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Abstract: The Hollomon-Jaffe parameter is widely used in metallurgy and materials science to
characterize the behavior and predict the various metals’ physical-mechanical properties under
different temperature and time modes. The possibility of predicting changes in the mechanical
properties of structural steels due to thermal influences has been studied. The paper presents the results
of a study of the mechanical properties of the materials of the core components of the BN-350 reactor
facility (RF) made of austenite chromium-nickel steel 12Cr18Nil0Ti (a spent fuel assembly’s jacket)
and 09Cr16Ni15M3Nb (an intro-channel displacer). The samples were studied both before and after
radiation annealing. Annealing of steel samples at 550 °C reduced the yield strength and significantly
restored the plasticity and ability of the material to strain hardening. The efficiency of post-radiation
annealing of the materials increases with annealing temperature and leads to a transition to the
reduction process. It was established that medium of high temperature annealing during heat treatment
does not lead to significant changes in the mechanical properties of irradiated materials. The
microstructure studied using a scanning electron microscope reasonably correlates with the results of
mechanical tests. The possibility of using the Hollomon-Jaffe parameter to predict the properties of
austenite chromium-nickel steel, which received damaging doses in the range from 12 to 59 dpa, was
shown for the first time. Thus, for the first time, the unique coefficient (C) of the Holloman-Jaffe
parameter for irradiated materials of chromium-nickel steel was experimentally determined, and
dependencies characterizing the change in hardness of chromium-nickel steel on temperature and
duration of post-radiation thermal exposure were established.
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1. Introduction

Structural materials of fuel assemblies (FAs), in general, and fuel rods, in particular, must
maintain integrity and strength during the entire period of operation of a nuclear facility (NF) and the
subsequent period of “wet” and long-term “dry” storage of spent fuel assemblies (SFA), while ensuring
reliable retention of fission products inside the fuel rod. Knowledge of the mechanisms and kinetics
of radiation and thermal damage leading to degradation of structural materials properties is essential
for making important decisions regarding the use of these materials in the design of nuclear units, life
extension, and decommissioning, as well as in justifying the safety of nuclear units at all stages of the
life cycle, including the stage of spent nuclear fuel (SNF) management.

Even though certain successes have been achieved in the field of studies of radiation-induced
changes in austenite steels, such important problems as the evolution of radiation-induced structure
and the physical and mechanical properties of irradiated structural steels under conditions of intensive
external influence of natural and thermal aging factors on them remain practically undisclosed. The
number of publications in this area is limited, although the results of such studies are of undeniable
scientific and practical interest, especially regarding the structural materials of fast reactors.

Special attention towards these reactors’ steels is conditioned by the fact that they undergo
thermo-mechanical annealing before use, not excluding direct and reverse martensite transformations,
which can influence swelling and other strength and structural properties of steels.

It is also well known that as radiation damage accumulates, structural steel’s phase and structural
states change and radiation effects such as swelling, creeping, and embrittlement develop, leading to
the material’s mechanical properties deteriorating and a reduction in their service life. Long-term
annealing makes it possible to restore the mechanical properties of steels by thermally induced removal
of the products of radiation damage [1-10].

Despite the knowledge gained in structural-phase transformations and restoration of mechanical
properties due to thermal effects, the issue of predicting changes in the operational properties of
materials during long-term wet and dry storage of SFA from power reactors remains relevant [11].

In metallurgy, it is a common practice to describe the behavior and predict the properties of the
metallic materials under various temperature and time modes using the Hollomon-Jaffe (HJ)
parameter [12,13]. The effect of tempering temperature and exposure time on the steel properties is
considered in [14], and the assessment of the erosion-resistant steel durability is completed in [15].
Applying the HJ parameter to the structural steels after their operation in the reactor, whose structure
and properties changed depending on temperature, time, damaging doses, and rate, is possible under
the condition of experimental determination of the equation parameter.

The ultimate goal of the investigation was to establish the regularities of change in strength
properties of irradiated austenite steel samples from temperature and duration of post-radiation thermal
impacts. This objective is conditioned by the necessity to improve the validity of the SFA materials
condition evaluation and develop guidelines for managing the SFA storage packs (containers) of the
BN-350 RF following 50 years of dry storage.
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2. Materials and methods

The object of the investigations were samples of austenite steels of grades 12Cr18Nil0Ti that
were cut from the fuel assembly casing walls and 09Cr16Ni15M3Nb that were cut from the intro-channel
displacers of the BN-350 reactor facility (RF). The samples were exposed to radiation at doses ranging
from 12 to 59 dpa. The selection of these steels is influenced by two factors: the radiation embrittlement
effect in the fuel assembly casings, which results in a loss of ductility; and the proximity of the
intro-channel displacer’s composition to the fuel element cladding composition, positioned as the first
barrier on the way fission products release from the reactor facility into the medium. Tables 1 and 2
provide information on the chemical composition of steels and their irradiation parameters.

Table 1. Chemical composition of the steels, wt.%.

Material Fe C Cr Ni Ti Si Mn Mo Nb P S
12Cr18Nil0Ti Base 0.12 17.00 10.66 0.50 0.80 1.67 0.00 0.00 0.03 0.00
09Cr16Nil15M3Nb 0.09 16.00 15.00 0.00 0.80 0.80 3.00 0.90 0.03 0.02

Table 2. Irradiation parameters of the research samples.

No. Material Irradiation dose, dpa Rate of gain in dose, Operating time, Irradiation
10~°dpa/s days temperature, °C
1 12Cr18Ni10Ti 12.30 0.04 3696.70 350.00
2 (SFA jacket) 17.00 0.31 643.80 350.00
3 28.70 0.62 537.60 350.00
4 45.00 1.40 370.90 300.00
5 45.50 1.42 370.90 410.00
6 48.20 1.91 291.80 350.00
7 50.00 1.56 370.90 310.00
8 50.50 1.58 390.00
9 55.50 1.73 375.00
10 58.90 1.84 350.00
11 09Crl6Nil5SM3Nb 47.70 1.71 323.20 320.00
12 (intro-channel 50.50 1.81 350.00
13 displacer) 48.00 1.72 375.00

To conduct long-term thermal tests and determine the mechanical properties, micro-samples with
areduced cross-section of the working part were made. The micro-samples for testing were made using
the electro-erosion method. Figure 1 shows the sizes of the micro-sample and its appearance.
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Figure 1. Micro-sample for mechanical and thermal tests: (a) micro-sample design and (b)
micro-sample’s appearance.

Testing the samples of BN-350 RF structural materials was carried out in a SNOL-8,2/1100
electric muffle furnace, equipped with a chrome-alumni thermocouple at temperatures
of 300, 400, 450, 550, and 600 °C in air and an argon medium. The set temperature in the operating
chamber of the furnace with an accuracy of £2 °C was carried out and maintained by the built-in
OMRON E5CN controller.

The material science research on the samples was conducted to obtain data on the degree of
change in the structure and the physical and mechanical properties of the structural materials of
BN-350 RF SFA depending on the received dose of the reactor irradiation and subsequent conditions
of the thermal tests.

The metallographic studies of the irradiated samples were performed using Metam LV-41 and
ICX41M optical microscopes. The electron microscopic studies of the material were carried out using
a Tescan Vega 3 LMH scanning electron microscope in the secondary electron mode. X-ray spectral
microanalysis by an Oxford Ins. X-Act energy dispersion spectrometer was used for a qualitative
assessment of the content and distribution of the elements.

Mechanical tests of the samples included the determination of hardness, as well as the strength
characteristics of the samples. The strength characteristics were determined by the uniaxial stretching
method on the Instron 5966 universal testing machine. The tests were performed at room temperature
with a deformation rate of 2.5 mm/min. The self-centered grips without clamping were used [16] to
hold the micro-sample, designed in the IAE NNC RK [17-20]. The grips include an active and passive
half-grip and a cell for a micro-sample. To exclude the rotation and displacement of the micro sample
axis, the gripper is equipped with the cylindrical guides installed in the graphite bushings (Figure 2).
The strain value of the test sample was recorded with an AVE-2 video tensiometer (Instron) during the
movement of the machine traverse. The hardness was determined on the sections prepared for the
metallographic studies using an automatic micro-hardness tester (Qness Q10A+) according to the
Vickers scheme with an indenter load of 200 g.
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Figure 2. Self-centering grip.
3. Results and discussion
3.1. Characterization of the material after reactor irradiation

To characterize the state of materials after operation in the BN-350 RF, comprehensive studies of
irradiated materials were conducted [21-25]. Microstructural studies of the samples after thermal tests
at 550 °C in argon medium revealed that the structure of the samples is homogeneous and has a
polyhedral structure of austenite. In the grain body of the irradiated sample, there are numerous finely
dispersed carbides, whereas in the non-irradiated sample, such carbides are practically absent (Figure 3).

Figure 3. Microstructure of 12Cr18Ni10Ti steel sample after long-term annealing at 550 °C
for 7000 h: (a) non-irradiated sample and (b) irradiated sample.

To determine the composition of dispersed separations, local elemental analysis was performed
with the plotting of distribution maps of the elements (Figure 4). The element distribution maps show
that in the structure of steel, besides titanium, there are also chromium and nickel carbides.

According to the obtained results, the corrosion damage to both non-irradiated and neutron-irradiated
samples was mainly of an intercrystalline nature. A decrease in resistance to corrosion cracking after
neutron irradiation of the considered steels is noted in [15,16,21].
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Figure 4. Results of the elements’ spatial distribution in the SFA jacket sample: (a)
investigated region; (b) mapping for Ni; (c) mapping for Ti; (d) mapping for Fe; (e)
mapping for Cr and (f) mapping for C.

It has been established that the penetration depth of intercrystalline corrosion on the wall inner
surface is higher than on the wall outer surface of the SFA jacket and increases with the increasing values
of the damaging doses (Figure 5). The dependence of the corrosion destruction of the material surface
on the irradiation dose has been established based on the analysis of the obtained experimental data.

The obtained dependencies allow for estimating the depth of penetration of inter-granular
corrosion on the SFA walls and will be very useful in estimating the allowable loads during SFA
handling, taking into account the remaining wall thickness.

According to the measurement results, after irradiation, the steel samples had increased surface
hardness due to the presence of radiation defects in the structure [2,11,26-28]. The measurements
revealed a slight difference in the micro-hardness values for the samples, with radiation doses varying
in the range of 12-58.9 dpa (Figure 6). This is consistent with known literature data and is explained
by the saturation effect of the steel radiation hardening after overcoming the conditional threshold
value of the radiation dose of 2—5 dpa [29].
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Figure 5. Penetration depth of the intercrystalline corrosion on the outer and inner walls
of the SFA depending on the damaging doses.
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Figure 6. Hardness dependence on the damaging dose.
3.2. Structure and properties of the material after thermal testing

To conduct the comparative studies of the mechanical properties of the SFA jacket material after
thermal tests, the strength characteristics of the samples subjected to isothermal annealing for 7000 h
at temperatures of 300, 400, and 550 °C have been determined. Figure 7 shows stretching test results
as a diagram of deformations in 6—¢ coordinates. The experiments were carried out until the destruction
of each of the micro-samples.
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Figure 7. Stretching diagram of highly irradiated samples.

According to the type of stretching diagrams obtained, the micro-samples, both in the initial state
and after the thermal annealing, can be attributed to the materials that do not have a yield point but are
slightly deformed under load, that is, brittle.

From the study of the strength characteristics of the micro-samples of the SFA jacket of the BN-350
material in the initial state (after the reactor irradiation) and thermal tests, we draw the following
observations (Figure 7):

e Reactor irradiation has resulted in the significant strengthening of the studied
micro-samples (the increasing of the strength characteristics depends on the irradiation dose compared
with the initial ones) [29,30].

e The decrease in the radiation hardening after the thermal tests is presumably due to the partial
annealing of the radiation defects.

At the same time, as Figure 7 shows, a sharp decrease (55%) in the strength characteristics of the
samples is observed at an annealing temperature of 550 °C. According to [31,32], the steel heating
above the irradiation temperature increases the diffusion mobility of the point defects, which is a
prerequisite for the appearance of the thermodynamic instability of various radiation defects in the
steel and, thus, creates the conditions for the restoration of mechanical properties. Since the annealing
process of the irradiated samples is accompanied by the recombination of the point defects, there is a
decrease in the density of the linear dislocations, dislocation loops, and pores, as well as a decrease in
the density and an increase in the size of the radiation-induced secondary phase emissions, which
subsequently results in a decrease in the temperature of the visco-brittle transition and an increase in
the material plasticity [33,34].

As Figure 7 shows, the irradiation has led to an increase in the steel’s strength characteristics. The
presented dependencies show that an increase in the test temperature of the irradiated steel from room
temperature to 550 °C has led to a decrease in the mechanical characteristics. As can be seen in Figure 7,
the plasticity, characterized by the o relative elongation, will increase along with the test temperature.
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At the same time, at temperatures of 300 and 400 °C, it is also possible to achieve a similar recovery
nature, but this requires a significant increase in the process duration significantly [35,36].

It should be considered that prior to placement in the reactor, 12Cr18Nil10Ti steel was subjected
to a thermo-mechanical treatment consisting of 20% cold deformation followed by annealing at 800 °C
for 1 h. In this case, the nominal yield strength o corresponds to 310-330 MPa and the nominal
tensile strength o ~ 650—700 MPa.

The effect of softening the irradiated steel samples after the thermal tests is also confirmed by the
results of the hardness determination (Figure 8). As the results show, the values of the yield strength
and time resistance of the samples converge depending on the temperature of the thermal effect.
According to the obtained results, even if the measurement results are within an error margin, the
following point can be noted: the results of measuring the hardness of the samples cut from the
assemblies of the central casing 48 and 59 dpa are grouped and are at the error lower limit, while the
results of the samples cut from the assemblies of the screen casings 12, 17, and 29 dpa are grouped
and are at the upper limit of the error limit.

——Air400°C M 12dpa 17 dpa A 29dpa X 48 dpa 59 dpa
——Air600°C ® 12dpa & 17 dpa A 29dpa X 48dpa ® 59dpa
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Figure 8. Change in the hardness of samples depending on the duration of tests.
However, Figure 9 shows the results of measuring the micro-hardness of the irradiated samples

after thermal exposure, which are practically identical. This indicates that the annealing medium, even
with a test duration of 5000 h, practically does not affect the change in the properties of the samples.

AIMS Materials Science Volume 11, Issue 2, 216-230.
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Figure 9. Change in the hardness of the samples depending on the medium of the thermal

exposure (markers denote the hardness values of samples tested in argon medium, and the
lines denote in air medium).

3.3. Prediction of changes in the hardness of the irradiated material depending on the duration and
temperature of the test

To assess the possibility of predicting the long-term properties of the irradiated material, the HJ
equation [11-15] has been used, describing the relationship between the test temperature and the
exposure time, which allows predicting the kinetics of changes in the micro-hardness of the samples
of the SFA casing material at various temperature-time parameters, defined by Eq 1:

(TP) =Tx(C + log 1) (1)

where TP is the HJ parameter, T is temperature (K), 7 is exposure time (h), and C is constant, depending
on the material properties.

According to Eq 1, with the same HJ parameter, the properties of the studied material obtained
under different temperature-time modes coincide, that is, in the future, the necessary properties can be
obtained by varying the temperature and exposure time in accordance with the Eq 1. To assess the
effect of the process parameters on the material properties, it is necessary to know the value of the
constant C. According to [37], the value of C for the structural steels is equal to 20. However, in our
case, in the initial state, the samples of 12Cr18Ni10Ti steel cut from regular SFA have been considered;

during operation, they received damaging doses in the range of 12—59 dpa. Therefore, this parameter
has been determined from the experimental data by the Eq 2:

T,logt,—Tq1logT
C=2g2 1097y (2)
T -T;

where multiplications 7>logr> and T:logz; correspond to two temperature-time modes, ensuring the

same material properties. The hardness values of the samples exposed to two distinct temperature-time
exposures are equal, which suggests that the HJ parameter is also comparable.
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After 3 h annealing at 600 °C, the micro-hardness of structural steel (SS) is 3.44 GPa. According
to the graph, the same hardness is achieved after 4000 h annealing at 400 °C (Figure 10). Thus, the
equality of the hardness values of the samples subjected to two different temperature-time exposures
indicates the equality of the HJ parameter, which allows determining the value of the constant C by
solving Eq 2. For 77 = 600 °C, 7; =3 h and 7> =400 °C, 7> = 400 h, where the value of C is 10.

Having obtained the values for 7>, 7> from the graphical dependence, the work has been carried
out to check the value of C = 10 for the compliance with the known experimental data obtained using
direct measurements that were done during unloading the samples at the control points. Figure 10
shows the obtained results, which coincided with the micro-hardness values, that is, the deviation from
the values obtained during the test durations of 10 and 5000 h was less than 1.5%.
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Figure 10. Diagram of dependence of hardness for (a) 12Cr18Nil0Ti and (b)
09Cr16N115M3Nb on HJ parameter during the isothermal tests.

Similarly, the dependence of the change in the hardness of the irradiated samples

of 09Cr16Ni115M3Nb chromium-nickel steel was determined (Figure 10). Thus, the dependence of the
change in radiation-induced hardness on the temperature and duration of the test has the following form:
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- For steel 12Cr18Nil10Ti—-HV =6.52 — 0.0004 x T x (10 + log(7));
- For steel 09Cr16NilSM3Nb-HV =3.57 — 0.00006 x T x (10 + log(7)).

4. Conclusions

The possibilities of restoring the structural, phase state and mechanical properties of 12Cr18Ni10Ti
and 09Cr16Ni15SM3Nb structural steels by means of annealing at different parameters have been
studied. It was established that thermal tests lead to softening of the material, which is due to partial
annealing of radiation defects. The softening depends on the irradiation conditions and the test
temperature. At the same time, the test medium contributes to the softening only at the initial time.
The efficiency of restoring the critical brittleness temperature increases with an increase in the
annealing temperature, and the process of restoring the initial characteristics is more efficient.

An approach has been developed to forecast the properties of the irradiated austenite chromium-nickel
steel under the conditions of long-term temperature exposure using the HJ parameter. The coefficient
C of the HJ parameter for the irradiated chromium-nickel steel with damaging doses in the range
of 12-59 dpa has been experimentally determined. The comparison with the measurement data of the
hardness value confirmed the correctness of determining the coefficient for the samples under study. As
aresult, the dependencies that describe the change in the hardness of chromium-nickel steel on temperature
and duration of the post-radiation thermal exposure were established, which makes it possible to
forecast the evolution of the mechanical properties of the construction materials during long-term dry
storage of SNF in the power reactors. The research results will be used to forecast the parameters of
BN-350 SFAs during long-term storage and to determine the strategy for their further handling.
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