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Abstract 
 
The corrosion damage experienced by different components in a deep geological disposal in a 
granite formation has been analysed. This “in-situ” test is part of the Full-scale Engineered 
Barriers EXperiment project (FEBEX) carried out in Grimsel (Switzerland). Two heaters, 
simulating the canister and the heat generated, were installed horizontally inside the guide 
tubes or liners and surrounded by highly compacted bentonite blocks. Coupons of several 
candidate metals for manufacturing HLW containers were introduced in these bentonite 
blocks, as well as sensors in order to monitor different physicochemical parameters during the 
test. The “in-situ” test began in July 1996 and in June 2002 one of the heaters, a section of the 
liner, several corrosion coupons and four sensors were extracted. 
 
The studied heater is a carbon steel cylinder with welded lids, with a wall thickness of 100 
mm and 4.54 m long. The liner consists of a perforated carbon steel tube, 970 mm in diameter 
and 15 mm thick. Corrosion coupons were made of carbon steel, stainless steel, titanium, 
copper and cupro-nickel alloys. Two extensometer type sensors with an outer protection tube 
made of austenitic stainless steel were also analysed. Visual inspection of the above 
mentioned components, optical and scanning electron microscope study, together with EDS 
and XRD analyses of corrosion products, have been performed in order to analyse the 
corrosion suffered by these components. This has been complemented with the chemical and 
microbiological characterisation of bentonite samples. 
 
Results obtained in the study indicate a slight generalised corrosion for the heater, liner and 
corrosion coupons. The low humidity content of the bentonite surrounding the liner and the 
corrosion coupons, is the responsible of this practical absence of corrosion. The sensors 
studied show, however, an important corrosion damage. The sulphur rich corrosion products, 
the presence of Sulphate Reducing Bacteria (SRB) in the bentonite covering the sensors, as 
well as the morphology of the damage, indicate a corrosion phenomena induced by bacteria. 
This factor, together with the high humidity of the bentonite blocks housing the sensors, are 
responsible for the significant corrosion damage observed in these components. 
 
Keywords : HLW disposal, container, bentonite, microbiological corrosion. 
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INTRODUCTION 
 
This study has been performed in order to analyse the corrosion damage suffered by several 
components in the same conditions as those predicted for deep geological disposal in a 
granitic formation. This “in-situ” test is part of the Full-scale Engineered Barriers EXperiment 
project (FEBEX) carried out in Grimsel (Switzerland) [1]. Two heaters, simulating the 
canister and the heat generated were installed horizontally using guide tubes or liners and 
surrounded by highly compacted bentonite blocks.  Coupons of several candidate metals for 
manufacturing HLW containers were inserted into the bentonite blocks closest to the heater, 
as well as a series of sensors, as part of the instrumentation used to monitor signals for 
different parameters in the “in-situ” test. The “in-situ” test began in July 1996 and in June 
2002, one of the heaters, a section of the tube guide or liner, several corrosion coupons and 
various sensors were extracted. Figure 1 shows the situation of the different components in 
the “in situ” test. 
 
The heater is a carbon steel cylinder with welded lids, approximately 4.54 metres long, 0.9 
metres in diameter and with a wall thickness of 100 mm. The guide tube or “liner” consists of 
a perforated steel tube 970 mm in diameter and 15 mm thick. The test samples consist of 
different sized parallelepipeds made of the following materials: S355 carbon steel (UNE F 
6215), AISI 316L stainless steel (UNS S31603), titanium alloys Grade 2 (UNS R50400), 
Grade 7 (UNS R52400) and Grade 12 (UNS R53400), pure copper Cu-ETP (UNS C11000) 
and the cupronickel alloys 70/30 (UNS C71500) and 90/10 (UNS C70600). The studied 
sensors consist of two extensometer type sensors used to measure displacement of the heaters 
with a exterior tube or sheath made of 316L stainless steel. The clay barrier was composed of 
highly compacted bentonite blocks with an average value of 13.6% of water content. 
 

 
Figure 1. Location of several components of  the “in situ” test. 

 
 
STUDIES CARRIED OUT 
 
The components were examined on receipt in order to evaluate the extent of the corrosion 
suffered and to decide the cuts to be made for later study of the cross sections obtained. 
Metalographic probes were examined using optical and scanning electron microscopes for 
studying the morphology and progression of the corrosion, as well as the microstructure of the 
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component materials being studied. In order to characterise chemically the corrosion products 
and/or deposits, Energy Dispersive Spectrometry (EDS) analyses were carried out, using a 
micro-analyser coupled to the scanning electron microscope (SEM). The molecular formula 
of said products was determined by means of X-ray Diffraction spectroscopy (XRD). The 
analysis was completed with microbiological characterisation of the bentonite samples. 
 
 
DESCRIPTION OF THE RESULTS  
 
Examination of the heater showed very slight uniform generalised corrosion over its whole 
surface, with oxide layers less than 20 microns thick in all the cases. No pitting or any other 
signs of localised corrosion were detected. EDS analysis detected iron together with elements 
typical of bentonite, such as silicon, calcium and aluminium. Figure 2 shows a detail of the 
heater, including the lid, welded joint and body. 
  
Carbon steel coupons showed very little penetration of the corrosion, with average corrosion 
rate values of  0.10 µm/year, calculated according to the ASTM G31 standard [2]. No 
localised corrosion phenomena were detected. SEM analysis revealed a poorly adherent and 
discontinuous layer of oxide (figure 3). EDS analysis of this oxide, reveals the majority 
presence of iron and oxygen, with a small amount of chlorine. The XRD spectrum of the 
sample only detects the substrate (Fe), given the lack of thickness of the oxide layer generated 
on the surface of the test sample. No indications of corrosion were observed for AISI 316L 
steel and titanium alloys coupons, which presented the same appearance as they did before the 
beginning of the “in-situ” test, as it can be seen in figure 3. The Cu-ETP coupons showed a 
dense and not very adherent oxide layer, corresponding to the molecular “cuprite” Cu2O. A 
small chlorine peak was also observed. The Cu10Ni coupons offered a slightly more adherent 
layer, whose molecular formula also corresponds to cuprite. Generalised corrosion rate values 
of  0.71 and  0.74 µm/year were obtained for Cu ETP and Cu10Ni alloys. The corrosion 
suffered by the Cu30Ni alloy was negligible. 
 
 

  
Figure 2. Detail of the heater Figure 3. Corrosion coupons after the “in-

situ” test 
 
Analysis of the sensors revealed however a significant corrosion damage. Figure 4 shows a 
bentonite block containing one extensometer type sensor. Diffusion of corrosion products 
proceeding from the sensor can be seen in the bentonite surrounding it. Corrosion damage 
was manifested as pitting, sometimes extensive on the surface, advancing from the outer to 
the inner periphery, occasionally perforating the tube wall. There was also detected pitting 
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development beneath tubercles and/or deposits (figure 5). Deep green corrosion products 
predominate in areas of the extensometer near the rock (figure 4), and mainly brown in areas 
close to the liner. There was also detected cracking of the tube. Devices for anchoring the 
sensors to the rock and the liner also showed significant corrosion damage. EDS analysis 
carried out for corrosion products and deposits generated on the two sensors revealed the 
presence of sulphur in almost all the corrosion products analysed (figure 6). As well as 
sulphur, the analyses identified chrome, iron and occasionally nickel, as elements making up 
the steel, as well as silicon, calcium, magnesium and aluminium, as elements making of the 
bentonite. The EDS analyses carried out on the green corrosion were enriched in chromium, 
whereas brown-reddish corrosion products showed them to be enriched with the element iron. 
XRD analysis of corrosion products identified the iron sulphide “pyrrhotite” Fe1-xS. When 
analysing the tubercles, in addition to iron sulphide, XRD spectrum detected crystallized 
calcite (CaCO3).  
 
Metalographic study performed by optical and scanning electron microscopy revealed a 
significant corrosion penetration of the material. The steel making up the external tube of both 
extensometers showed a non-sensitised austenitic microstructure, with a certain degree of 
intergranular advance of the corrosion (figure 7). The optical micrographs in figures 8 and 9 
show details of the cracking detected. These cracks, clearly initiate at the outer periphery, 
sometimes from previous pitting, have a ramified morphology with transgranular progression, 
typical of Stress Corrosion Cracking (SCC) in stainless steels. 
 
 

  
Figure 4. Sensor in block of bentonite 

 
Figure 5. Detail of sensor 

 
Figure 6. EDS spectrum of corrosion 

products on sensor 
Figure 7. Transversal section of sensor 
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Figure 8. SCC in transversal section of 

sensor 
Figure 9. Detail of figure 8 

 
In order to explain some of the corrosion phenomena observed with the metal components, 
samples of the bentonite housing the corrosion coupons, referenced as “coupons” and samples 
of the bentonite housing the sensors, referenced as “sensors”, were microbiologically 
characterised. The determination of the presence of aerobic and anaerobic bacteria was carried 
out by microbiological count, after extraction with phosphate buffer. The determination of the 
presence of sulphate-reducing bacteria, iron-oxidizing and sulphur-oxidizing bacteria, was 
carried out by the MPN (Most Probable Number) method. The results are shown in table 1.  
 
The degree of humidity of the two bentonite samples determined on reception, was 13.1 % 
weight loss for bentonite housing the coupons, and 21.5 % that determined for the bentonite 
containing the sensors. 
 

 c.f.u./g count of sample 
Microbe group Bentonite ref.    

“Sensors” 
Bentonite ref. 

“coupons” 
Anaerobic bacteria 0 0 

Aerobic bacteria 4.23 x 103 (*) 0 

Sulphate-reducing bacteria (SRB) 3.77 x 102 0 
Iron-oxidizing bacteria 0 0 

Sulphur-oxidizing bacteria 0 0 
Table 1. Microbiological characterisation of two samples of bentonite 
(*)  The whole count consisted of fungi.    c.f.u. : Colony forming unit 

 
 
ANALYSIS OF THE RESULTS 
 
The heater and corrosion coupons underwent slight generalised corrosion. In the case of the 
heater, the almost complete absence of humidity around as a result of heating, the evolution 
towards ever more anoxic conditions within the burial site, as well as the fact that it was not 
in direct contact with the bentonite, avoided or slowed down the progression of generalised 
corrosion, as well as the start and progression of other localised corrosion phenomena. The 
slight corrosion suffered by the steel coupons can be attributed again to the low humidity 
content of the bentonite housing the samples, far from saturation level. With copper Cu-ETP 
and cupronickel alloy 90/10, as well as the oxygen that forms cuprite (Cu2O), which is a 
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passive, protective oxide, the significant concentration of chlorides in the bentonite analysed, 
generates non-protective species, such as the CuCl2, which would justify the corrosion rate 
values obtained with the copper test pieces.  
 
The studied sensors were by far the components with the greatest corrosion damage. The 
generation of corrosion products rich in sulphur, such as the iron sulphide pyrrhotite, the 
corrosion morphology with pitting beneath tubercles, and the significant presence of sulphate 
reducing bacteria in the bentonite enveloping the sensor are indicative of a microbiologically 
influenced corrosion (MIC) phenomena. As a consequence of the metabolic activity of SRB, 
sulphates are converted into sulphides, thus creating a very corrosive environment. Sulphide 
couples with dissolved ferrous ions to form iron sulphides. Ferrous ions also bind hydroxide 
ions generating hydroxides [3,4]. Other sulphur compounds such as sulfates and sulfites are 
also commonly detected in the presence of SRB. Most of these compounds are amorphous 
and non crystalline, and therefore they do not refract. This would explain why only pyrrhotite 
like structures are detected in the XRD spectrum. There is not discarded the possibility of the 
green corrosion products observed corresponding to green amorphous hydrated chrome 
oxides of type Cr2O3xH2O. XRD studies also detects crystallised calcite, CaCO3, under the 
tubercles. This compound is sometimes observed when analysing corrosion products 
generated due to SRB corrosion that is no longer active [5]. It must be said, that SRB are 
exclusively anaerobic bacteria, however in relatively aerobic conditions they can develop 
under other bacterial colonies or deposits, beneath which a zone lacking or deficient in 
oxygen is created.   
 
The lack of biological activity in the bentonite housing the corrosion coupons is attributed to 
the high temperature and dry conditions reached by these blocks, very close to the heater, 
during the test. It should be point out that most bacteria and micro-organisms usually involved 
in microbiological corrosion phenomena have a “survival” range of between 10 and 75ºC 
[6,7], with optima growth rates, in the case of SRB in the temperature range of 25 to 35-40ºC. 
The absence of humidity inhibits the growth of the bacteria, slowing down their level of 
activity.  In the case of the bentonite covering the sensors, together with the presence of SRB, 
the high humidity is also responsible for the significant corrosion damage suffered by these 
components. This humidity is probably due to a water entrance or hydratation of some blocks 
of bentonite, close to the rock, during the test.  
 
The ramified cracking detected in some sensors is typical of stress corrosion cracking SCC of 
stainless steels. This localised corrosion phenomena develops with the simultaneous action of 
a stress, residual or applied, and a corrosive agent, usually chlorides in the case of stainless 
steels. The presence of depassivating corrosion agents resulting from the metabolic activity of 
the SRB, such as S2- and HS-, can induce “sulphide” SCC in association with MIC, [8, 9].  
 
 
CONCLUSIONS  
 
The sulphur rich corrosion products, the presence of Sulphate Reducing Bacteria (SRB) in the 
bentonite covering the sensors, as well as the morphology of the corrosion, indicate a 
corrosion phenomena induced by bacteria (MIC). This factor, together with the high humidity 
of the bentonite blocks housing the sensors, are responsible for the significant corrosion 
damage observed in these components. In the case of the heater and corrosion coupons, the 
hot and dry conditions of the bentonite housing them is responsible for the slight generalised 
corrosion observed.  
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