above the de
tection limit of the method. The average grain size of these samples is 
66 fan. Most crystals present a cubic habitus. 

The stored energy of th* samples as measured with DTA is (4.2 ± 0.9) 
J/g. No endothermal decrepitation peaks are observed. It is therefore 
concluded that the pressed powder samples do not contain a significant 
amount of intragranular fluid inclusions. 
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3.3 Synthetic rock salt samples (SS) 

The starting material used to produce these samples was the same as 
used for the pressed powder samples. Synthetic rock salt samples have 
been produced by: 

a) forcing as much NaCl powder as possible into jackets; 
b) vacuum emptying the jackets to extract the air from the pores; 
c) pressing at 150°C and 1 kbar hydrostatic pressure for one day; 
d) pressing at 150°C and 500 bar hydrostatic pressure for 30 days. 

A detailed description of the method followed can be found in [10]. 

Synthetic rock salt samples are real rock salt with respect to their 
microstructure, with real grain boundaries. In this they differ from 
pressed powder samples, which have more porosity and consist of 
loose grains. 

The difference between synthetic rock salt and real (natural) rock salt 
is that the first is chemically pure and has a very perfect "foam micro-
structure", while the second is impure and has a granular microstructu
re. Foam mi crost rue tures are a special form of granular microstructure 
produced by grain boundary migration. Foam microstructures are 
special in that the grain boundaries present a sort of equilibrium: each 
grain boundary has the same tendency to intrude its neighbour as its 
neighbour has to intrude it. This produces grain shapes that resemble 
the shape of beer foam bubbles, with typical triple interferences of 
grain boundaries delineating three angles of 120 degrees. 

Stored energy determinations of synthetic rock salt yielded (4.7 ± 0.5) 
J/g. During the DTA measurements a mass loss of 0.05 weight% was 
registered. This is assumed to correspond to the evaporation of water. 
Since no endothermal spikes are observed in the thermograms, this 
water is assumed to be intergranular water (grain boundary brine). 

3.4 Asse Speisesalz of the 800-meter level 
(Sp-800) 

The Sp-800 material consists of polycrystalline halite rock of a rela
tively high purity (> 99%), with a grain size of 3-10 mm. The main 
impurity phases are polyhalite (K2MgCa2(SO,,)4.2H20) and minor an
hydride. Apart from the structurally bound water, the material contains 
about 0.05% intracrystalline H20, mainly in fluid inclusions at grain 
boundaries (i.e., halite-halite or halite-polyhaltte) [20]. 

As observed in [21], original Assc Spcisesalz samples have a granular 
microstructure produced by at least one episode of grain boundary mi
gration in the mine. This was determined on the basis of grain over-
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growths and substructure analyses. In a granular microstructure grain 
boundaries can have many different shapes. 

The thermograms obtained by DTA characteristically consist of an 
exothermal peak between 485 and 705 K with a superimposed endot-
hermal peak in the interval 565 to 635 K. During the DTA measure
ments a mass loss between 0.02 and 0.11 weight% was observed. The 
mass loss, which is assumed to be due to the loss of water, was obser
ved to be proportional to the intensity of the endothermal peak. Poly-
halite dehydration occurs typically at 600 K, which is why the 
endothermal peak is ascribed to the dehydration of polyhalitc. 

Mass losses less than 0.05 weight% are not reflected in endothermal 
peaks and are inferred to correspond to intergranular water. 

In order to obtain the true stored energy in the halite of the Sp-800 
samples, the observed exothermal effect is corrected for the endother
mal dehydration peak of polyhalite. The shape of the true exothermal 
peak is estimated using the initial and final slope of this peak and the 
observed weight loss. Stored energy measurements of non-irradiated 
Sp-800 samples after performing the correction described above yiel
ded 2.1 ± 0.7 J/g. 

3.5 Borehole poly hal itic samples (Bhp) 

Borehole polyhalitic samples are Asse samples from the same geolo
gical levels as the polyhalitic levels perforated by the HAW-test field 
boreholes. These samples present the same type of microstructure as 
already discussed for the Asse Speisesalz, but contain more polyhalite. 
Chemical analyses on them are extensively performed by our German 
colleagues. 

The pre-irradiation stored energy of these samples is determined by 
correcting the exothermal signal for the endothermal dehydration of 
polyhalite in the same way as with the Asse Speisesalz samples. Due 
to the fact that more polyhalite is present in these samples, the correc
ted results are less accurate than those from the Sp-800 measurements. 
The corrected stored energy lies in the range between 4.4 and 1.9 J/g. 
The mass loss during the DTA experiments ranges between 0.01 and 
0.32 weight% and is clearly related to the dehydration of polyhalite. 
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3.6 Borehole anhydritic samples (Bha) 

Borehole anhydritic samples have also been taken from the boreholes 
of the HAW-test field. The difference with the borehole polyhalitic 
samples is that they contain anhydrite instead of polyhalitc. Their 
chemical analyses are also carried out by our German colleagues. 

From all the Asse samples, these are the most similar to the Potasas 
del Llobregat samples, although the borehole polyhalitic samples are 
more homogeneous at the mesoscale. 

Pre-irradiation stored energy measurements yielded (2.6 ± 0.9) J/g. 
Mass loss varied between 0.01 and 0.11 wcight%. Mass loss is not ac
companied by any endothermal peaks in the temperature interval where 
the stored energy is set free, as was the case with samples containing 
polyhalite. 

3.7 Potasas del Llobregat samples (PLL) 

The solid phase of Potasas del Llobregat samples mainly consists of 
halite (85 to 99%) and anhydrite (1 to 15%). Clay, coelestine, an un
determined magnesium mineral and quartz arc present in minor pro
portions as determined by microprobe analyses [10]. 

The amount of inherent brine was measured by us with TG-DTA and 
ranges between 0.1 and 0.9 weight%. For 175 thermogravimctric 
analyses (performed at the Barcelona University) where mass loss was 
measured up to 725 K, the mean content of brine was calculated to be 
0.3 weight% with values ranging between 0.04 and 1.0 wcight% [22]. 
This corresponds well with our measurements. 

Observations of irradiated Potasas del Llobregat samples showed dif
ferent subgrain microstructures, which points to at least two «crystal
lization periods in the starting material. After these recrystallization 
episodes, veins developed [10]. Many intragranular fluid inclusions are 
found within hopper crystals. Intergranular fluid inclusions show the 
normal vermicular grain boundary structures [21]. 

In the temperature interval of 305 to 495 K. several endothermal peaks 
are observed, which are ascribed to the evaporation of grain boundary 
water and production of CH4. Due to these endothermal peaks the on
set of the exothermal signal is difficult to determine and can vary from 
395 to 505 K. The end of the exothermal signal is difficult to deter
mine as well due to fluid inclusion decrepitation and can vary from 
645 to 695 K. The endothermal effect of decrepitation docs not usually 
represent more than 0.5 J/g. To avoid arbitrary interpretations the 
choice was made to integrate the thermal effect, assuming a base line 
as near as possible to the line where AH = 0. 
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The mean stored energy of non-irradiated Potasas del Llobregat sam
ples determined in this way is (0.6 ± 2.2) J/g. This average has been 
established for samples containing low amounts of impurities. Low 
amounts of impurities are also reflected by the colour of the samples 
and the mass loss. 
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4. POST-IRRADIATION STORED 
ENERGY DETERMINATIONS 

4.1 GIF A 

4.1.1 Harshaw crystals 

The stored energy of all SANS samples as a function of total dose can 
be seen in figure 2. In this figure the Jain-Lidiard results for each 
sample arc shown as well. In figure 2 it can be seen that the measured 
stored energy values for SANS 1 and 10 are in good agreement with 
the calculated values. The observed results for SANS 2 and 3, how
ever, are somewhat lower than calculated. But still we can conclude 
that there is a reasonable agreement between the experimental and the
oretical data. 
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Figure 2: Comparison of measured and calculated stored energy data 
for irradiated SANS samples. Calculated results are obtained 
from simulations for each sample using the modified Jain-
Lidiard model (1985) [3,23,24]. 
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4.1.2 Asse Speisesalz of the 800-meter level 

The results of the stored energy measurements of the samples retrieved 
from the facility arc shown in figure 3. This figure shows that the old 
and the new data are in satisfactory agreement with each other, which 
means that the reproducibility of our experiments is good. Figure 3 
also shows the calculated results for each sample obtained with the 
modified Jain-Lidiard model [3,23,24]. Below 443 MGy there is a 
reasonable agreement between measured and calculated results, but 
above 443 MGy the measured results arc clearly lower than those cal
culated. 
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Figure 3: Comparison of measured and calculated stored energy of ir
radiated Sp-800 samples. Calculated results have been 
obtained from simulations for each sample using the modified 
Jain-Lidiard model (1985). 

GIF A is dedicated to find a saturation level in the irradiated Sp-800 
samples. From figure 3 it is clear that the stored energy in the second 
experiment docs not increase between 443 and 651 MGy. At still hig
her doses the question is whether the measured data arc the onset of a 
new increase in stored energy, which might be expected on the 
grounds of a comparison with deformation theories (sec chapter 5), or 
whether they reflect the natural spread in our samples and a saturation 
level has been reached. Measurements at still higher doses arc thcrc-
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fore required. A comparison of figures 2 and 3 shows that the stored 
energy values obtained for the SANS and Sp-800 samples irradiated in 
GIF A are approximately equal. 

4.2 GIFB 

4.2.1 Harshaw crystals 

From the Harshaw crystals irradiated in the GIF B facility at a dose 
rate of 15 kGy/h, those irradiated at integrated doses below 24 MGy 
show only one exothermal peak with a maximum at about 600 K. At 
an integrated dose of 44.6 MGy two exothermal peaks are observed: 
the aforementioned peak at 600 K and another one at about 52S K. 
These two peaks are also observed in the SANS 1 & 2 samples irradi
ated in the GIF A facility (dose rate 240-40 kGy/h), where the inte
grated doses amounted to 26 and 103 MGy respectively [13]. 
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Figure 4: Comparison of the stored energy of irradiated Harshaw 
monocrystals to the Jain-Lidiard model. Dose rate approxi
mately 15 kGy/h. 

Figure 4 shows the stored energy of the irradiated Harshaw crystals as 
a function of the total dose for the approximate dose rate of 15 kGy/h. 
Below 2.6 MGy the stored energy increases rapidly with increasing 
dose. Between 2.6 and 24 MGy a decrease in stored energy with in
creasing dose is observed, whereas it increases again above 24 MGy, 
although not as fast as in the interval between 0 and 2.6 MGy. The 
decrease in stored energy between 2.6 and 24 MGy is accompanied by 
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a blue colouring of the samples. Below 2.6 MGy the samples are yel
low/brownish. Another rather remarkable observation is that subgrain 
boundaries develop in the crystals. 

The fact that two exothermal peaks are observed in the thermograms of 
the Harshaw crystals is not unusual. Two similar exothermal peaks 
have been observed by Bunch and Pearlstein [25] and by Jimenez de 
Castro and Alvarez Rivas [26]. According to Hughes [27], the anneal 
of radiation damage in the alkali halidcs takes place in two main 
stages. Between 475 and 525 K the anneal of the F-centres and their 
aggregates (colloids) takes place. A second anneal step between 575 
and 675 K is ascribed to the anneal of the interstitial dislocation loops. 
According to Hughes, this second anneal step is also accompanied by 
the release of stored energy [27]. Our present results agree with these 
earlier observations and explanations. The exothermal peak at 600 K 
coincides with the annealing of the dislocation loops, whereas the 
exothermal peak at 525 K has to be ascribed to the annealing of the 
sodium colloids. Note that this second exothermal peak only occurs 
when an intensive blue colouring of the samples has taken place. The 
blue colour of irradiated salt samples is caused by the presence of 
colloids. 

Since the decrease in stored energy between 2.6 and 24 MGy is obser
ved in the exothermal peak at 600 K, which is ascribed to the anneal 
of the dislocation loops, this decrease is most likely due to the fact that 
when the dislocation loops become larger, they will meet each other 
and will either form dislocation arrays (which have a lower energy 
than individual dislocations) or annihilate each other. This is in agree
ment with our observation that subgrain boundaries develop in our 
crystals in this interval. Both options will of course result in a decrease 
of stored energy. 

A comparison of our measured stored energy values with those calcu
lated with the modified Jain-Lidiard model, which are also shown in 
figure 4, shows that in the low dose range (below 16 MGy) our 
measured stored energy values are higher than the calculated ones. 
This can be explained by the fact that almost all stored energy in this 
interval is due to dislocations and the fact that in the Jain-Lidiard cal
culations only the stored energy due to colloids is taken into account. 
Light absorption measurements, which immediately give the concen
tration of F-centres and colloids, are being performed at the University 
of Barcelona. The results of these measurements should be compared 
with the results of the Jain-Lidiard calculations. A comparison of the 
results of their measurements on other (PP, Sp-800, PLL) samples 
[16,17] with the Jain-Lidiard calculations shows that the measured 
colloid concentrations are much lower than the calculated concentrati
ons. 

28 ECN-C--93-086 



Post-irradiation stored energy determinations 

4.2.2 Pressed powder samples 

Irradiated pressed powder samples only show a single exothermal peak 
with a maximum at about 580 K. Figure 5 shows the stored energy of 
irradiated pressed powder samples as a function of the total dose. The 
stored energy yields have been corrected for the stored energy of non-
irradiated pressed powder samples, which amounts to 4.2 ± 0.9 J/g, 
resulting in the amount of stored energy produced by the radiation. 
The yields obtained in this way are the lowest of all samples. The fact 
that some irradiated samples show a lower stored energy than non-
irradiated pressed powder samples, resulting in a negative stored ener
gy in the figure, is due to recrystallization. The recrystallization rate 
for these samples is much higher than for the other samples (see chap
ter 5). 
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Figure 5: Comparison of stored energy of irradiated pressed powder 
samples with the Jain-Lidiard model. Dose rate approxi
mately 15 kGy/h. 

4.2.3 Asse Speisesalz of the 800-meter level 

Stored energy yields of Sp-800 samples irradiated in the GIF B faci
lity at a dose rate of 15 kGy/h are shown in figure 6. Here a similar 
pattern as for the irradiated Harshaw crystals is observed. At low total 
doses the measured stored energy is higher than the calculated stored 
energy, whereas it is approximately equal at high total doses. 
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Figure 6: Comparison of stored energy values of irradiated Sp-800 
samples with the Jain-Lidiard model. Dose rate approxi
mately 15 kGy/h. 

4.2.4 Potasas del Llobregat samples 

Irradiated Potasas del Llobregat samples give thermograms which are 
similar to those of non-irradiated samples: endothermal peaks between 
305 and 475 K followed by an exothermal signal. They were interpre
ted in the same way. 

A comparison of the measured stored energy with stored energy values 
calculated with the modified Jain-Lidiard model shows the same pat
tern as observed for other samples, i.e. at low total doses the measured 
stored energy is higher than the calculated stored energy whereas it is 
approximately equal at high total doses. 

4.2.5 Results of the 4 kGy/h irradiations 

After completion of the irradiations at 15 kGy/h the choice was made 
to repeat these experiments, but now at the lower dose rate of 4 kGy/h. 
Four of these irradiations in GIF B have been completed, to total doses 
of 4.6, 44.0, 0.4 and 1.1 MGy respectively. The three lower total doses 
lie in the nucleation regime and therefore little can be said about the 
results of these experiments until all planned irradiations have been 
performed. The results of the 44.0 MGy experiment will, however, be 
compared with the results obtained for the 15 kGy/h experiments. The 
stored energy yields of the high (44.0 MGy) dose samples have been 
measured and are shown in table 1. Due to an error in the choice of 
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spent fuel elements the dose rate in this experiment was higher than 
desired. 

Table 1: Stored energy results of configuration 2-M (GIF B), 
Tj,r = 100 X, Dose rate « 6 kGy/h, 
Total dose = 44.0 MGy. 

Sample code 

38 H * ** 

39 H 

25 PP** 

T i l PP* 

T12PP 

T2SS* 

10 Bha* 

11 Bha 

12 Bha 

T12 Bhp* 

16 Sp-800 

T12 Sp-800* 

40 PLL* 

41 PLL 

42 PLL 

T2DS* 

Pressure 
(bar) 

200 

1 

200 

200 

1 

200 

200 

200 

1 

200 

200 

200 

200 

200 

1 

200 

Added 
brine 
(weight 
%) 

0 

0 

0 

0.2 

0 

0 

0 

0.2 

0 

0 

0.2 

0 

0 

0.2 

0 

0 

Measured 
stored 
energy 

(J/g) 

17.4 

18.8 

13.4 

14.7 

11.9 

18.6 

19.7 

21.0 

20.2 

20.5 

11.2 

9.0 

20.9 

16.2 

19.8 

19.4 

Corrected 
stored 
energy 

(J/g) 

9.2 

10.5 

7.7 

13.9 

17.1 

18.4 

17.6 

17.6 

9.1 

6.9 

* The sample holders of these samples were torn open during the experiment. 
** The pressure on these samples has dropped to atmospheric pressure during the ex

periment. 

All samples yield a stored energy of approximately 20 J/g except the 
PP and Sp-800 samples which yield much lower values. In the PP 
samples this is undoubtedly due to recrystallization of the samples, 
since for these samples it is impossible to separate recrystdilized and 
non-recrystallized material. Inspection of the thin sections of these 
samples in the microscope shows that fluid-assisted recrystallization 
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has occurred on a large scale since many white areas containing small 
hydrogen bubbles can be observed [14,18]. 

Table 2: Stored energy results of configuration 2-K (GIF B), 
T,„. = 100°C, Dose rate -15 kGy/h, 
Total dose = 44.6 MGy. 

Sample code 

33 H 

34 H 

20 PP 

T9 Sp-800 

33PLL 

35PLL 

Pressure 
(bar) 

200 

1 

200 

200 

200 

1 

Added 
brine 
(weight 
%) 

0 

0 

0 

0 

0 

0 

Measured 
stored 
energy 
(J/g) 

12.0 

15.7 

11.5 

15.7 

9.8 

7.2 

Corrected 
stored 
energy 
(J/g) 

7.3 

13.6 

In the Sp-800 samples it is usually possible to separate damaged 
(blue/black) and undamaged (white) material. The thin sections of the 
Sp-800 samples also show large areas of recrystallized material. The 
explanation for the low stored energy values in these samples must be 
that pieces of recrystallizcd and subsequently re-damaged material 
were selected for the stored energy analyses. 

In table 2 the stored energy values of the samples irradiated to 
44.6 MGy at 15 kGy/h are given for comparison. Comparison of tables 
1 and 2 shows that for the samples irradiated at the lower dose rate 
slightly higher stored energy values are obtained, as expected from the 
Jain-Lidiard model which predicts that the efficiency for damage pro
duction in the studied dose rate regime increases at decreasing dose 
rate [3]. The calculated colloid fractions for the 15 and 4 kGy/h expe
riments are 0.096 and 0.252 mol% respectively, resulting in calculated 
stored energy values of 12.0 and 31.5 J/g. Comparison of these data 
with the measured results shows that the 15 kGy/h results are in fair 
agreement with each other, but that at 4 kGy/h the calculated results 
are significantly higher than those measured. The modified Jain-
Lidiard model thus overestimates the dose rate effects. For the expe
riments of Levy et al. [28] this ha.» also been shown to be the case 
[29]. 
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The stored energy values reported in tables 1 and 2 have been obtained 
for pieces of material that were separated as well as possible from re-
crystallized material and impurities. Inspection of the thin sections of 
these samples shows that, except for the Harshaw (H), synthetic salt 
(SS) and Borehole polyhalitic (Bhp) samples, rccrystallization has oc
curred on a large scale. Bulk stored energy values will therefore be 
much lower than the values reported here. 

Comparison of the DTA scans of the Harshaw crystals with those of 
the other samples shows that for the Harshaw crystals the peak maxi
mum is observed at lower temperatures (570 vs. 600 K) and that the 
colloid peak is much narrower. This could indicate that the colloids in 
the Harshaw crystals are smaller and that their size distribution is nar
rower than in the other samples. The light absorption measurements to 
be performed by our Spanish colleagues will give more information on 
this topic. 

4.3 Conclusions 

There is no damage enhancement in natural rock salt as compared to 
pure undeformed crystals. Bulk natural rocks clearly develop less sto
red energy by irradiation than pure single crystals. 

At low doses the colloid fractions predicted by the modified Jain-Li-
diard model cannot account for the experimentally observed stored 
energy. This energy is probably due to energy associated to disloca
tions developed during irradiation. Further study is needed in order to 
quantify the energy of the dislocations and to implement the experi
mental observations in the Jain-Lidiard model. 

Calculations performed with the modified Jain-Lidiard model agree 
reasonably well with the stored energy results obtained for the samples 
irradiated in GIF B at 15 kGy/h when the dose is higher than 15 MGy, 
and for the samples irradiated in GIF A when the total dose is lower 
than 443 MGy. 

For the Sp-800 samples irradiated at 4 kGy/h to 44 MGy in GIF B 
and those irradiated in GIF A above 443 MGy, the measured stored 
energy values arc lower than those calculated with the modified Jain-
Lidiard model. This is due to recrystallization (cither rotation 
recrystallization or fluid-assisted recrystallization). 

Pressed powder samples irradiated at 15 kGy/h show the lowest stored 
energy values of all the samples irradiated at this dose rate. This is due 
to the fast recrystallization rates in these samples and the fact that rc-
crystallizcd pieces cannot be separated from non-rccrystallizcd mate
rial. 
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Harshaw crystals irradiated at 4 kGy/h show higher stored energy va
lues than those irradiated at 15 kGy/h, which is qualitatively in ag
reement with the prediction of the Jain-Lidiard model. The predicted 
values are, however, a factor 1.5 higher than those measured. The 
model thus overestimates the dose rate effect. 
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5. POST-IRRADIATION MICRO-
STRUCTURES 

The processes that take place at the microstructural level during rock 
salt irradiation can be divided in two large groups, intra- and inter-
granular processes. 

The observed intragranular microstructures have been produced by dis
location motion and their interferences with each other, with already 
existing dislocation arrays, with impurities contained as interstitials in 
the NaCl lattice, and with colour centres. Dislocations and interstitial 
impurities are shown here to not only constitute preferred sites of col
loid nucleation at low radiation doses, but also to migrate and rearran
ge during irradiation, carrying the colloids with them, and to constitute 
preferred sites of anneal of colloids at higher radiation doses. A dis
tinction can be made between microstructures produced by preferred 
diffusion of colour centres and microstructures produced by direct 
anneal due to interferences of defects of contrary signs. These proces
ses have mainly been studied in Harshaw monocrystals and in the Sp-
800 samples irradiated at the GIF facilities. 

Intergranular processes have been studied in samples of pressed pow
der and of Asse Speisesalz, and mainly involve grain boundary migra
tion (recrystallization). Fluid-Assisted Recrystallization (FAR) consists 
of the solution of crystals in the intergranular fluid contained at grain 
boundary voids, of the transport of the species in solution and of the 
reprecipitation of the dissolved species either in crystallographic conti
nuity with existing crystals (whose grain boundaries then migrate) or 
as new crystals which nucleate and grow. Lattice defects present in the 
material prior to dissolution are of course eliminated in the process 
[18]. 

FAR operation of previously irradiated Sp-800 samples has been 
shown to eliminate radiation damage, and to produce damage-free 
material containing H2 inclusions produced by decomposition of the 
brine at the grain boundaries where the following reaction takes place: 

2Na + 2H20 -* 2NaOH + H2 

Brine must be present for FAR to proceed, but it always takes place 
provided that at least 0.05 weight% of brine is present at the grain 
boundary voids. Only two reasons have been proposed as to why FAR 
might be stopped from taking place continuously [30] [14]: brine is 
completely transformed into vapour, and brine is used up by decompo
sition during FAR. 

Consequently the following questions had to be answered: 

ECN-C--93-086 35 



Development and anneal of radiation damage in salt 

a) whether recrystallization can take place when brine is vaporized; 

b) whether recrystallization can take place in irradiated material with
out decomposing the brine (without producing H,); 

c) whether, after completion, recrystallization starts again and FAR 
then constitutes a continuous process. 

Three types of experiments have been combined to show that there is 
no reason to assume that FAR will not take place continuously. Expe
riments of solution of irradiated salt in H20 showed that the presence 
of colloids is required in order to decompose the brine, which experi
ments are described in [14]. Experiments consisting of heating pressed 
powder samples at 150°C and atmospheric pressure produced grain 
growth while brine was evidently vaporized. These experiments are 
also described in [14]. The third type of experiment consisted of irra
diations in the GIF facilities, and the microstructural results are sum
marized in the following section. 

5.1 Harshaw crystals 

In Harshaw crystals that are irradiated pressurized and non-pressurized 
the same microstructures are observed, only their intensity varies. 
Deformation structures are easiest observed at the outer surfaces of 
Harshaw crystals irradiated under pressure. 

5.1.1 Diffusion and colour centres 

From the moment irradiated Harshaw crystals turn blue, there is a 
blue-white rim at their outer surfaces. This blue-white rim consists of 
a white rim at the exterior surface of the crystals limited by a rim of 
an intense blue colour towards the interior of the crystal (figures 7 and 
8). This sort of microstructure has been described for metals as pro
duced by differential diffusion of vacancies out of the crystal [31]. 
This microstructure is again found in different degrees of development 
at subgrain boundaries developed during irradiation which are known 
to be preferred diffusion paths (figure 9). 

5.1.2 Dislocation motion and colour centres 

The blue colour at the rim (and in the entire crystal for higher doses) 
is made up of blue slip traces in the <011> direction (figure 10). Blue 
slip bands in the <001> direction can also appear (figure 11). They 
cross each other and display cross slip structures (wavy slip) in varia
ble degrees (figure 12). 
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Post-irradiation microstructures 

Figure 7: Blue-(white) rim at the exterior surface of Harshaw crystal 24 H. Irr. cond.: 
100°C, 15 kGylh, approx. 1 bar, 24 MGy. Magn.: 134 X. 

Figure 8: Blue-white rim at high magnification, notice the linear patterns in the blue 
colouring Sample 2111. Irr. cond.: 100°C, 15 kGylh, approx. 200 bar, 4 
MGy. Magn.: 1075 X. 

ECN-C—93-086 37 



Development and anneal of radiation damage in salt 

Figure 9: White subgrain boundaries developed during irradiation in a Harshaw crys
tal. Sample 24H. In. cond.: 100"C, 15 kGylh, approx. 1 bar, 24 MGy. 
Magn.: 34 X. 

Figure 10: Incipient blue slip traces <0I1> at the exterior blue rim, and cubic fractures 
(001) giving their orientation. The homogeneous coloration at the interior of 
the crystal which gradually transforms into slip traces, while increasing in 
intensity toward the crystal exterior surface. Sample 3211. Irr. cond.: 100°C, 
15 kGylh, approx. 1 bar, 7 MGy. Magn.: 338 X. 
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"~**^#i* 

Blue slip traces, as enhanced at the outer surface of sample 23H irradiated 
at 200 bar and up to 24 MGy. Two sets of slip traces in two different <0ll> 
directions cut each other at 90 degrees. The same occurs for two <001> 
sets. Irr. cond.: 1WC, 15 kGylh. Magn.: 34 X 

-**«ï\É. 

4 

Figure 12: Crenulaled slip traces. Lines in the E-W direction are crenulated by wider 
blue NE-SW lines. The SE-SW lines are made of closely packed E-W slip 
traces. Sample 2311 Irr. cond.: 100"C, 15 kGylh, approx. 200 bar, 24 MGy. 
Magn.: 1343 X. 
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Subgrains (figure 9) develop by a process called climb of dislocations. 
Climb is a thermally activated process which consumes (and needs) 
rather hi^h energies, at least when compared to cross slip (32j (33) 
[34]. which is another process of dislocation motion. Since the 
observed subgrain boundaries arc white whereas the rest of the defor
mation structures arc blue, cither anneal of colloids took place during 
climb, or preferred diffusion along the produced subgrain boundaries 
after climb bleached them. 

5.1.3 Brittle behaviour and colour centres 

In Harshaw crystals that were irradiated above 103 MGy in GIF A at 
variable and always higher dose rates than those previously described, 
the substructures arc almost impossible to observe due to the darkness 
of the crystals (figure 13). Some cellular patterns seem to exist, as well 
as irregular microfractures containing a small bubble-like structure. 

One of the samples, which is perfectly black in the hand, shows well-
defined white fracture planes in the (001) direction of the thin section. 
They appear white due to separation between different pieces (fieurc 
14). 

All these structures have been observed for high doses. However, since 
the high doses were reached at our highest dose rates, the question 
remains whether they will always develop at a high total dose, or a 
high total dose and high dose rate both arc required to produce them. 

5.1.4 Interpretation 

It was shown by Schutjcns (19], that neither non-irradiated and non-
anncalcd Harshaw crystals nor non-irradiated and annealed Harshaw 
crystals present slip traces. Annealed Harshaw crystals could present 
polygonal arrangements of dislocations with sizes an order of magni
tude smaller than our subgrains which could he cellular patterns. The 
Harshaw crystals whose microstructurcs arc described here were not 
annealed before irradiation and therefore the slip traces and the 
subgrains observed after irradiation both developed due to irradiation at 
100°C. 

5.2 Pressed powder samples 

The most important process whose microstructural expression is obser
ved in pressed powder samples is Fluid-Assisted Rccrystallization 
(FAR). 
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Fost-imdiation microstnicturcs 

Figure 13: Micrograph of sample SANS 10 irradiated up to 279 MGy. Straight lines are 
scratches, white spots can be microfractures containing a small bubble. It is 
very difficult to observe the colour distribution. Irr. cond: 100'C, variable 
dose rate: 240-40 kGylh, approx. 1 bar. Magn.: 1343 X. 

Figure 14: (001) fractures in a thin section of sample SANS 3 irradiated up to 252 MGy. 
Irr. cond.: 100X, variable dose rate: 240-40 kGylh, approx. I bar. Magn.: 
338 X. 
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The blue colour distribution in pressed powder samples is determined 
by differential coloration of growth surfaces developed by FAR (see 
figure 15). The darkest areas are mainly placed at the centres of the 
grains and the lightest areas are placed at the boundaries of the grains 
(figure 15). Figure 16 shows the microstructure of the starting material, 
while figure 15, with identical magnification, shows the microstructure 
after 123 days of irradiation (up to 44.6 MGy). 

Grain sizes were measured by the intersection method. The mean pre-
experimental diameter of the crystals in the samples was 66 ^m. Mean 
diameters of the crystals after the experiments ranged from 120 up to 
400 ,om, thus showing the operation of recrystallization. For short ex
periments (up to 4.0 MGy) the samples to which more brine had been 
added generally developed larger grain sizes. Therefore, brine enhances 
grain boundary migration. 

Between some pairs of samples corresponding to progressively longer 
experiments, progressively occurring FAR is proven by grain growth 
and stored energy decrease, whereas the portion of recrystallizcd 
material measured diminished. In these cases it has to be accepted that 
the oldest material determined in the sample with the larger grain sizes 
is newer than the material corresponding to the sample with the 
smaller grains. This can be expressed by saying that rccrystallization 
was completed and has restarted. Therefore, the recrystallization frac
tion has to be considered to have been increased in a unit between 
each of these two pairs of samples (e.g. between 3PP an J 11PP and 
between 2PP and 19PP). 

All volumetric (re)crystallization theories have in common that the lo
garithm of the total volume [35] minus the recrystallized portion when 
plotted against time has to present the characteristics of figure 17. This 
figure has been constructed with the measured data of the recrystal
lized portion plus a unit each time a longer experiment resulted in a 
lower recrystallized portion. The total volume that can be recrystallized 
must also be considered to be 5. 

5.2.1 Interpretation 

Comparing figure 17 with figure 5, it is observed that the assumption 
of rccrystallization taking place more than once is justified as well by 
the behaviour of the stored energy measured in the samples. After the 
first increase in stored energy, the stored energy increasingly diminis
hes with increasing irradiation time during the first 20 days of the 
experiment. After 20 days, the stored energy increases again with 
increasing irradiation time, but does not reach the expected values. 
This agrees with volumetric rccrystallization rates that have to decrease 
with growing grain sizes. Grain sizes arc rather large after 20 days of 
recystallization (figure 15), and recrystallization rates decrease (figure 
17} al'ow- >* the build-:ip of radiation-produced stored energy to start 
as si - vr figure 5. 
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Figure 15: Characteristic aspect of FAR grown and redecorated grains. Compare 
the size of the grains with that from figure 16. Sample 20PP Irr. 
cond.: 100°C, 15 kGylh, approx. 200 bar, 44.6 MGy, same brin' con
tent as original material (0.02 weight%). Magn.: 97 X. 

JSf. **>$&$• - ** a r t * " ' ^ V \% «Nfe**̂  *ldï' 

Figure 16: Micrograph of the original structure of PP samples. Compare with fi
gure 15 to see the difference in grain size. Same magnification as fi
gure 15 (97 X). 
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Figure 17: Plot of ln(5-XJ against irradiation time for pressed powder 
samples containing 0.2 weight% of brine, irradiated at 15 
kGylh, 100°C and 200 bar for different lengths of lime. Total 
sample volume is assumed to be 5. Recrystallized fraction Xv 

(assumed to be the measured fraction increased by a unit 
each time that it decreases with increasing time). Only 
samples which developed colloids are considered. The shape 
of the function is in agreement with theoretical expectations 
for recrystallization. Note that recrystallization rates decrease 
(the function becomes flatter) with increasing irradiation time 
while the dose rate is constant. The drawn line serves only as 
a guide to the eyes. 

5.3 Asse Speisesalz 

The microstructurcs here described arc observed both in irradiated 
pressurized and in irradiated non-pressurized Sp-800 samples. 

In table 3 the extensions arc given of lighter and darker areas as 
measured in the long Sp-800 samples irradiated at 15 kGy/h, along 
with many other data of interest, such as the molar fraction of colloids 
determined by Light Absorption and by hydrogen yields by solution in 
H20 and the amount of brine as determined by TG, which data have 
been obtained by our colleagues at the Barcelona University [17]. The 
total light area measured in Sp-800 samples has been plotted against 
brine content in figure 20. 
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Table 3: Data from Sp-800 samples 

Sample 

T6 
5Sp 
6Sp 
7Sp 
8Sp 
T7 
T5 

ISp 
2Sp 
3Sp 
4Sp 
9Sp 

lOSp 
HSp 
J2Sp 

T8 
T47/50' 

T4 
T9' 

P 
days 

48 
15-16 
15-16 
15-16 

(29) 
27.1 

16-17 
16-17 
16-17 

26-27 
26-27 
26-27 

34 
83 

93.6 
163 

Irr. 
days 

>1 
>1 
>1 
>1 
>1 
>1 
1.1 

7-8 
7-8 
7-8 
7-8 

11 
11 
11 
11 

19.4 
58 

66.6 
123 

D 
MGy 

0.02 
0.2 
0.2 
0.2 
0.2 
0.3 
0.4 
2.6 
2.6 
2.6 
2.6 
4.0 
4.0 
4.0 
4.0 
7.0 

15.9 
24.0 
44.6 

a.b. 
% 

0.0 
0.0 
0.2 
0.8 
0.0 
0.0 
0.0 
0.0 
0.2 
0.8 
0.0 
0.0 
0.2 
0.8 
0.0 
0,0 
0.0 
0.0 
0.0 

m.b. 
% 

0.08 
0.08 
0.1 
0.05 

0.03 
0.10 
0.05 
0.07 
0.09 
0.02 
0.10 
0.09 

SE 

J/g 

1.9 
7.6 
6.1 
5.3 
4.0 
4.4 
4.1 
6.5 
5.7 
5.7 
7.2 
5.4 
7.6 
6.8 
6.3 
4.4 

11.6 
5.0 

15.7 

c.SE 

J/g 

-0,2 
5.5 
4.0 
3.2 
1.9 
2.3 
2.0 
4.4 
3.6 
3.6 
5.1 
3.3 
5.5 
4.7 
4.2 
2.3 
9.5 
2.9 

13.6 

SE(H) 

J/g 

1.0 
6.8 
6.8 
6.8 
5.5 
3.0/3.8 
7.0 

10.4 
10.4 
10.4 
7.5 
6.0 
6.0 
6.0 
5.9 
4.2 
5.2 
3.7 

12.0 

* a 
mol.fr. 

0.1E-4 
0.7E-4 
0.7E-4 
0.7E-4 
0.7E-4 
0.7E-4 
0.7E-4 
0.9E-4 
0.9E-4 
0.9E-4 
0.9E-4 
0.9E-4 
0.9E-4 
0.9E-4 
0.9E-4 
0.18E-3 
0.39E-3 
0.58E-3 
0.96E-3 

x^ 
mol.fr. 

0.56E-5 
n.d. 
n.d. 

0.14E-5 

0.31E-4 
0.58E-4 
0.27E-4 
0.12E-4 
0.08E-4 
0.73E-4 
0.76E-4 
0.34E-4 

0.49E-5 

X|12 
mol.fr. 

0.88E-6 
n.d. 
n.d. 
n.d. 

0.84E-5 
0.85E-5 
0.13E-4 
0.36E-5 
0.13E-4 
0.17E-4 
0.15E-4 
0.66E-5 

x«/ 
Xu\ 

LA>H2 

n.d. 
n.d. 
n.d. 

LA>H2 

LA>H2 

LAaH2 

LA<H2 

LA<H2 

LA>H2 

LA>H2 

LA<H2 

R, 
% 

n.d. 
n.d. 
n.d. 
n.d. 

0.4 
0.8 
0.5 
3.5 
3.9 
3.8 
4.5 

22.6 

B.a. 
% 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

32.2 
49.4 
39.8 
71.9 
40.6 
47.4 
33.8 
41.1 

T.I.a. 
% 

59 
49 
76 
40 

32.6 
50.2 
40.3 
75.4 
44.5 
51.2 
38.3 
63.7 

P: days undsr pressure of 200 bar; Irr: days of inadiation; a.b.: added brine; m.b.: measured brine (after Ihe experiment by TG [17]); SE: measured stored energy in darkest 
pieces, only co.iected for polyhalite effects; cSE: stored energy value corrected for initial stored energy and polyhalite effects; SE(H): stored energy measured in Harshaw 
crystals irradiated simultaneously with the sample in consideration and under the same pressure; X„_: colloid molar fraction calculated for the experiment using the Jain-Lidiard 
model; XU1V: colloid molar fraction measured by LA (17]; Xtl2: colloid molar fraction deduced from H2 yields at sample solution in H20; Rx: recrystallized portion; B.a.: 
bleached area; T.I.a.: total light (less blue) area. 

http://mol.fr
http://mol.fr
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Development and anneal of radiation damage in salt 

Figure 18: White grain cores as compared to the blue grain mantles. Sample lSp-800. 
Irr. cond.: 100°C, 15 kGylh, approx. 200 bar, 2.6 MGy, without added bri
ne. Magn.: 86 X. 

Figure 19: Most of the grain mantle is white as compared to the blue grain core. The 
black structures are voids containing the brine at wet grain boundaries. 
White lines are subgrain boundaries. Sample T3Sp~800. Irr. cond.: 100°C, 
15 kGylh, approx. 200 bar, 4 MGy, without added brine. Magn.: 216 X. 
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Post-irradiation microstructures 

012 

C 

008 

0 04 — 

0.00 

> 4.0 r~ 2.6 
4 0 # 4.0 

-0r2 0.2 

0.2 R 2.6 

2.6 
4.0 

20 40 60 

Total light area (%) 

•J 0.2 

.7. 26 

200 bar, 0 2 MGy 

200 bar, 2.5 MGy 

200 bar, 4 0 MGy 

lbar 

T 

80 

Figure 20: Measured weight percent of brine obtained by TG [17] against total light 
area, measured by WAS in Sp-800 samples irradiated at 15 kGy/h and 
100°C during different lengths of time giving rise to different total doses and 
finite microstructure. 

Up to 2.6 MGy total dose, the blue colour is mainly situated at the 
grain mantles, while colloids have not yet developed at the cores of the 
grains (figure 18). The pcrccnts of lighter areas given in tabic 3 for 
samples irradiated below 2.6 MGy correspond to areas not yet dama
ged. Increasing irradiation was expected to produce samples with blue 
grain cores and very dark grain mantles. However, it is observed that 
increasing irradiation turns the cores blue while many of the grain 
mantles turn whiter (figures 19 and 21). 

From 2.6 MGy on, the blue colour extends to the cores of the grains. 
The measured lighter areas are placed mainly at the grain boundaries 
and associated cither to FAR (figures 21 and 22) or to bleached defor
mation structures (figure 19). On account of their position at the grain 
mantles while the cores arc blue, these white areas arc concluded to be 
produced by anneal of previously damped material. This might be the 
reason for the low stored energy values found in Sp-800 samples as 
compared to the values found in pure undeformed single crystals. The 
processes taking place arc explained in the next section. 
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Figure 21: 

White material at 
grain mantles: a areas 
displaying undefined 
boundaries with blue 
areas (bleached) and b 
areas with sharp limits 
with blue areas {FAR 
produced). Sample 
T8Sp-800. Irr. cond.: 
IOO°C, 15 kGylh, 
approx. 200 bar, 7 
MGy, without added 
brine. Magn. 34 X. 

? 

; 

Figure 22: 

Blow-up from figure 
21(b). Observe the H2 

fluid inclusions in the 
growth surfaces. Mag-
n.: 216X. 
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Figure 23: The most prominent non-rectilinear blue lines are subgrain boundaries. Fi
ner non-rectilinear blue lines are cellular patterns, not completely unrelated 
to the slip traces (straight blue lines). Sample TSOSp-800. Irr. cond.: 100% 
15 kGy/h, approx. 1 bar, 15.9 MGy, without added brine. Magn.: 134 X. 

Figure 24: White subgrain boundaries. Blue cellular patterns responsible for the colour 
of the subgrain core are annealed at the subgrain boundary. The bulk of the 
grain bleaches. Black structures signal wet grain boundaries. Sample 15Sp-
800. Irr. cond.: 100°C, 15 kGyfh, approx. 1 bar, 4.6 MGy, without added 
brine. Magn.: 216 X. 
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5.3.1 Diffusion and colour centres 

Subgrain bounda^cs can be either bluer (figure 23) or whiter than the 
rest of the crystal (figure 24); when they are white they sometimes 
show the same microstructurc as described for the Harshaw crystals 
(figure 24). This colour distribution can also be seen at the grain 
boundaries (figures 25 and 26). White (sub)grain boundaries arc most 
probably the result of enhanced diffusion of point defects along and 
towards the preferred diffusion path (the boundary). Bleaching of col
loids occurs in the areas of the grains where these white deformation 
and diffusion structures develop (figures 19 and 24). 

Although evidently white, diffusion-annealed (sub)grains do not need 
water to develop (since they also develop in Harshaw crystals, see fi
gure 9), in the Sp-800 samples most of the annealed areas with dif
fusion microstructure are near structures rich in brine, such as wet 
grain boundaries (figures 19, 24 and 26). The extent of bleached areas 
in the long Sp-800 samples that were quantified could not be corre
lated with the amount of brine contained in the samples (figure 27). 
This correlation may have been effaced by the action of FAR, whose 
importance increases with the brine content (figure 28). If the bleached 
areas were caused by brine diffusion from the grain boundaries through 
the subgrain boundaries, they would preferentially be placed at grain 
mantles (near the boundary of the grains). The grain mantles, however, 
are evidently the first part of a grain to be consumed by an advancing 
grain boundary during FAR. Furthermore, if figure 27 is compared 
with figure 28, it is found that there is not enough increase in the FAR 
area to account for the decrease in the bleached area with increasing 
brine content for samples irradiated up to 4.0 MGy. Therefore, figure 
27 shows that there is probably no correlation between brine content 
and bleached areas. 

5,3.2 Dislocation motion and colour centres 

The following structures can be observed in the Asse Speisesalz sam
ples: slip traces in the <011> (figure 29) and <001> directions (figure 
30), wavy slip (figure 31), crenulated slip lines (figure 32), cellular 
patterns (figures 33 and 34), developing subgrain boundaries (figure 
35) that arc all more blue than the rest of the crystal and thus contain 
more colloids. Developing subgrain boundaries can also start with a 
white colour (figure 36). 
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Figure 25: White boundaries limited by intense blue lines. Distribution of colours at 
boundaries due to preferred diffusion along and towards them. Slip traces 
<0U>, fractures (001). Sample TlSp-800. In. cond.: 100°C, 15 kGylh, 
approx. 200 bar, 2.6 MGy, without added brine. Magn.: 338 X. 

Figure 26: From the web of blue subgrain boundaries, one turns white-blue showing 
the characteristic diffusion colour distribution and connecting with a white 
wet grain boundary (containing the black brine voids). Sample TlSp-800. 
Irr. cond.; 100°C, 15 kGylh, approx. 200 bar, 2.6 MGy, without added brine. 
Magn.: 338 X. 
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Figure 27: Measured weight percent of brine obtained by TG [11J against bleached 
area percentage measured by IDAS in Sp-800 samples irradiated at 15 
kGylh and 100°C during different lengths of time, giving rise to different 
total doses and finite microstructure. 
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Figure 28: Measured weight percent of brine obtained by TG [17] against TAR pro
duced area percent measured by WAS in Sp-800 samples irradiated at 15 
kGylh and W0°C du-ring different lengths of time, giving rise to different 
total doses and finite microstructure. 
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Figure 29: Blue slip traces crossing each other without distortion (at this scale of ob
servation). Observe also some FAR produced areas. Sample 9Sp-800. In. 
cond.: 100"C, 15 kGy/h, approx. 200 bar, 4.0 MGy, without added brine. 
Magn.: 34 X. 

Figure 30: Straight blue lines N-S are <011> slip traces; those E-W form another set 
in another <011> direction. Straight lines NW-SE and parallel to one side 
of the little black cubes (negative crystals at the NE-SW fracture) are 
<W0> slip traces; those NE-SW are also a <I00> set. In. cond.: l0O°C, 
15 kGy/h, approx 200 bar, 44.6 MGy, without added brine. Magn.: 216 X. 
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Figure 31: Wavy slip consisting of distorted blue lines running NW-SE. Sample 15Sp-
800. Irr. cond: 100'C, 4 kGylh, approx. 1 bar, 4.0 MGy, without added 
brine. Magn.: 216 X. 

Blue slip traces running approximately NW-SE are crenulated. Across the 
thicker blue slip bands NE-SW which are made up of closely packed slip 
(races, the slip traces change direction. Three fracture planes with fluid 
inclusions. Sample TlSp-800. Irr. cond.: IOOX, 15 kGylh, approx. 200 bar, 
2.6 MGy, without added brine. Magn.: 338 X. 
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Figure 33: .4/ /easr 3 sets (SW-SE XE-SW, and E-W) of slip traces produce an inter
mediate structure between wavy slip and cellular patterns. Sample 15Sp-800. 
Irr. cond.: 100*C, 4 kGy/h, approx. I bar, 4.6 MGy, without added brine. 
Magn.: 338 X 

Figure34: Cellular pattern ir which some preferred orientation can still be foind and 
whose close packing seems to define the blue subgrain boundaries. A (while) 
subgrain boundary is being annealed by diffusion. Sample TSSp-800. frr. 
cond.: WO"C, 15 kGv/h, approx. 200 bar. 1.0 MGv, wi-thout added brine. 
Magn.: 216 X. 
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A foam texture (figures 37, 38 and 39), clearly developed at the cores 
of grains, is associated with intense bleaching of the area of the grain 
in which it developed. It is well known that, to develop a foam texture, 
(sub)grain boundaries first have to migrate to become straight and meet 
at triple points of 120 degrees. This is called rotation-migration 
recrystallization and implies that most of the lattice defects previously 
included in the body of the subgrains sink into the boundary increasing 
its misoricntation ([32] [33] [34], see also figure 35). Not only mech
anical defects, but also colour centres evidently sank into the migrating 
boundaries in the observed microstructure (figures 35, 37, 38 and 39). 

5.3.3 Impurities (brine) and colour centres 

For low total doses blue aureoles develop around polyhalites (figure 
40). Probably due to the brine contained at the halitc-polyhalitc con
tact, the nucleation of colloids is more efficient [6]. Increasing irradi
ation, however, makes the aureoles whiter than the rest of the crystal 
(figure 41). Foam textures arc frequently found associated to the 
polyhalitc aureoles (figure 37). 

Therefore, H20 (OH" radicals) as impurity in the NaCl lattice enhances 
colloid nucleation [7] but contributes as well to colloid anneal. The 
suggestion by Carter and Hansen [36] that, although the enhancement 
of NaCl creep by brine has been proven to be mostly due to in-
tergranular processes [20] [21], water contained as impurity in the lat
tice of NaCl could enhance dislocation mobility [36], could explain the 
observed H20 behaviour as interstitial impurity. 

5.3.4 Fluid-assisted recrystallization 

Even if areas produced by FAR do not always contain the diagnostic 
H2 inclusions in their growth surfaces (figure 22), they can be distin
guished from bleached areas (figures 21, 37 and 41) because they dis
play sharp contacts between areas of different tints (in case of re-irra
diation) and always end in a wet grain boundary (figure 42). 

The results obtained by IBAS for the long samples of Sp-800 irradi
ated during the first set of irradiations at 15 kGy/h - where the 
experimentation time was rather short and most of the fluid-assisted 
recrystallized areas did not arrive to be intensively redamaged - are 
given in table 3 and some calculations on them are reproduced in table 
4. 
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Figure 35: Subgrain boundaries made up of closely-packed cellular pattern boundaries. 
Microstructure produced by glide + climb and associated to anneal of dis
locations and colloids. Sample T3Sp-800. Irr. cond.: 100°C, 15 kGylh, 
approx. 200 bar, 4.0 MGy, without added brine. Magn.: 338 X. 

Figure 36: A white subgrain boundary crossing the bottom-right corner of (he micro
graph. Blue slip traces bend into the white line and disappear. The 
microstructure has some depth. Probably anneal of colloids coupled to climb 
of dislocations regardless of diffusnn. Sample 12Sp-800. Irr. cond.: 100°C, 
15 kGylh, approx. 1 bar, 4.0 MGy, without added brine. Magn.: 216 X. 

ECN-C—93-086 57 



Development and anneal of radiation damage in salt 

From tables 3 and 4 and figures 20, 27 and 28 it can be deduced that: 

a) the more the intergranular brine, the more the FAR measured; 

b) pressure hinders FAR; 

c) the rates of FAR for Sp-800 samples are about a 100 times lower 
than those for pressed powder samples (table 4 and [14]); 

d) FAR rates increase with time, at least for the short time during 
which the here reported samples were irradiated (table 4); 

e) FAR takes place at intergranular brine contents of only 0.02 
weight%. 

In the samples of the second set of experiments, where irradiations at 4 
kGy/h required a longer time to reach the desired total doses, simple 
qualitative observation suffices to show that the ratio of rccrystallizcd 
versus non-rccrystallized area extensions is higher for an equal total 
dose in the lower dose rate regime. Quantifications of the amount of 
rccrystallized material in all samples of the scries irradiated at 4 kGy/h 
will give a better idea of the evolution of FAR/SE ratio with dose rate. 

Tabic 4: RecrystaUization rates ofSp-800 samples 

Sample 

ISp 
3Sp 
2Sp 
4Sp 

lOSp 
9Sp 

HSp 
12Sp 

Pressure, 
bar 

200 
200 
200 

1 
200 
200 
200 

1 

Dose, MGy 

2.6 
2.6 
2.6 
2.6 
4 
4 
4 
4 

Brine, 
wcight% 

0.03 
0.05 
0.10 
0.07 
0.02 
0.09 
0.10 
0.09 

Rx rate, 
%arca/day 

0.05 
0.06 
0.11 
0.46 
0.33 
0.35 
0.41 
2.05 

5.3.5 Interpretation 

Asse Spciscsalz not subjected to either irradiation nor deformation in 
the laboratory contains subgrains, some cellular patterns, and over
growths (sec Peach [37] ard references therein), but neither slip traces 
nor foam textures. 

In an excellent review, Scnscny ct al. [33] give a list of case of deve
lopment of dislocation-motion originated structures for deformation 
experiments (creep) on rock salt: 
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Figure 37: Bleached areas both at the mantles and cores of the grains frequently con
tain polyhalites. Bleaching is accompanied by foam texture development 
(blow-up in figure 38). Sample TSOSp-800. In. cond.: 100°C, 15 kGylh, 
approx. 1 bar, 15.9 MGy, without added brine. Magn.: 34 X 

Figure 38: Foam texture developed during irradiation. Blow-up of the top-left area of 
figure 37. Observe the straight (sub)grain boundaries. The points where three 
boundaries meet define three angles of 120 degrees. Magn.: 134 X. 
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Figure 39: Tridimensional character of the dislocation arrays that constitute the 
(sub)grain boundaries in a foam texture developed during irradiation and 
associated to evident anneal of both colloids and dislocations. Sample 
T41Sp-800. In. cond.: 100X, 15 kGyfh, approx. I bar, 15.9 MGy, without 
added brine. Magn.: 216 X. 

"fo. NK 

Figure 40: Blue aureoles around polyhalites. Fractures and wavy slip structures can be 
observed as well. Sample T3Sp-800. In. cond.: 100X, 15 kGylh, approx. 
200 bar, 4 MGy, without added brine. Magn.: 216 X. 
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a) first glide takes place (= slip bands develop) [36]; 

b) then cross slip takes place (= wavy slip or crcnulatcd slip lines 
develop with cellular patterns as end product) [38]; 

c) then climb takes place (subgrain boundaries develop) [32] after 
which 

d) rotation recrystallization and migration rccrystallization take place 
producing foam textures [34] [39], 

This, of course, assuming that fluid-assisted rccrystallization docs not 
efface everything, and also assuming that the rock is deformed under 
conditions which allow plastic flow (dislocation motion), rather than 
brittle failure (which takes place after hardening if the dislocations are 
not mobile) [33]. 

In the studied samples all these microstructures arc observed, from the 
incipient creep structures, slip traces, up to the end product of recove
ry, the foam texture. Since neither the first nor the end products of 
creep were present in the starting material [37] whereas they are pres
ent in the irradiated samples, it has to be concluded that gamma-irra
diation produces intracrystallinc creep. 

Stored energy per unit length of the dislocation lines diminishes in 
accordance with the list given above, and it has been shown that not 
only the dislocations adopt lower energy configurations, but also that 
the colloids move together with these dislocations and arc even an
nealed together (e.g. the foam texture case). 

In this way, the energy stored in pieces of Sp-8()() samples chosen 
from areas which did not suffer FAR, can be lower than in si
multaneously irradiated Harshaw crystals which show much less dislo
cation mobility. 

5.4 Discussion and conclusions 

Three types of processes - i) dislocation motion, ii) solid state diffu
sion of colour centres, and iii) fluid-assisted rccrystallization - have 
been proven to take place at the microstructural level during irradiation 
of our salt samples. These processes arc observed because they cither 
enhance or deplete the colloid content of their diagnostic 
microstructurc. 

The evident conclusion is that the fate of the colloids is coupled to that 
of the dislocations, which arc the building stones of the observed dia
gnostic microstructurc. 
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Figure 41: Polyhalite with white aureole at the left side (centre) of the micrograph. 
Sample 13Sp-800. Irr. cond.: IWC, 4 kGylh, approx. 200 bar, 4.6 MGy, 
without added brine. Magn.: 34 X. 

Figure 42: Area produced by FAR during irradiation and redamaged during the same 
irradiation experiment. Sample T3Sp-800. Irr. cond.: 100°C, 15 kGylh. 
approx. 200 bar, 4.0 MGy, without added brine. Magn.: 216 X. 
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Dislocation motion is the process by which the here described sub
structures develop, and it is also the process by which materials subject 
to mechanical distortion creep instead of break [39] [33] [40]. There
fore, colloid development and anneal also have to follow the creep 
laws somehow. 

This can explain why in the plot of stored energy versus total dose for 
GIF A experiments (figure 3) a (at least temporary) damage stabiliza
tion is reached, while at higher dose rates there is no clear indication 
of saturation of damage, and even brittle failure is signalled [8]. Lower 
dose rates than those used in GIF A ought to produce saturation of 
damage at lower total damages [33] [39] [40] [42]. This could be shown 
by means of a comparison of experiments of the same type as those in 
GIF A, but at a slightly lower dose rate, with the already performed 
GIF A experiments. 

Preferred Diffusion structures develop and bring about anneal of 
colloids [31]. They develop in Harshaw crystals and therefore consist 
of diffusion of the colour centres themselves towards dislocation 
arrangements (boundaries), since brine is not involved. Dislocations 
also tend to migrate towards boundaries. Colloids are then migrating 
towards the boundaries coupled to dislocations. Brine seems to 
enhance the process, possibly by enhancing dislocation mobility [36]. 

Dislocation motion and directional diffusion of point defects along 
preferred paths constituted by dislocation arrays can explain that pure 
undeformed single crystals will contain more stored energy than natu
ral rock salt, even in the absence of fluid-assisted recrystallization. 
Directional diffusion enhances, for low total doses, colloid and dislo
cation loop nucleation. However, at higher doses (provided the dose 
rate is low and/or the temperature high) both processes enhance anneal. 
Therefore, the higher the density of boundaries, the lower the stored 
energy should be for a given (high) total dose, always assuming that 
the irradiation takes place at low dose rates or high temperatures, to 
allow dislocation motion as can be deduced from [43] [44] [45]. 

Regarding fluid-assisted recrystallization it has been shown that the 
solution of irradiated NaCl in H20, which is the process responsible 
for brine decomposition during FAR, only decomposes the H20 in the 
presence of Na-colloids [14]. Therefore, as long as colloids have not 
developed, FAR can proceed while the amount of brine at the grain 
boundary is maintained. 

Secondly, it has been shown that the solution and reprecipitation of 
NaCl, which is per definition FAR, takes place at 150°C and atmosp
heric pressure, in which conditions brine has to be vaporized [14]. 
Therefore, FAR can take place even in the presence of H20 vapour. 
Since samples not subjected to these temperatures did not recrystallize, 
the enhancement of FAR by tempera'nre is proven. 
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The occurrence of FAR during irradiation has also been proven since, 
in order to produce variations in grain sizes, the grain boundaries have 
to migrate, and grain boundary migration is per definition re-
crystallization (figures 15 and 16). The recrystallization that took place 
in the samples and experiments described here was evidently enhanced 
by brine; this justifies the conclusion that it was fluid-assisted 
recrystallization (FAR) [14]. 

In static FAR (where the stored energy is not gradually increased, e.g. 
after irradiation) recrystallization rates, following all theories and ob
servations [18], ought to decrease with time. This is the case in the 
pressed powder samples whose grain sizes increase with time (figure 
20), but it is not the case for the Sp-800 samples whose grain sizes 
remain constant. This has to be interpreted as being due to enhanced 
mobility of the grain boundary with an increasing stored energy drop 
across grain boundaries. The chemical potential established between a 
piece just recrystallized and the crystal across the grain boundary, 
increases with the amount of irradiation the later has received. This 
agrees with theories regarding FAR which up till now seemed to be 
contradicted by experimental results [18], but which were nonetheless 
applied to explain the development of the Brine Migration Test 
microstructurc [30] [46]. It is interesting to note that the results pres
ented here support the assumption that the Brine Migration Test 
microstructures [29,31] are produced by recrystallization before the 
development of the colloids. 

It could be argued, with reason, that FAR in the PP samples was par
tially due to initial differential stresses produced by the pressurizing 
method and/or enhanced by the microstructure of the starting sample. 
However, pressure - at least in the case of the Sp-800 samples (figure 
28) - seems to hinder recrystallization. See [14] as well. Nonetheless, 
the most important point regarding the PP samples is that they allowed 
us to prove that FAR, once completed, can restart, because it was easy 
to control the growth of the small starting grain sizes, whereas in 
natural rocks the starting grain size cannot really be controlled. 

It has to be pointed out that if brine transport towards the radioactive 
sources, in whichever physical state, takes place in a repository during 
the first 500 years, the amount of damage present after 500 years em
placement can be disregarded in safety estimates, as shown by Dc 
Haas and Helmholdt [47]. Now the question is whether even if brine 
transport does not take place, recrystallization would occur, at least 
during the first 500 years. Since a certain concentration of F-centres is 
needed in order to develop Na-colloids, a situation can be envisaged 
in which by continuously dissolving irradiated salt containing F-
centres and reprecipitating radiation-damage free NaCl (by FAR), 
colloids would be unable to develop. As a consequence, brine would 
not decompose and cyclic recrystallization could take place in a 
repository in the same way as it took place in our experiments. 
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The volumetric rccrystallization rates found for the pressed powder 
samples ought to be a factor 106 higher than those obtained for the 
Sp-800 samples if the grain size is taken into account, and the rate 
controlling process is assumed to be diffusion across the grain bound
aries [19] [20]. However, for the first 27 days of experiment where the 
grain size of the PP samples is the smallest, there is only a factor 100 
difference between the recrystallization rates of PP samples and those 
of Sp-800 samples. The recrystallization rates obtained here for the PP 
samples can be considered to be close to the recrystallization rates that 
crushed-salt backfill will display. The rates given for Sp-800 are 
nearer to those to be expected in a repository. However, we still cannot 
give a function describing recrystallization progression in a repository. 

It is now important to consider whether it is realistic to assume that 
recrystallization will continuously take place in a repository even in the 
absence of brine transport. If volumetric recrystallization is quicker 
than colloid development, colloids will never develop. In the situation 
in which volumetric recrystallization would be significantly slower 
than colloid development, yet more than a single episode of recrystal
lization has to be taken into account, and the real amounts of decom
posed brine during FAR operation ought to be compared with the 
amounts of brine which are bound to be collected in the formation 
around the radioactive sources until the boreholes are closed. Colloids 
did develop in our experiments, but the dose rate used is at least 102 

higher than the highest dose rate to be expected in repositories while 
the temperature was lower. A temperature higher than 100°C hinders 
damage formation [8] while it enhances recrystallization [47] [39]. 

Given the complicated relationships between all factors that are of im
portance in damage development, as well as in the described recovery 
processes and in FAR, rather elaborated computational procedures are 
needed in order to simulate the real situation. 
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6. CONCLUSIONS 

The specific conclusions of each type of analysis have been given at 
the end of the two previous chapters. Here the more general conclusi
ons will be resumed in the same order which has been used to describe 
the problems in the introduction. 

The statement that low dose rates are more efficient than high dose 
rates in producing damage for the same total dose holds for given ir
radiation condition intervals, sample compositions, and microstructures. 
However, it does not hold for long times of experimentation in poly-
crystalline material, and the modified Jain-Lidiard model (1985) exag
gerates the efficiency of low dose rates. 

The Jain-Lidiard theory predicts that a factor of 2.6 more stored 
energy will be found in the samples irradiated at 4 kGy/h than in those 
irradiated at 15 kGy/h, but experimentally only a factor 1.3 is found 
between the stored energy measured in Harshaw crystals irradiated at 4 
kGy/h and those irradiated at 15 kGy/h. 

Moreover, to reach high doses at low or moderated dose rates, long 
periods of time are necessary and the subsequent increasing importance 
of crystal creep processes and its coupled anneal increasingly hinder 
radiation damage development, at least when the experiments are per
formed at 100°C. 

Plastic deformation (creep) of crystals takes place due to dislocation 
development and motion. Natural crystals are always deformed to a 
certain extent. Dislocations fixate colour centres, thus enhancing 
nucleation of Na-colloids during irradiation of the crystals that contain 
them. 

However, during irradiation (both in pressurized and non-pressurized 
samples) creep takes place and the motion of dislocations involves 
motion and anneal of colloids. Since NaCl creeps and adopts another 
microstructure quickly (it is said to have a fading fabric memory), the 
starting state of deformation of the samples becomes irrelevant for long 
experiments. Therefore, the enhancement of colloid nucleation caused 
by strain in natural NaCl crystals as compared to the pure undeformed 
single crystals of the theories is only valid for relatively short experi
mentation times, i.e. either low total dose or very high dose rate expe
riments. The enhancement of damage by deformation is probably irre
levant for long periods of time and low dose rates. 

Regarding chemical crystal defects, such as lattice impurities, only the 
effect of brine as lattice impurity has been evidenced by the experi
ments. Interstitial OH' radicals, although they ease Na-colloid nuclea
tion, also enhance anneal at longer periods of time. This is probably 
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due to enhanced dislocation mobility produced by OH' radicals. 

Since huge amounts of time arc involved to reach large total doses at 
low dose rates, the effect of both interstitial brine and dislocations is 
that they reduce the efficiency of irradiation in damaging the rock salt 
for increasing times (and total dose) at the same dose rate. This also 
implies that there is a natural limit to the enhancement of damage 
caused by low dose rates, since at a given dose rate the time needed to 
produce damage has to be longer than the time needed for creep in 
natural situations. 

Intracrystalline creep by irradiation has been more intense in the natu
ral rocks than in the pure single crystals of NaCl. This justifies that the 
most damaged parts of natural crystals do not contain as much stored 
energy as the pure undeformed single crystals, at least tor long experi
ments. 

Damage saturation has been reached at less than 1 mol% of salt de
composition. The obtained results show that saturation of damage 
exists, and that it is due to the anneal mechanisms coupled to radi
ation-induced creep. 

The behaviour of rock salt creeping as a consequence of irradiation has 
never been extensively studied. However, the creep behaviour of salt 
when the damaging agent is stress is well known. Applying the creep 
properties of salt such as known for radiation-induced creep suggests 
that the found saturated state of damage could be stable or transitory 
(damage could start to grow again after a given total dose). 

Intracrystalline creep can also explain why at higher dose rates satura
tion is not reached (strain rate is too high and brittle failure follows), 
and in this case it will also follow that yet lower and really stable da
mage saturation values ought to be obtained for dose rates lower than 
those used by us. 

Regarding intercrystallinc processes, fluid-assisted recrystallization 
was already known to eliminate radiation damage. In this work fluid-
assisted rccrystallization has been proven to be able to take place in 
iiradiated rock salt without decomposing the brine, as long as Na 
colloids have not yet extensively developed. It has also been shown 
that fluid-assisted recrystallization can occur if the brine is vaporized, 
and that recrystallization continuously proceeds even on already 
recrystallized areas. If, before colloids can develop into a crystal, the 
crystal is cleaned of defects (F- and H-centres) by recrystallization, 
brine will never be consumed and colloids will never develop. 

In short, for increasing periods of time at the same relatively low dose 
rates, the ratios of anneal by fluid-assisted rccrystallization/damage 
grow, as well as the ratios of anneal by intracrystallinc creep/damage. 
Fluid-assisted recrystallization depends on the existence of brine at the 
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grain boundaries, but intracrystallinc creep, although enhanced by 
brine, does not need brine to proceed. Since there is enhancement of 
damage for low dose rates it follows that for each low dose rate (e.g. 
lower than 100 kGy/h) there must be a different saturation level of 
radiation damage (lower than 1 mol%.). This could be proven by 
experiments as those performed in GIF A, but with lower dose rates, 
e.g. dose rates starting at 100 kGy/h. 
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