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Abstract: The presented work is aimed at the evaluation of the cold bending capacity of high-borated
austenitic stainless steel sheets. Due to their excellent neutron-absorbing capability, borated stainless
steels belong to the group of tailor-made structural materials widely used for vertical storage baskets
for holding spent nuclear fuel assemblies in cooling pools at dry or wet storage facilities. The basket
consists of individual fuel assembly cells. Each polygonal cell is usually welded from several steel
strips. It would be advantageous to use bent steel semi-product to avoid welded seams as much
as possible. Welded seams are difficult to make, and moreover, they are susceptible to corrosion.
However, high-borated stainless steels, because of their boron content, show limited hot and cold
workability. Thus, their cold bending capacity would be the primary issue. Their austenitic matrix
with embedded hard and brittle boride particles is prone to the evolution and fast propagation of
dimple transgranular fracture. This work is focused on the bending aspects of borated steel sheets
with respect to the most commonly used hexagonal cell geometry. Experimental results provide
practical recommendations for the rack design. The damage criterion has also been proposed using
FEM simulations in DEFORM®.
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1. Introduction

After being discharged from a nuclear reactor, spent fuel has to be stored in water
pools at the reactor site to allow for radioactive decay and cooling [1]. The inside of the
pool contains vertical storage racks for holding the spent-fuel assemblies and may contain
a gated compartment to hold a spent-fuel cask while it is being loaded and sealed [2].
High-borated stainless steel racks are installed in both boric acid and deionized water pools
to help with cooling and criticality control [3,4]. Recently, new methods for criticality and
burnup calculations have been developed, especially a trajectory period folding method
for burnup calculations [5] and a linear chain method for numerical modeling of burnup
systems [6].

The absorption capability of high-borated stainless steels stems from boron’s high

neutron cross-section. Boron has two naturally stable isotopes, 10B and 11B, with an av-
erage abundance of approximately 19.9% and 80.1%, respectively. The 10B(n,x) reaction
cross-section is about 3840 barns for thermal neutrons. Most 10B(n,«) reactions of thermal
neutrons are 10B(n,o)7Li reactions accompanied by gamma-ray emission [7]. Both reaction
products, helium and lithium, are stable isotopes. Thanks to its excellent fast neutron
moderating properties, thermal neutron absorption properties, and gamma-ray shielding
performance, combined with excellent mechanical properties, corrosion resistance, weld-
ability, and availability, borated stainless steel with boron content ranging from 1% to 2%
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is one of the largest consumables for radiation protection and structural elements in the
nuclear power industry [8-10]. This paper aims to assess the bending capacity as the key
material property for the design of vertical storage baskets for holding spent nuclear fuel
assemblies in cooling pools at wet storage facilities.

The basket consists of individual fuel assembly cells. Each polygonal cell is usually
welded from several steel strips. It would be advantageous to use bent steel semi-product
to avoid welded seams as much as possible. Welded seams are difficult to make, and
moreover, they are susceptible to corrosion [11]. However, high-borated stainless steels,
because of their boron content, show limited hot and cold workability [12]. Thus, their cold
bending capacity would be the primary issue.

Won et al. [13] proposed high-temperature annealing running a long period of time (up
to 8 days) at 1180 °C to improve both the strength and ductility. Indeed, at such annealing
conditions, brittle plate-like M2B particles [11] transform into spherical shape particles with
increased size. As the size of the particles grows, the density decreases. The microstructure
is also more homogeneous with respect to the nickel and chromium distribution in the
austenite matrix. The mechanical properties improve accordingly. Utilizing such an
annealing procedure in practical production technology seems to be not cost-effective.

It has been shown that the initial large and brittle M2B particles can break into more
spheroidal and refined particles with increasing strain [14]. However, applying a total
rolling compression ratio higher than ten no longer enhances the ductility and toughness.
The fracture mode of the wrought borated stainless steel seems to be mainly ductile dimples
rather than a brittle fracture [15].

It appears to be very difficult to achieve sheet-forming technology without the risk of
cracking assuming the use of conventional metallurgy. This paper assesses the influence
of the degree of bend (D.O.B.), thickness, and microstructure on the crack evolution of
hot-rolled borated stainless steel sheets. The damage criterion is also proposed using FEM
simulations in DEFORM®. Assuming the hexagonal design of the spent-fuel cell, the target
D.O.B. is 60° (Figure 1).

Figure 1. Sketch of the basket with hexagonal fuel assembly cells holding spent nuclear fuel. The
basket of CASTOR®1000/19-type cask consists of 19 hexagonal cells [16], with the length of the
hexagon side of 150 mm and the total length of 4630 mm.

2. Materials and Methods

The test samples for the bending experiments were extracted from the hot-rolled sheets.
Initially, the experimental material was acquired in the form of a machined wrought slab
for a hot rolling sheet. The octagonal 1 t cast ingot was produced and converted to wrought
steel in ZDAS a.s. The molten metal was treated by melting the raw materials in an electric
arc furnace (EAF) and subsequent refining processes of secondary metallurgy. After the
alloying of necessary constituents in a ladle furnace (LF), vacuum ladle degassing (FD) and
vacuum oxygen decarburization (VOD) were used for the final steel refinement [17]. The
chemical composition is shown in Table 1.
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Table 1. Chemical composition of the experimental material (wt. %).

C Mn Si Cr Ni B
0.009 1.05 0.25 19.50 12.30 1.62

The cast ingot was first hot upset forged using a hydraulic forging press to de-
stroy the as-cast structure by breaking up segregation, healing porosity, and promoting
homogenization [18]. Afterward, the cross-section was reduced, and the forging stock
was lengthened to obtain suitable slabs for the hot rolling process. Approximately 100 kg
machined slabs were then hot rolled to 3.5-5 mm sheets using a reversible two-high rolling
mill at COMTES FHT. Hot-rolled sheets were finally solution treated in a roller hearth
furnace and cooled down in still air. The microstructure is shown in Figure 2.

Figure 2. Microstructure of the input material (after solution treatment) revealed in Hamil etchant.
ASTM grain size G 10.2. The microstructure is fully recrystallized, polyhedral, and shows uniformly
distributed borides with exclusive orientation in the rolling direction.

Both longitudinal and perpendicular samples were extracted for three-point bending
tests (3PB). All tests were performed on a ZWICK ROELL servo-electric testing machine
with a load cell capacity of 250 kN. To track the deformation of the specimen, each test
was accompanied by digital image correlation (DIC) system ARAMIS SRX in 3D config-
uration. The resolution of the cameras was 4096 x 3068 px calibrated for the volume
190 x 150 x 60 mm. Frames were recorded with a constant frame rate of 4 fps. The outer
surface of the specimens, which were subjected to tension, was covered by a stochastic
black/white pattern, which allows the DIC system to calculate the strain map (mesh)
over the area of the specimens. The mesh consists of ‘facets’, which have dimensions of
20 x 20 px with 18 px overlapping.

Failure in bulk metal forming usually occurs as ductile fracture, rarely as brittle frac-
ture. Therefore, the ductile fracture criterion is very important for designing an optimum
plastic forming process without failure [19]. Besides physical testing, computer modeling
of failure during the processing of a sheet was carried out. As a result, the fracture criterion
has been proposed. To predict failure, ductile fracture criteria must be incorporated into the
modeling. The most widely used fracture criterion is the Cockcroft-Latham criterion (CL),
which states that fracture occurs when the integration of the maximum principal stress
over equivalent strain exceeds a constant. In most cases, ductile cracking is predominantly
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associated with tensile stress states that are involved in a CL ductile fracture criterion
mathematically described through the normalized formula [20]:

El'aC
nCL:/ g, 1)
0 (e}

where nCL is the normalized Cockcroft-Latham damage value representing the workability
of the workpiece material, €., is the equivalent strain at fracture, oy is the maximum
principal tensile stress, o is the effective stress, and € is the equivalent strain. If o7 <0,
there are only compressive stresses. The moment of fracture initiation was predicted using
the nCL and the softening method. Damage softening is a method by which the flow stress
above this critical value will be reduced to a specified percentage [21,22].

DEFORM® engineering software exploiting the finite element method (FEM) was
used to simulate 3PB. The selected mesh consisted of a total of 3000 elements (Figure 3).
Good accuracy was provided by 10 elements assigned to the sheet thickness. Due to the
springback effect after the load release, the deformation analysis used an elastoplastic model
of the workpiece. The 2D plane strain problem was solved assuming the same deformation
throughout all the longitudinal cross-sections. The 3D strain effects on the sheet edges
were omitted. Both the loading ram and the saddle supports were assumed to be rigid
bodies. Since the increase in temperature due to deformation heat release is negligible,
the temperature of all tools and the workpiece was set to the ambient temperature of
20 °C. The velocity of the loading ram was constant (10 mm/min) without any acceleration
or deceleration. As the cross-head displacement increased, both the stress and the strain
increased. In each step, the force exerted by the machine was predicted based on the current
stress-strain state. The calculated values of the force were then compared to the measured
values. In the case of the 2D model, the resulting force was acquired by multiplying the
sheet width (20 mm).

Strain -|Effective (mm/mm})

(a) (b)

Figure 3. (a) The geometry and the mesh of the 2D FEM 3PB tests; (b) FEM simulation of effective
strain distribution.

Recalculated engineering data acquired from quasi-static tensile tests (Table 2) pro-
vided true stress—strain curves describing the work-hardening of material. True stress—true
strain curves without elastic contribution describe a work-hardening of the material, and
they are utilized as so-called flow stress data in DEFORM (Figure 4).
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Table 2. Tensile tests results at room temperature. Hot-rolled sheets after solution treatment
(1100 °C/30 min./cooling in still air.).

3 Rp0.2 Rm Ag A z
s—1 MPa MPa % % %
10 393 649 14.0 15.0 14
0.1 364 603 12.2 15.3 14
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©
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200
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Strain (mm/mm)

Figure 4. Flow stress data of borated austenitic stainless steel sheet in solution annealed state for
two different strain rates, 0.1 s~ 1, and 10 s~ 1.

The test specimens were extracted from an annealed hot-rolled sheet in a direction
perpendicular to the rolling direction. The perpendicular direction was chosen due to the
longitudinal orientation of the sheet on the bending bench. The velocity of the cross-head
displacement was 10 mm/min. A 3PB test bench equipped with the DIC system helped
to determine the moment of crack initiation and propagation. The force against the cross-
head displacement was recorded as well. Based on the comparison of all experimental
3PB data and the simulation results the simulation was calibrated to approximate a real
deformation behavior as closely as possible. The critical value for the NCL fracture model
was determined in the moment of a drop of the experimental force curve. The critical NCL
value calculated in the same moment was used for the prediction of fracture in subsequent
simulations varying different conditions. Various thickness and radius combinations were
included in the bending simulation to predict 120° bending without crack initiation. The
presented results are further discussed with respect to the processing technology. Relevant
factors contributing to the deterioration of the mechanical values are assessed.

3. Results

The observed values from the first 5 mm sheet 3PB test were in good agreement with
the predicted values (Figure 5). For the estimation of the fracture initiation, the damage
coefficient of 0.16 and the parameter of the softening method of 55% were determined. For
pure curiosity, all 3PB experiments were carried out using both the longitudinal and the
transversal test specimens with respect to the rolling direction. However, the difference
was almost negligible, and no logical pattern was observed. It should be pointed out that
all the presented results applied to the transversal test specimens. In practice, the sheet is
always bent along the axis collinear with the rolling direction since the polygonal cell can
reach a length of up to 5 meters.
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Figure 5. Good correlation between the force from the measurement and the simulation of the 3PB.

3.1. FEM Simulation and 3PB Experimental Results

According to the simulation results (Table 3), the requirement for D.O.B. of 60° without
the fracture is readily met for radius R10 and the sheet thickness of 4 mm and below. The
simulation results also show the D.O.B. of 60° can be reached using R15 and for thicknesses
of 4.5 mm and below. For radius R20 the fracture never occurs, even with a thickness
of 5 mm. Table 3 also shows the springback after the load is released. The springback
was predicted on the basis of elastic modulus for isotropic work-hardening [23]. In the
cases of either a high probability of fracture occurrence, or, a high probability of 3PB
without fracture initiation, the springback was not solved. Figure 6 shows the graphic
representation of the damage criterion prediction.

Table 3. FEM simulation results.

Fracture D.O.B. Fracture D.O.B. Fracture D.O.B.
Thickness Initiation Springback Initiation Springback Initiation Springback
D.O.B. (R10) (R10) D.O.B. (R15) (R15) D.O.B. (R20) (R20)
mm o o o o o
5.0 58 N.A. 60 54 >135 N.A.
4.5 62 54 80 75 >135 N.A.
4.0 72 62 >90 N.A. >135 N.A.

Table 4 shows the 3PB results of D.O.B. without the fracture initiation, and without
the springback. So, the D.O.B. values are not the final values of the bent sheets. However,
very good agreement with the FEM predictions can be seen. The correlation between FEM
predicted and the experimentally measured relation between the force and the cross-head
displacement is shown in Figures 7-9. Besides the stress and force curves, the ARAMIS
system provided time-dependent strain fields of the test specimens (Figures 10-12). There
Thecombinations exceeding the D.O.B value of 70 should provide the sheet bending without
the fracture initiation.
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0.16 0.16
0.14
0.12

(a)
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(d)
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Figure 6. FEM simulated D.O.B. in the moment before fracture initiation: (a) 5 mm, R10; (b) 4.5 mm,
R10; (c) 4 mm, R10; (d) 5 mm, R15; (e) 45 mm, R15; (f) 4 mm, R15; (g) 5 mm, R20.
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Table 4. Three-point bending (3PB) experiment results.

D.O.B. without Max. Value of D.O.B. without Max. Value of D.O.B. without Max. Value of

Thickness Fracture Effective Fracture Effective Fracture Effective
Initiation (R10) Strain (R10) Initiation (R15) Strain (R15) Initiation (R20) Strain (R20)
mm ° mm/mm ° mm/mm ° mm/mm
5.0 57 0.186 59 0.164 >130 0.177
4.5 65 0.164 76 0.174 >130 0.157
4.0 69 0.170 93 0.175 >130 0.136

= = =5mmRI10FEM
- = = 5mmR20FEM
5 mm R10 EXP

5 mm R20 EXP

0 5 10 15 20 25 30 35 40 45 50
Crosshead displacement (mm)

Figure 7. The correlation between FEM predicted and the experimentally measured relation between

the force and the cross-head displacement for 5 mm sheet.

4000

----- 4.5 mm R10 FEM
----- 4.5 mm R20 FEM
4.5 mm R10 EXP

4.5 mm R20 EXP

0 5 10 15 20 25 30 35 40 45 50
Crosshead displacement (mm)

Figure 8. The correlation between FEM predicted and the experimentally measured relation between

the force and the cross-head displacement for 4.5 mm sheet.
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= = =4 mm R10 FEM
= = = 4 mm R20 FEM

4 mm R10EXP
4 mm R20 EXP

0 10 20 30 40 50
Crosshead displacement (mm)

Figure 9. The correlation between FEM predicted and the experimentally measured relation between
the force and the cross-head displacement for 4 mm sheet.
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(©)

Figure 10. True strain field before fracture initiation of 5 mm test specimens; (a) R10; (b) R15; (c) R20.
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Figure 11. True strain field before fracture initiation of 4.5 mm test specimens; (a) R10; (b) R15; (c) R20.
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Figure 12. True strain field before fracture initiation of 4 mm test specimens; (a) R10; (b) R15; (c) R20.
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3.2. 3PB Test Variations

The previous tensile tests (Table 5) proved there is a small difference (approximately
50 MPa) between the yield strength of both solution-treated and as-rolled sheets. The
ductility of the solution-treated sheet is approximately 30% higher than its as-rolled analog.
This observation allows the utilization of a considerable deal of the remaining plastic
capacity of the as-rolled sheet to pre-bend the sheet before the solution treatment and
subsequent bending to the final D.O.B. of 60°. It was experimentally verified that a pre-
bending D.O.B of 30° and higher is sufficient to achieve the requested 60° after the solution
treatment without the fracture initiation even with the sheet thickness of 5 mm.

Table 5. Tensile test results at room temperature for different states of material.

State Rp0.2 Rm Ag A z

MPa MPa % % %

As-rolled 335 605 11.9 12.0 14

Solution- 388 658 14.2 163 14
treated

3.3. Fractography

An optical micrograph of the fracture is shown in Figure 13. When overload is the
principal cause of fracture, most common structural alloys fail by a process known as
microvoid coalescence. The microvoids nucleate at regions of localized strain discontinuity,
such as that associated with second-phase particles, inclusions, grain boundaries, and
dislocation pile-ups. As the strain in the material increases, the microvoids grow, coalesce,
and eventually form a continuous fracture surface. This type of fracture exhibits numerous
cuplike depressions that directly result from the microvoid coalescence. The cuplike
depressions are referred to as ‘dimples’ (Figure 14), and the fracture mode is known as
‘dimple rupture’ [24].

- N
s
) -
(>
i v o
s
-0
D
b
S
\ /S
\ ’
o
e C
C o,
C—LA £ A >
.
Y > ”

Figure 13. Fracture. Optical microscopy 500x. Etched in HNOj.
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(@)

Figure 14. (a) Photography of the fracture; (b) SEM micrograph of a dimple rupture (the length of
the bar in micrograph is 50 um).

The voids, or cavities, are initiated by the brittle fracture of boride during the hot
working of material (Figure 15). At high temperatures, the plastic flow can reduce the
number of cavities. At lower temperatures, the plastic flow is not sufficient to fully heal the
structure. When further deformation is applied, the austenitic matrix is severely deformed
around hard boride particles. Increasing dislocation density accumulates the stress that is
ultimately relieved through the fracture of borides. Cavities are then located between the
boride fragments or around sharp particle edges. These cavities then serve as a nucleation
site for the fracture.

-
T
i

. / Y
o IR > g L e

'_t‘Sput Magn Det WD : 20 um
0.0 1000x SE 115 Al_podelny
e A = s

T}

Lt s o
Figure 15. Brittle fracture of borides and cavities generation.

4. Discussion

Various factors deteriorate the room temperature ductility, which is essential for cold
bending capacity. The influence of other relevant factors will be discussed in this section.
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4.1. Delta Ferrite and Sigma Phase Embrittlement

One of the factors contributing to room temperature cracking susceptibility could be
the formation of hard and brittle intermetallic phases during the solution treatment. In
practice, it is not convenient to water-cool annealed thin steel sheets because of severe
distortion (fast cooling). However, air cooling might be slow enough to promote the
sigma phase formation [25] in the range of 580 °C to 780 °C. The sigma phase formation
accompanies the loss of ductility and the defect formation in the microstructure. The
presence of delta ferrite in austenitic alloys accelerates sigma phase precipitation. All ferrite-
forming elements encourage the sigma phase formation because of two orders of magnitude
slower chromium diffusion rate of chromium in BCC lattice in comparison to austenite FCC
lattice [26]. According to Wang et al., borated stainless steels are less prone to delta ferrite
formation than their non-borated counterparts. Increasing boron content gradually inhibits
the formation of delta ferrite until no delta ferrite appears. Depending on the alloying
concept of austenitic stainless steel, the critical boron content is around 1 wt. %B [27].
Nonetheless, differential scanning calorimetry (DSC) was conducted to get a closer look at
liquid-solid phase transformation during solidification. Relatively low solidus temperature
limits the temperature range for potential homogenization annealing. The cooling curve
(Figure 16) shows only two exothermic peaks. Austenite crystallizes first from the liquid
(center of mass at 1314.1 °C), followed by the eutectic boride structure (center of mass at
1219.7 °C). DSC provided enthalpy values for respective phase transformations as well.

50
s AH=-56.7)/g
COM at 1219.7 °C
40 L= M,B +y-Fe
35
T30
£
25
% Cooling
G2 10 K/min
AH=-13.2)
2 15 /e
COM at 1314.1 °C
10 L-> v-Fe
5
0 L___—///L,
M 1250 1300 1350

Temperature (°C)

Figure 16. Differential scanning calorimetry cooling curve; phase transformations during solidifica-
tion from 1400 °C.

The experimental results proved that the temperatures of the solution treatment
ranging from 1050 °C to 1150 °C and holds ranging from 15 min to 6 h do not significantly
affect the susceptibility to fracture initiation and propagation. This result further supports
that no delta ferrite nor sigma phase is present either in the as-cast structure or solution-
treated wrought material. This result applies to both air cooling and water cooling.

4.2. Grain Size Effect

It is well known that increased average grain size can positively affect the work-
hardening behavior of austenitic stainless steel exploiting the TRIP effect. Besides the
contribution of meta-stable austenite, grain size also affects the fracture behavior. Frac-
tography of the test specimens confirmed a dimple rupture typical for austenitic steels. It
has been reported that the size and depth of dimples are closely connected with tensile
toughness [27,28]. As the grain size increases, the size and the depth of dimples increase
as well. This implies that fewer microvoids become operative, and the microvoids’ coa-
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lescence is hindered to a certain level. This phenomenon thus might enhance the tensile
toughness and cold bending capacity. According to the authors of the study, the highest
tensile toughness of AISI 304 stainless steel was achieved with ASTM grain size G6.

Micrographic determination of austenitic grain size according to EN ISO 643 proved
there is a negligible change in the grain size for temperatures up to 1150 °C and holds up
to 6 h. Depending on the deformation degree, the ASTM grain size number of the test
specimens varied from G10 to G13. High-borated stainless steels show very slow austenite
grain growth kinetics. A longer annealing process at even higher temperatures (slightly
below the solidus temperature) can provide a coarser grain structure with rounded coarser
boride particles. However, a little beneficial contribution to mechanical properties can
hardly compensate for the costs.

5. Conclusions

The ultimate challenge here is to design a suitable spent-fuel basket that could hold
even more spent nuclear fuel in a safe and controlled way. There has to be enough space
for both the fuel and the cooling system, while the material has to possess safe enough
structural strength and shielding capacity that will last for decades. Besides the thermal
neutron and gamma-ray shielding capacity, good heat exchange properties, and high
mechanical strength, the basket has to be 100% corrosion-resistant throughout its years of
service. The risk of corrosion is greatly decreased if the structural elements include the
least possible number of weld joints. This can be achieved by bending the semi-products.
This paper proposes conditions at which the requirement of D.O.B. of 60° is met.

It is clearly shown that, by using a rather simplistic model and 2D plane strain, FEM
calculation provides valid results, assuming the bending of the steel sheet semi-product
within the range of most used material, geometry, and dimensions.

Obviously, the thinner the sheet and the bigger the radius, the better results upon
exerting the bending load with respect to localized strain and susceptibility to fracture
occurrence. The most constrained variable for the design would probably be the thickness,
since the structural strength and the shielding capacity are needed. If higher radii are also
not permissible, a divorced bending process, as described in Section 3.2, remains.

From the solution treatment experiments follows the important observation that there
is no solution treatment regime allowing the full 60° bending of a 5 mm sheet without
fracture initiation. One has to keep in mind that in practice, the steel sheet semi-product
will be manufactured within a certain tolerance field. It seems a good compromise between
the sheet thickness and radius would be a thickness of 4.5 mm and a radius of 15 mm. If
that is the case, there might be a need for a slightly higher boron content to acquire a certain
level of shielding capacity.

In this study, only one particular high-borated steel was used. However, for a given
application, slightly modified material and structural design might be even better with
respect to the level of radiation protection and the cost-effective production. Future research
will cover various steels with different boron content and their effect on material features
discussed in this paper.
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