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Concrete radiolysis effect on steels corrosion and comparison with non-irradiated material

Introduction

All along the nuclear waste management, reinforced concrete structure are involved. We can mention three different uses.

• Low-Level Long-Lived wastes and Intermediate-Level Long-Lived wastes are mainly conditioned in containers embedded or not in concrete. Different geometry of container are used as shown on figures 1a and 1b (steel barrels or reinforced concrete containers). • A reinforced concrete structure is planned to be used for the disposal containers dedicated to facilitate handling, transport and storage to ensure safety and security during the operating period and a mechanical stability during the retrieviability period.

In such container, Intermediate-Level Long-Lived waste containers would be placed in one to four in each, depending on the size of the "primary container" (Fig. 1c). • At last, reinforced concrete will be potentially used everywhere along the engineering structures of disposals. During the operating phase or the reversible phase of repository, the steel reinforced concretes of radioactive waste containers or civil engineering structures could be negatively affected by corrosion. Initially, corrosion is in a passive state in the healthy concretes, assuming that carbonation is not sufficient to modify the corrosion conditions at the steel / concrete interface. In the context of deep geological repository, this type of corrosion remains subject and closely linked to the water saturation in concrete.

The aim of this study, entrusted by Andra (French National Radioactive Waste Management Agency) to the Commissariat à l'Energie Atomique et aux Energies Alternatives (CEA), is to determine the influence of cementitious water radiolysis phenomena on the corrosion of steels in reinforced concrete and to acquire experimental data for the understanding and modeling of the corrosion of a non-alloy steel under the gamma irradiation conditions of storage or repository.

More specifically, we study the radiolysis induced corrosion of non-alloyed steel in sound concrete without moisture / drying cycle, with an environment initially loaded with oxygen Two cementitious materials are studied, based on cement CEM I and CEM V in which machined non-alloy steel without initial corrosion is embedded. Several factors come together to use only cement paste instead of concrete with aggregates. First of all, due to imposed sample size, concrete with aggregate would not be representative. Secondly, cement paste is the main concrete compound which contains the water and which must be prioritized to maximize radiolysis phenomenon, assuming that aggregates are chemically non-reactive and are not containing water. Because of their penetrative quality (they are those that can reach the concrete barrier of container) only gamma-irradiation is considered in this study. Beta and alpha are stopped very quickly. The gamma dose rate of interest is between 10 and 20 Gy/h to be representative of real containers exposure conditions.

The first paragraph describes the experimentation, both the samples and the environment. The irradiations are carried out for a maximum of 12 months with intermediate removal at 3 months, 6 months and 9 months. During the irradiation, the pressure of the radiolysis gas are recorded continuously. At the end gas samples are analyzed and their composition determined with high resolution gas mass spectrometry. These results are presented in the second paragraph at the same time as those of gravimetric analysis implemented to calculate the annual corrosion rate. At last, a comparison with those carried out without irradiation from 2012 to 2015 [START_REF] Chomat | Long term study of passive corrosion of steel rebars in Portland mortar in context of nuclear waste disposal[END_REF][START_REF] Chomat | Passive corrosion of steel reinforcement in blended cement based material in the context of nuclear waste disposal[END_REF] with same cements and same kind of manufacture non-alloyed steel is proposed.

Description of the experiment

Sample manufacturing

Fifty cylindrical cement paste samples (25 with CEM I and 25 with CEM V), 27 mm high and 49 mm in diameter were manufactured December 3 rd 2015 (Fig. 2). They include a piece of non-alloy steel of Fe500 previously weighed (25 mm high and 8 mm in diameter with a M3 thread in the center to maintain the inclusion during vibrating procedure). We shall see later that a part of the small corrosion measured has been developed in this thread preferentially to the external cylindrical surface of the steel rebar.

Cement thickness is large enough to consider passive state conditions. Cement paste CEM I is prepared with CEM I NF 52.5 N CE PM-ES-CP2 Lafarge Val d'Azergues using cement to water ratio of 0.4, while cement paste CEM V is prepared with CEM V/A (S-V) 42,5 N PM-ES Calcia Airvault using cement to water ratio of 0.318. Samples are stored in a specific chamber at 20°C and 80% humidity for a curing during at least 3 months.

Sample conditioning

After the curing period, only the 16 samples of each cement paste which would be irradiated during 3, 6 and 12 months and non-irradiated samples (called reference in the following) have been placed by 4 in a sealed stainless-steel container. The 9 others samples remain stored in the thermal and humidity controlled chamber for further use (deadlines 6 months batch B and 9 months) as described in the schedule paragraph after. The 80% humidity maintained during the storage ensured a relatively high water saturation of the sample which has been determined using GranDubé protocol. This protocol consists in weighing the same sample 3 times after different treatments:

• the first one at the end of curing with the nominal saturation conditions,

• the second one after a complete water saturation of sample. This physical condition is reached in water under vacuum, • the third one after sample drying in heat chamber (in our case 2 months at 85 °C) to extract all the free water. Sample volume is deduced from hydrostatic weight. For CEM I paste, the sample porosity is 32.9 % and the saturation rate is 91.8%. For CEM V paste, the sample porosity is 30.9 % and the saturation rate is 84.9%. A ratio of 2/3 of the container volume is filled with cement, the last 1/3 is filled with synthetic air which composition is 1.02 % Ar, 20.29 % O2 and 78.69 % N2 under a pressure near atmospheric pressure.

Monitoring

Six containers (3 with CEM I samples and 3 with CEM V samples) are arranged inside the irradiator, two containers (1 with CEM I samples and 1 with CEM V samples), used as reference are left, outside the irradiator. Each container is connected to one pressure sensor in order to continuously record the internal pressure of the radiolysis gas (Fig. 3). Ambient temperatures both in the irradiator and outside are also recorded. The specific 5m x 5m irradiation cell used for this project is equipped with nine noncollimated 60 Co sources placed on a 12 cm in diameter circle representing an activity of about 700 TBq (Fig. 4). To reach gamma rate between 10 and 20 Gy/h, dosimetry model specified that samples have to be positioned on a circle at 130 cm from the sources behind a 3 cm thick lead shield (Fig. 5). More precisely, the modelling gives a gamma rate between 15.30 and 16.95 Gy/h versus sample position with a mean at 16.16 Gy/h. These values are calculated for the start date of the irradiation. Measurement carried out at the beginning of the experiment with an ionization chamber indicated in one specified location a gamma rate of 15.45 Gy/h. This value is in good agreement with the modelling giving 16.26 Gy/h at the same location. In the following article, cumulated dose, we will defined using γ-dose rates determined with modelling. For each containers, precise gamma doses considering source decrease and irradiator shutdown periods (γ-irradiation dilatation column) is included in the following table. Reader attention must be paid to the difference between the effective irradiation duration and the sample age at the end of experiment which include the curing time:

• the age of the 3 months irradiated samples at the end of the experiment is 216 days,

• the age of the 6 months batch A irradiated samples at the end is 308 days,

• and the age of the 6 months batch B, 9 months, 12 months irradiated and nonirradiated samples at the end is around 510 days. 

Chemical analysis and results

The composition of the gas sampled at the end of irradiation directly on the front face of the 19" rackmount cabinet is determined with high resolution gas mass spectrometry and compared with the total pressure curves recorded during irradiation. Then the containers are opened and the cement samples are retrieved. Among the 4 cements samples present in each container, 2 or 3 are dedicated to measure the corrosion rate by gravimetric measurement, the others will be analyzed further by scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS-X) specially to analyze the cement/steel interface composition. We present in the following the gas analysis and the gravimetric results.

Gas analysis

Gas composition analyses are performed on the initial synthetic air introduced in the container and after each milestone. While azote and argon partial pressure do not change, we measure specific evolution for oxygen and hydrogen. Figures 7 and8 show the evolution with time of the partial pressure of O2 and H2. Note that 6 months results are the average of 6 months batch A and batch B measurements.

In both case (CEM I and CEM V) the oxygen quantity decreased. While for CEM I the oxygen is not totally consumed, for CEM V oxygen has entirely disappeared after 6 months irradiation. Oxygen has also disappeared for the reference CEM V sample at the end of the 12 months. The main difference in the composition of these two cements lies in the chemical composition: CEM I is composed of 99% of clinker while CEM V is composed of 56% of clinker, 22% of blast furnace slag and 22% of fly ash. Oxygen consumption in CEM V can be explained by the sulphur ion S 2-presents in higher quantity in CEM V slag (0.17 %) than in CEM I (<0.01%).

For both cements, hydrogen partial pressure, resulting from pore water radiolysis, increases with irradiation duration. Hydrogen quantities created stay always slightly higher for CEM V than for CEM I. For both cements, we verify that no hydrogen is created in non-irradiated containers. Measurements of total pressures compensated from temperature are presented on the figures 9 and 10. Gamma-irradiation does not influence significantly pressure in containers with CEM I samples: the pressures decrease from 1.1 bar to 1 bar after 12 months of irradiation with a quite similar kinetics whatever the irradiation duration. On the other hand, gamma-irradiation influences total pressure curve for CEM V: the pressures decrease from 1.1 bar to reach a minimum around 0.95 bar and increase again with the almost same slope for pots cells which are irradiated. These behaviour can be explained with chemical analysis described before:

• at the beginning of the process, oxygen consumption is the major phenomenon versus hydrogen creation, inducing a decrease of the total pressure. For CEM I, the total pressure continues to fall even after 12 months of irradiation because oxygen remains present, • for CEM V, total pressures decrease faster than for CEM I, to reach a minimum correlated with the total oxygen consumption, then hydrogen production becomes the major phenomenon and the total pressure increases. CEM V curves present a specific behaviour during the first days with a pressure increase whose explanation requires further analysis. In such sealed experimental conditions (which are not ventilated operating conditions for the material in storage or repository), hydrogen quantity generated after 12 months irradiation is less than the threshold value of 4 %. Steel mass loss by gravimetric method and annual corrosion rate Steel pieces are recovered from 2 or 3 cement samples from each containers and corrosion products are removed after several controlled time immersion in acid solution. According to the gravimetric standard methodology (EN ISO 8407), we propose a range of mass loss value measured for each sample (Fig. 11). We can observe that mass loss is around 2 mg with a great dispersion for the same deadline. The main conclusion is that up to 12 months irradiation the mass loss is not correlated with irradiation duration. The reference nonirradiated samples present the quite same mass loss than those irradiated. The statistic shows that mass losses for CEM I samples appear slightly greater than CEM V.

Figure 12 represents the average corrosion rate for each milestone in function of irradiation duration. These rates are obtained considering the mass losses during the time under irradiation which is extremely disadvantageous regarding the sample age presented before. Because we observed that a part of corrosion appears inside the thread, the steel surface considered is 9.45 10 8 µm 2 (including external surface of the cylinder steel sample and also the developed surface of the thread). Steel density is taken to 7850 µg/µm 3 .

The main information is that the corrosion rate is always less than 1 µm/year, boundary value considered by the scientific community for passive state of corrosion whatever the irradiation duration consider in this study. Two hypotheses could explain the higher corrosion rate for CEM I:

• firstly the water to cement ratio is higher for CEM I (0.4) than for CEM V (0.318),

• secondly oxygen remains present in CEM I containers although it disappeared between 3 and 6 months for CEM V.

Figure 11: Steel mass loss for irradiated cement samples versus irradiation time

Figure 12: Annual corrosion rate for irradiated cement samples versus irradiation time A comparison of corrosion rates with previous study undertaken from 2012 to 2015 on nonirradiated samples is now proposed. In this previous study [START_REF] Chomat | Long term study of passive corrosion of steel rebars in Portland mortar in context of nuclear waste disposal[END_REF][START_REF] Chomat | Passive corrosion of steel reinforcement in blended cement based material in the context of nuclear waste disposal[END_REF], same non-alloy steel and same cements (CEM I and CEM V) have been used for. Only rod dimensions have been changed. For non-irradiated samples, steel rods are 16 mm in diameter, 5 mm high and have an average weigh of 8 g while for irradiated samples they are 8 mm in diameter and 25 mm high for an average weigh of 9 g. The samples are stored in ventilated environment with 80% of relative humidity and a temperature of 25°C. The two main conclusions of this study was that corrosion rates decrease with time as shown on figure 13 (red circles for CEM I and black dots for CEM V) and that corrosion rate was also less than 1 µm/year. In order to propose a corrosion rate comparison between the two studies, it is necessary to consider for the age of irradiated samples and not only the irradiation duration. That is what we did on figure 13 (+ sign for irradiated sample, x sign for reference samples). One observation is that we do not measure the same corrosion rate decrease versus duration between the two studies. Irradiation is not long enough to expect see such behaviour. Corrosion rates under one year are quite similar except for the CEM I point at 0.8 µm/year measured on only one sample. After 1.5 year, irradiated and reference sample corrosion rates show corrosion rates between 0.05 and 0.25 µm/year. That is significantly greater than 0.01 µm/year measured for 2 years old CEM I sample and 1.5 year old CEM V sample. 
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 3 Figure 3: Scheme of the experiment and 19" rackmount cabinet Irradiation environmentThe specific 5m x 5m irradiation cell used for this project is equipped with nine noncollimated60 Co sources placed on a 12 cm in diameter circle representing an activity of about 700 TBq (Fig.4). To reach gamma rate between 10 and 20 Gy/h, dosimetry model specified
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 7 Figure 7: H2 and O2 partial pressure for CEM I and each milestone
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 9 Figure 9: Total pressure versus irradiation time for CEM I
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 13 Figure 13: Average corrosion rate comparison for reference and irradiated with nonirradiated (80% RH) cement samples from previous experiment versus time

Table 1 :

 1 

	Withdrawal	Cement manufacturing date	γ-irradiation start date	γ-irradiation end date	γ-irradiation duration (day)	Effective γ-irradiation duration (day/%)	Cumulated dose (Gy)	Sample (day) final age
	3 months	Pot 2 CEM I Pot 8 CEM V		4/4/16 14:38	6/7/16 15:00	92.8	83.0 89%	31800 30200	216,6
	6 months batch A	Pot 3 CEM I Pot 9 CEM V		30/3/16 15:09 6/10/16 11:44	189.9	174.8 92%	67200 68400	308.5
	6 months batch B 9 months	Pot 6 CEM I Pot 12 CEM V Pot 5 CEM I Pot 11 CEM V	03/12/2015	17/10/16 11:51 24/4/17 15:38 11/7/16 16:32 24/4/17 15:38	189.2 287.0	184.1 96% 276.6 96%	66000 67100 98900 94100	508.7 508.7
	12 months	Pot 4 CEM I Pot 10 CEM V		30/3/16 15:09 26/4/17 14:32	392.0	371.4 95%	127300 133800	510.6
	réf	Pot 1 CEM I Pot 7 CEM V		30/3/16 15:09 26/4/17 14:32	392.0	X	X X	510.6

Effective γ-irradiation duration, cumulated dose and final sample age at gravimetric measurement date

Conclusion

This study undertaken with CEM I and CEM V cement pastes and embedded steel rebar under gamma irradiation (gamma dose rate around 15 Gy/h which represents a cumulated dose up to 3 10 5 Gy at the end of 12 months) shows that irradiation and cementitious water radiolysis with hydrogen production does not have significant influence on corrosion of the steel in comparison with same samples in same environmental conditions without irradiation. The corrosion rate for CEM V is between 0.1 µm/year and 0.2 µm/year. The corrosion rate for CEM I is slightly higher than for CEM V around 0.25 µm/year, and always under 1 µm/year. Continuous pressure measurement and gas analysis show different kinetics for CEM I and CEM V correlated with oxygen disappear and hydrogen creation with water radiolysis. We do not find a corrosion rates decrease with time as shown in previous experiments probably because of shorter experiment duration and different environmental conditions (sealed and ventilated conditions).