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Abstract

We investigated the state of two types (industrial and re-fabricated one) of highly enriched В4С after irradiation with a neutron fluence of up to 7×1022 cm-2 (Е>0.1 MeV) in emergency protection pins. The maximum burnup of 10В isotope after a two-year irradiation period was 25%. Burnup can be reduced by the diameter and height of the absorber column. A high local mechanical deformation of metal covers of emergency protection elements was detected in the maximum fluence area due to neutron absorber swelling. At the same time, the metal retains high values of strength and ductility. The crystalline lattice parameters of irradiated industrial В4С were а=0.5562 nm and с=1.2025 nm. The half-width of reflections and the micro-stresses level increase. Hydrostatic and electron microscopic measurements showed that swelling of industrial and re-fabricated В4С reaches 12 and 18%, respectively, only with the maximum fluence at the bottom of absorbing elements. Other areas of the absorber column with a lower fluence and burnup swell insignificantly. Volumetric changes in В4С are caused by an increase in the closed porosity. The maximum porosity of industrial and re-fabricated materials was 25 and 30%, respectively. The initial values were about 20 and 25%. The closed porosity of the same irradiated В4С samples was 14 and 21% versus initial values of 4 and 9%. All industrial and radiation pores are located at the absorber grain boundaries. Pore diameters exceed 100 nm. The size and concentration of radiation pores increase with increasing fluence and burnup. The pores cause the formation of microcracks between the boron carbide grains. The open porosity in the area of mechanical interaction between the absorber and the cover decreases. With increasing fluence, the В4С forced fracture type changes from the mixed fracture (predominance of intragranular cleavage) to the full intergranular one. The functional performance of highly enriched В4С is preserved at the burnup values achieved and after re-fabrication.

1. Introduction
Boron carbide is a unique material for elements of emergency protection and regulation of nuclear technology, combining the properties of a neutron absorber (by isotope 10В) and a moderator (11В, 14С core) [1]. The relatively low cost of the natural raw material, a high heat resistance, chemical inertness, and a low induced activity determine irreplaceable role of boron carbide under the conditions of high temperatures of the coolant and the neutron field energy in fast reactors.
The operation modes of boron carbide enriched in 10В isotope cause extremely uneven axial burnup of the light isotope and general helium swelling, which limit the performance of emergency protection elements [2]. Therefore, it is cost-effective to strive to increase the service life of the industrial grade absorber made of primary enriched boron and the re-fabrication of irradiated material for reuse [3, 4]. 
This paper presents the results of comparing the volumetric and structural changes in sintered industrial and re-fabricated boron carbide after a long-term irradiation.

2. Research Data

The characteristics of the studied absorber elements based on hot-pressed boron carbide of stoichiometric composition (В4С) of industrial and re-fabricated grades are given in Table 1. The typical neutron flux variation along the height of emergency protection pins and, directly, the absorber material columns, according to [5], as well as the relative coordinates (X / L) for samples of absorbing elements with boron carbide are shown in Figure 1.
Table 1. Characteristics of emergency protection elements

	Characteristic
	industrial В4С
	re-fabricated В4С

	Initial 10B enrichment, at.%
	80
	79.6

	Tablet density, g/cm3
	2.1±0.1
	2.2±0.1

	Exploitation period, year
	~2
	~2

	Average 10B burnup, %
	16
	15

	Cover material
	16Cr-15Ni improved
	16Cr-15Ni basic

	Maximum neutron fluence, cm-2
	6(1022
	8(1022

	Maximum steel damage dose (D), dpa
	~25
	~30

	Tablet-cover gap, mm
	1
	1
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FIG. 1. Irradiation conditions and relative position data of absorber material
3. Research Techniques 

Our studies included measurements of the axial and radial absorber burnup using the SIMS method and the changes in the diameter and mechanical properties of the cover material, the absorber material swelling and porosity, using the methods of hydrostatic weighing and scanning electron microscopy; fractographic studies of fresh chips in the absorber obtained by mechanical means; physicochemical and thermomechanical interaction between the absorber and the cover material; an X-ray diffraction analysis of the neutron absorber.

4. Results

The type of changes in 10В isotope burnup in peripherical (hereinafter, we use the abbreviation Abs #) and central (abbreviation Abs C) absorbing elements based on industrial-grade В4С is shown in Fig. 2. The upper part of these elements (on the relative X/L= 1 coordinate) virtually does not burn up. At the bottom (X/L=0) of the absorber column, 10В burnup is maximum (10 to 26 at. %). At the same time, firstly, the burnup is uneven in the cross section of the emergency protection pin – it decreases in the direction from element 5 to element 1. Secondly, there is a tendency for burnup to increase along the radius of each element, which is most obvious for element 1 at X/L = 0 coordinate, as well as for element 5 (X/L= 0.3).

At the sections of the maximum 10В isotope burnup (X/L= 0(0.1), the steel cover of the absorbing elements has an abnormally high deformation (Fig. 3). The greatest increase in the cover diameter (up to 2.2%) is recorded at the bottom of elements based on re-fabricated В4С (abbreviation Ref abs #). The shape change dD/D of the industrial absorber cover at the same section reaches 0.6%. 
Despite such significant changes in diameter, the mechanical properties of absorber covers of both industrial and re-fabricated grades within the range of working testing temperatures of 25(550 (С and damage doses of 25(30 DPA retain satisfactory values (Fig. 4). However, the properties of the re-fabricated absorber covers are much worse than those of industrial B4C made of the same steel grade, which is more resistant to radiation due to its optimal alloying. 
Since the maximum damage dose at the bottom of absorbing element covers is not sufficient for radiation swelling of 16Cr-15Ni grade steels, an abnormal increase in their diameter can only be due to its mechanical interaction with the absorber material. Therefore, we opened the covers to examine the condition of B4C tablets.
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FIG. 2. 10В isotope radial burnup in bottom (X/L=0), middle (X/L=0.3) and upper area (X/L=1) of industrial absorber pins 
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FIG. 3. Diameter changes of industrial and re-fabricated absorber pin covers
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FIG. 4. Mechanical data of absorber pin covers under the maximum neutron fluence (D~25(30 dpa)

As a result, we found that, at the bottom of the elements, there was no gap between the absorber tablets and the cover (Fig. 5). If the industrial absorber only cracked into large fragments, the re-fabricated one was a solid substance. In both cases, the core exerts increased pressure and deforms the cover. In this case, re-fabricated B4С exerts pressure over the entire height of the column, whereas industrial-grade tablets at X/L> 0.1 coordinates restore their original diameter and the gap with the cover.
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FIG. 5. Industrial (a) and re-fabricated (b) B4C macrostructure in the bottom of absorber pin
According to our X-ray structural analysis, В4С has a rhombohedral crystalline lattice of R-3m group. The element cell volume (V) of the irradiated industrial absorber slightly decreases with an increase in 10В burnup at 0.3 and 0.04 coordinates (Table 2). Accordingly, the full width (FW) of peaks with Miller indices hkl (125) and (220) increases by about 50%, which indicates an increase in micro-distortions of the crystalline lattice.
Table 2. crystalline lattice parameters of industrial B4C (absorber pin #5)
	X/L
	а, Å
	с, Å
	с/а
	V, Å 3
	FW of peak (hkl), angle degree

	
	
	
	
	
	(125)
	(220)

	1
	5.637
	12.132
	2.153
	334
	0.53
	0.63

	0.3
	5.626
	12.003
	2.134
	329
	1.17
	0.6

	0.04
	5.618
	12.024
	2.140
	328
	1.18
	1.01


The volumetric changes in the most intact tablets and individual fragments of the neutron absorber along the column height are shown in Fig. 6. The maximum shape change in the outer diameter (dD/D) of industrial B4C tablets was at least 4.5% (Fig. 6, а). No higher values were recorded due to severe cracking at X/L < 0.1 coordinates. The shape change of the re-fabricated B4C was found by calculations. These values reach 12% and exceed the limit for the condition of contact with the cover. The swelling type of both absorber grades correlates with the change in their shape (Fig. 6, b). The maximum swelling of tablets of the central, #5, and #1 elements of the first grade was 6%, 11 and 12%, respectively. 
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FIG. 6. Deformation (a) and swelling (b, by method HW) of B4C tablets along of absorber pin 
The volumetric swelling of re-fabricated B4C fragments with maximum burnup at the element bottom was 14–18%. For X/L= 0.2(0.8 coordinates, these data are not available due to the complete destruction of tablets upon removing the cover. 
Hydrostatic pore measuring showed that both industrial and re-fabricated absorber tablets in the upper part of irradiated elements (a low neutron fluence area) are in the initial state with closed porosity of about 4 and 9%, respectively (Fig. 7). The total porosity in the same areas of industrial В4С was about 20%, and for the remanufactured product, it was about 25%. An increase in the fluence and the absorber burnup at the bottom of the elements is accompanied by an increase in closed porosity: a maximum of 14% for industrial B4C and 21% for the re-fabricated one. At the same time, we can observe a decrease in the opened porosity of both absorber grades due to its contact with the cover. As a result, the total porosity of the industrial absorber reaches 25% and that of the re-fabricated product, 30%. 
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FIG. 7. Total (solid line) and closed (dotted line) porosity of re-fabricated (a) and industrial (b) B4C within pins (by HW)
An independent fractrography of fresh chips using a scanning electron microscope confirmed the overall growth dependence and the closed porosity of B4C at the bottom of elements based on an industrial absorber (Fig. 8). However, it should be borne in mind that such measurements are very laborious and have a higher dispersion due to the difficult identification of isolated pores against the background of a random breakoff of crystallites and the presence of microcracks in the brittle material matrix.
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FIG. 8. Visual porosity on the surface of industrial absorber tablet chip (by SEM method)
The topographical features of forced mechanical cleavage of industrial absorber tablet chips are shown in Fig. 9. The cleavage relief in the upper absorber column contains a large number of flat areas of brittle intragranular destruction, the number of which increases from the periphery to the center of tablets (Fig. 9 a, b, с). With the maximum burnup at the absorber column bottom, flat destruction areas, which are conglomerates of B4C grains, are absent on the cleavage surface (Fig. 9, d). In this case, intergranular destruction of the absorber occurs in individual grains with a size of about 2 μm. 
 
The manufacturing porosity of the absorber in its initial state (for X / L = 0.9–1 coordinates) is localized at the boundaries and triple joints of grains (Fig. 9, b). The diameter of the largest pores is comparable to the grain size. As a result of irradiation and an increase in 10B burnup at X/L ~ 0.05 coordinates, nanopores with a diameter smaller than 100 μm are not recorded in the grain body. There is an increase in the diameter and the total share of closed pores (Fig. 9, d; Fig. 8), around which microcracks appear, therefore B4C tablets destruction is purely intercrystalline. 
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FIG. 9. Increase of flat destruction part from periphery (a) to center (b) of tablet chip for absorber pin coordinate X/L=0.9 (c) versus intergranular destruction for X/L=0.05 (d)
5. Conclusion

After two years of irradiation to the maximum neutron fluence of 7×1022 cm-2 (Е>0.1 МeV), we conducted comparative studies of the state of highly enriched В4С boron carbide of industrial and re-fabricated grades. The main difference between the studied objects was the absorber element cover material used for industrial В4С, which was more resistant to radiation swelling. Other irradiation parameters, the initial density, and porosity of В4С were comparable.
It was found that, during the operation period, the maximum burnup (25%) of the 10В isotope was reached only in the bottom part of absorber elements that were most exposed to the effects of neutrons. A decrease in the neutron flux density in the transverse and axial direction of the emergency protection pins was accompanied by a sharp (up to 10% and below) decrease in burnup. Therefore, most part of the absorber column retained low burnup and was available for reuse after re-fabrication. 
However, in the maximum burnup areas, both grades of absorber were subject to significant helium swelling. As a result, the initial closed porosity of industrial and re-fabricated materials increased by 10 and 12%, respectively. Due to this fact, the swelling of industrial and re-fabricated B4C reached 12 and 18%, and the shape change in the tablet diameter is 4.5 and 12%, respectively. Other parts of the absorber column (X / L> 0.3 coordinates) with lower fluence and burnup swelled less.

Swelling boron carbide occupied the gap under the cover and significantly deformed it. Using a new steel grade – 16Cr-15Ni – with optimal alloying and heat treatment, which is also more resistant to swelling and has better mechanical properties after irradiation, significantly reduced the risk of damage to absorber elements during a long-term operation.

In addition to the above, the following features were found.

In terms of the change type in the total width of the X-ray reflections (125) and (220), the accumulation of radiation defects and micro-distortion of B4C crystalline lattice exposed to irradiation, first of all, occurred along the pyramidal (125) planes (see the X/L= 0.3 coordinate), and with the maximum fluence, at the Х/L= 0.04 coordinate, there was an alignment of the defect distribution in the direction (125) and in the prismatic direction (220). The volumetric contraction of В4С crystalline lattice is opposite to helium swelling and, probably, does not affect the absorber performance. 
The mechanical strength and cracking resistance of the sintered absorber when exposed to mechanical loads decreased with increasing neutron fluence and burnup due to the change in the brittle fracture type from predominantly transcrystalline to intercrystalline one. The intercrystalline destruction of В4С occurred against the background of developing intergranular porosity, the absence of intragranular nanopores, and the formation of microcracks around growing pores.
In general, after two years of irradiation, re-fabricated В4С showed a higher propensity for helium swelling, but its differences with industrial material that had no history of irradiation were not so significant. A further improvement of the hot-pressing method, optimization of the amount of impurities and the initial manufacturing gap with the protective cover, will undoubtedly allow to achieve its performance indicators comparable to the industrial absorber. Recycling of highly enriched boron carbide can improve the cost efficiency when ensuring the safe operation of fast reactors.
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