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INFLUENCE OF STRUCTURE OF HAFNIUM
RODS ON THEIR MECHANICAL PROPERTIES,
CORROSION AND RADIATION RESISTANCES

The results of studying the dependence of mechanical properties, corrosion and
radiation resistances of hafnium rods on their structure are presented and reviewed
in this paper. As observed, the rods in a fully recrystallized state with a fine-
grained structure possess optimal mechanical properties (high strength and ducti-
lity). Tensile strength of these rods at room temperature is of ~575 MPa, percentage
elongation is of 27-28% . Autoclave corrosion tests and anode polarization curves
reveal that oxide films formed on hafnium samples in a fully recrystallized state are
the most protective that is due to the low surface activity at the medium—metal
interface. The corrosion rate of such hafnium rods at the initial period of oxidation
(before the pre-transition period) is well described by the empirical power equation
with the power coefficient of 0.242+0.015. After the transition point (6000 h), the
corrosion kinetics is described by a linear dependence with the oxidation rate of
3.12-10%+2.07-10° mg/(dm?-h). As shown, there is a correlation between the radia-
tion growth of hafnium rods and their texture coefficient (Kearns’s parameter)
according to the results of radiation tests carried out at the JSC ‘SSC RIAR’ (RF)
as well as structural-textural studies of the same samples of hafnium rods in various
structural states performed in this work. The results presented in this paper reveal
that the coefficient of radiation growth linearly decreases with an increase of the
Kearns’s parameter to a value of 0.33. This indicates that hafnium rod samples with
a more isotropic texture are less susceptible to radiation growth. The radiation
growths differ, depending on the rods’ structure. For rods with the same texture
and different grain sizes, the samples with a fine-grained structure are less disposed
to radiation growth. While Kearns’s parameters are similar, the hafnium rods with
a coarse-grained structure show a higher rate of radiation growth. The deformation
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of the radiation growth of rods with a recrystallized structure, the Kearns’s
parameter of =0.1, and an average grain size of less than 20 pm is almost equal to
zero when the rods are irradiated at a temperature of 260-300 °C up to a fast
neutron fluence of 7.8-102! cm™.

Keywords: hafnium, structure, texture, mechanical properties, corrosion, radiation
growth.

1. Introduction

Deformation is one of the main and most frequently used operations in
the technological process chain of manufacturing products of the re-
quired shape. The optimal combination of temperature, degree and speed
of deformation of the rods and the temperature of subsequent annealing
allows obtaining a developed, homogeneous and stable microstructure.
Deformation should be considered not only from the standpoint of form
change, but also as a powerful way of affecting the structurally sensitive
properties of metals and alloys that directly affect their performance.
The combination of deformation with the processes occurring during
annealing (tempering, polygonization, primary recrystallization, collec-
tive and secondary recrystallization) allows one to obtain hafnium pro-
ducts in various structural and textural states, and, accordingly, with
different structurally sensitive properties.

The results of studying changes in the structure and texture of nu-
clear grade hafnium rods (HFE-1 brand) with a change in the defor-
mation—temperature regimes of their manufacture are presented in
Refs. [1-3]. In the works [4-T7], authors presented the results of the
studying the corrosion of hafnium rods in a fully recrystallized state
under autoclave conditions at a temperature of 350 °C and a pressure of
16.5 MPa in a model medium of VVER-1000 reactor primary coolant
and in water vapour at temperature range of 350-1100 °C. Radiation
tests of hafnium samples supplied by the Science and Technology Esta-
blishment (STE) ‘Nuclear Fuel Cycle’ (NFC) of the National Science
Centre (NSC) ‘Kharkiv Institute of Physics and Technology’ (KIPT)
were carried out at the JSC ‘SSC RIAR’ (RF). The obtained results were
published in Refs. [8—11]. At the same time, the available set of test and
research results allows determining a change in the geometric dimensions
of the samples under study, but does not allow determining the optimal
structural and textural state of hafnium products (rods), in which they
possess high dimensional stability under irradiation, high strength and
ductility along with high corrosion resistance. This paper presents the
results and review analysis of a comprehensive study of the influence of
deformation and heat treatment on the structurally sensitive properties
of hafnium rods. As a goal, we aimed to establish a correlation between
the structure and the main structurally sensitive properties of hafnium
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rods, such as strength and ductility, corrosion resistance and dimensional
stability under irradiation.

2. Materials and Research Methods

Nuclear grade metal hafnium (HFE-1 brand) was used as the base
material for research. In accordance with the attached certificate, the
chemical composition of the hafnium ingot corresponds to TV
¥V 14312708.183-95 (according to the DSTU grade). Samples for research
were made from rods obtained from ingots by forging. The detailed
manufacturing sketch is given in Refs. [1-3].

Microhardness was measured on a PMT-3 microhardness tester.
A standard method for preparing hafnium samples for metallographic
studies was used [11].

Corrosion tests of hafnium rods were carried out in laboratory
autoclaves at a temperature of 350°C and a pressure of 16.5 MPa in a
model medium of the VVER-1000 primary coolant of the following com-
position: 7 g/dm? of H,BO,, 0.025 g/dm? of KOH, and 2.8 mg/dm? of
NH,OH. The chemical grade and the analytical grade reagents were used
without additional purification for the preparation of the model medium.
The pH value of the medium measured at a room temperature using the
pH-150MA pH-millivoltmeter was of 7.2 units. Chemically demineralized
water with a conductivity of 0.25 uS was used to prepare a corrosion
medium. The methodology for conducting such tests is described in in
ASTM standards [12-15].

Exposure time at each stage of tests in high temperature medium
was of 500 h. After the unloading from autoclaves, the samples were
examined at a magnification of up to 10 times and weighed on a VLR-20
microbalance with an accuracy of 0.01 mg.

The surface preparation of hafnium samples for corrosion autoclave
tests was carried out according to the following scheme: grinding with
abrasive paper with decreasing abrasive grain size, chemical polishing
in a solution of 5% of HF + 45% of HNO, + 50% of H,O, washing in a
15% AI(NO,), solution to remove traces of the etchant, rinsing and
boiling in chemically type 1 reagent water [12].

Polarization measurements were carried out using the IPC-Pro
potentiostat in a standard electrochemical three-electrode cell with a
platinum auxiliary electrode and silver chloride reference electrode
EVL-1M1, the potential sweep speed was of 1 mV /s [16].

Radiation tests of the hafnium samples manufactured in STE NFC
NSC KIPT according to various technological schemes were previously
carried out at the JSC ‘SSC RIAR’ (RF) [8—10]. The tests were carried
out in the SM reactor for 300 effective days in an aqueous coolant at a
temperature of 260—300°C and a pressure of 15 MPa to a maximum fast
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neutron fluence of 7.8-10%' em™2 (E > 0.1 MeV). In this work, we studied
the texture of samples cut from rods of the same batches that were used
in the JSC ‘SSC RIAR’ (RF) in radiation tests. Using x-ray diffraction
patterns, reverse pole figures were plotted and the Kearns’s parameter was
calculated for the longitudinal direction of the rods. The above-mentioned
x-ray diffraction patterns were obtained on a DRON-3M x-ray unit equip-
ped with a counting and recording device from the cross-section of the
rod in CuK , radiation with a nickel filter. The main task was to determine
the correlation between the Kearns’s orientation parameter (sample pro-
duction technology) and radiation growth. The tendency of materials to
radiation growth is determined by the coefficient of radiation growth,
calculated as the ratio of the change in the length of the rod, expressed
as a percentage, to the neutron fluence corresponding to this change.

3. Effects of Strain and Annealing
on the Change in Structure and Texture

3.1. Starting Points

Hafnium has two allotropic modifications: (1) a low-temperature modifi-
cation of hafnium (o) with a h.c.p. structure stable up to a temperature
of 1743 °C; (2) a high-temperature () phase with a b.c.c. lattice, stable
from 1743 °C, when the transformation occurs, up to a melting point of
2223 °C [17].

The high temperature of a<>p-transformation makes it difficult to
use polymorphic transformation to control the structure and texture of
hafnium. Annealing at temperatures above the a<>pB-transformation tem-
perature leads to an increase in grain size up to several hundred microns,
and, in some cases, up to several millimetres, that is unacceptable for
the material used in the core of a nuclear reactor. Therefore, plastic
deformation and subsequent recrystallization annealing are adopted as
the basis for controlling structure and texture when manufacturing
metallic hafnium products. This section describes the transformation of
structure and texture during deformation—heat treatment of hafnium
and the basic laws of their change.

3.2. Structural Change at a Strain

The effect of various methods (forging, rolling) and types (hot, warm, cold)
of deformation on the change in the structure and texture of hafnium
rods was studied earlier [1-3]. The values of the critical deformation
degree were determined. The excess of these values is accompanied by
the formation of macrocracks. Regardless of the method of deformation
(forging, rolling, etc.), the degree of single reduction should not exceed
36% for hafnium, which has passed the stage of destruction of the cast
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Fig. 1. Slippage along the grain boundaries
and grain rotation in slightly deformed
hafnium

structure of the ingot. Intermedia-
te recrystallization anneals are ne-
cessary to achieve higher compres-
sion ratios.

Studies have shown that the
deformation of hafnium occurs both
by slippage (Fig. 1) and by twinning
(Fig. 2) [1]. For other grades of hafnium (Ukraine has the technology
for producing calcium thermic nuclear grade hafnium GFE-1), the
processes occurring during deformation of hafnium with indication of
slip systems and twinning planes are described in detail in.

Slippage along the boundaries and grain rotation are observed at a
negligible degree of deformation. Passing through the whole grain, the
shift caused slippage of the grain boundaries, as well as their additional
rotation (Fig. 1). Intensive plastic deformation often led to a change in
shape, fragmentation, and dispersion of the grain structure (Fig. 3).
The confirmation of each of the listed processes was obtained during the
carrying out the cycle of tests.

Figure 2 shows the SEM image of a hafnium structure deformed by
rolling at room temperature by 20% . According to available information,
the main twinning system in Hf is {1012} (1011) [18-21].

At high degrees of deformation, a significant change in the shape of
the grains is observed, they are elongated in the direction perpendicular
to the applied load (compression direction), and a change in the texture
of the rods occurs (Fig. 3) [2].

Fig. 2. SEM views of twins in hafnium. Degree of deformation is ~20%
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Fig. 3. SEM-images of hafnium structure in the initial (unstrained) state (a) and in

deformed (36% strain degree) state (b)
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Regardless of the method of deformation, an increase in the degree
of deformation usually leads to a refinement of the hafnium grain struc-
ture. At the same time, this is not applicable to high-temperature
deformation, during which recrystallization annealing occurs, accompa-
nied by an increase in the (average) size of the grain [2]. Figure 4 shows
the dependence of the average grain size (taking fragments into account)
on the deformation temperature of the rod by forging. To carry out this
study, hafnium rods with an initial grain size of *45 pm were used, and
the deformation degree during forging was of ~36%.

3.3. Textural Change during Deformation

Deformation causes not only the shape change of the sample, but also
the shape change and rotation of the grains [3]. The influence of the
deformation degree on the change in crystallographic orientation was
studied on the same samples on which the change in the grain structure
was studied during the deformation of hafnium rods by rolling (Fig. 5).
An increase in the deformation degree leads to crystallographic reorien-
tation of the grains, which, in turn, leads to an increase in the axial
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Fig. 6. Dependence of the Kearns parameter of hafnium rods on the degree of cold
deformation (a) and the strain temperature at a deformation degree of 36% (b) [3]
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texture (1010) and a decrease in the density of the basal planes (0002)
along the axis of the rod, which leads to a decrease of the Kearns’s
parameter in the longitudinal direction.

Figure 6, a shows the dependence of the Kearns’s parameter of haf-
nium rods on the degree of cold deformation (rolling). Warm and hot
deformations are accompanied by a similar change in the orientation
parameter, while recrystallization significantly affects the nature of the
texture. Figure 6, b shows the dependence of the Kearns’s parameter in
the longitudinal direction on the deformation temperature at the defor-
mation degree of 36% [1].

3.4. Structural Changes during Anneadling

A series of studies was carried out on the effect of annealing temperature
on the structure of hafnium rods. Figure 7 shows the dependence of the
average grain size of cold-deformed hafnium rods on the annealing
temperature, and Fig. 8 — on the annealing exposure for different tem-
peratures. The results of these studies are published in detail in
Refs. [1-3]. When carrying out this set of studies, the following para-
meters were determined: the critical degree of deformation, the tempe-
rature of the beginning and end of primary recrystallization and its
dependence on the time of isothermal annealing for hafnium with dif-
ferent hardening values. Collective recrystallization was studied, the
energy characteristics of primary recrystallization and grain growth
were determined, and the evolution of texture during annealing was
studied.

In studying the effect of annealing on the structure of hafnium rods
deformed to various degrees of deformation (rolling), a critical degree
of deformation is determined. This is of great practical importance,
since annealing at a critical

degree of deformation leads g 70

to the formation of a coarse- = go}

grained structure with an S )

average grain size of 240 ym Z 50r

(enlargement ratio  9.6) F 4|
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lected on the basis of studies , o .

i A A Fig. 7. Average grain size vs. the annealing
carried out in this work temperature for hafnium, previously strained
(850 °C). via rolling by 36% . Duration of annealing: 1 h
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Fig. 9. The dependence of the average grain
size of hafnium annealed at 850 °C for 1 h on
the degree of preliminary deformation by roll-
ing at room temperature

The value of the tempe-
rature of the onset of re-
crystallization (T, ) in defor-
med hafnium is in a certain
ratio with the melting tem-
perature: T, = 8T, ,, where
the value of 6 belongs the
range 0.35-0.39. The value
of 5 depends (to some extent)
on the deformation and an-
nealing modes, varying sli-
ghtly with their change wi-
thin the indicated limits.

Based on metallographic
studies, the temperature of
the onset of secondary re-
crystallization was determi-
ned, the hallmark of which is
the appearance of grains with
the size much larger than in
the matrix surrounding them.
During secondary recrystal-
lization, the average size of
the bulk of the matrix grains
does not change and there is
a significant change in grain
size distribution (Fig. 10).

Based on the obtained ex-
perimental data, three-dimen-
sional recrystallization diag-
rams were constructed. Fi-
gure 11 shows the dependence

of the average grain size on the temperature and annealing time for
rods deformed by rolling at a temperature of 150 °C; this figure also
shows the temperature—time intervals of primary and collective re-

crystallization.

3.5. Textural Changes in the Cold-Formed Hf Rods at Annealing

Along with the study of the effect of annealing on the structure of
hafnium rods, much attention was paid to the study of texture. The stu-
dies were performed on deformed samples annealed at temperatures in
the range including the temperature of primary and collective recrys-
tallization, as well as partially the temperature of secondary recry-
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stallization. Figure 12 shows the dependence of the texture (pole density
for a number of planes along the longitudinal direction) of hafnium rods
on the annealing temperature of rods deformed by rolling by 36%.

As follows from the results of the studies, the annealing of deformed
hafnium rods results to the grain reorientation, a decrease in the density
of the poles of planes (1010) and (2021), and an increase in the density
of poles (1120) and (2132) along the axis of the rod, which is accompanied
by a slight increase in the Kearns’s orientation parameter, but does not
completely destroy the deformation texture.
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4, Structural and Textural Impacts
on the Mechanical Properties,
Corrosion Kinetics, and Radiation Stability

Hafnium is a typical representative of metals with an h.c.p. lattice [17].
The low symmetry of the h.c.p. lattice largely determines the dependence
of the mechanical and thermophysical properties of hafnium products
on their texture and microstructure, and hence, on the technological
operations used in their manufacture.

This section discusses the influence of the texture and structure of
hafnium rods on their mechanical properties (hardness, strength, and
ductility), corrosion resistance, and radiation growth.

4.1. Mechanical Properties

Hardening is a change in the structure and, accordingly, properties of
metals and alloys caused by plastic deformation at a temperature below
the recrystallization temperature. The hardening phenomenon is explai-
ned by the accumulation of part of the deformation energy in the metal,
which is spent on distorting the crystal lattice, reorientation of crystals,
and changing the dislocation structure. Hardening can be the result of
the action of external deforming forces, as in the case of these experiments
with hafnium or under certain conditions of phase transformations.
Hardening can lead to a significant change in the structurally sensitive
properties of the material: an increase in hardness and strength, as well
as a decrease in ductility.

Short-term mechanical tests were carried out on ‘Gagarin’ samples
cut from hafnium rods at a temperature of 20 °C, manufactured accor-
ding to the deformation—thermal conditions used in the work. Some
results of single tests of HFE-1 nuclear grade hafnium rod samples were
already presented in Ref. [22].
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Fig. 13. The yield strength, tensile strength, and elongation of hafnium samples vs.
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Figure 13 shows the dependence of the tensile strength, yield
strength, and elongation of hafnium samples with a fine-grained struc-
ture on the degree of deformation of the rods from which these samples
were cut. The relative elongation of samples made from hafnium rods in
the initial state was of ~28% . The main trend is an increase in strength
(tensile strength and yield strength), as well as a decrease in the ductility
of hafnium samples with an increase in the degree of rod deformation.
Deformation of the initial rod by 36% led to an increase in the tensile
strength and yield strength to 775 and 675 MPa, respectively. After
preliminary deformation of hafnium samples by forging to 10-15%, the
relative elongation sharply decreased to ~7% at maximum rod defor-
mation (36%).

Annealing of the strained hafnium rods led to a decrease in their
strength and an increase in ductility. Maximum ductility was observed
for deformed hafnium rods after annealing at a temperature of 800—
850°C that corresponds to the temperature of the end of primary recrys-
tallization. As shown in Fig. 13, b, the area of the primary recrystalli-
zation course is shaded (650°C — the beginning, 800°C — the end of
the primary recrystallization). A further increase in the annealing tem-
perature of deformed hafnium rods led to a slight decrease in ductility,
which is probably due to an increase in the average grain size.

It was possible to evaluate the contribution to the changes in the
strength and ductility of those processes that occur during annealing:
recovery (polygonization) and the beginning of primary recrystalliza-
tion, basing on the obtained experimental data of changes in the tensile
strength, yield strength, and elongation of deformed hafnium samples
with annealing temperature. It requires carrying out a set of tests with
annealing at temperatures in the range of 550-800°C with step not
exceeding 50°C. The same applies to the influence of the deformation
degree of the rods (rolling) on the change in their strength. The rod
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increases, which is especially
noticeable in the region of small deformations. Thus, rolling deformation
by #10% caused an increase in microhardness to 1900 MPa, which, pre-
sumably, is associated with an increase in material hardening and frag-
mentation of the grain structure.

A further increase in the degree of deformation by rolling to 15%
leads to a slight increase in microhardness (up to 1950 MPa) due to the
high degree of strain hardening. Next, the stage of reduction in micro-
hardness begins, associated with the beginning of crystallographic reo-
rientation and a change in the shape of the grains. After that, the
microhardness of hafnium rods with an increase in the degree of defor-
mation by rolling practically does not change.

A significant scatter of the results when measuring microhard-
ness is caused not by the error of the measuring device, but by the tex-
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turing and anisotropy of the mechanical properties of the studied
hafnium rods.

According to the obtained results, the main structural changes that
lead to an increase in the microhardness of hafnium occur when the
degree of rods deformation is of under 10-15%. Figure 14 shows the
dependence of the microhardness of a hafnium rod deformed by rolling
at room temperature by 36% on the annealing temperature. The an-
nealing time was of 1 h. For this set of tests, the microhardness was
measured on the lateral surface of the sample in the radial direction.

The annealing-temperature dependence of microhardness can be
divided into several sections (Fig. 15), each corresponding to certain
stages of restoration of the structure of deformed hafnium. Proceeding
at temperatures below 650°C, the first stage includes processes that do
not lead to a significant decrease in microhardness (recovery stage,
including polygonization).

The second stage, which is responsible for a sharp decrease in micro-
hardness, begins at a temperature of ~700°C and corresponds to the
transition to intensive recrystallization. The microhardness of previously
deformed and annealed at a temperature of 750°C hafnium is of
~1950 MPa that corresponds to the completion of primary recrys-
tallization.

Apparently, the stage of grain enlargement, which is typical for this
temperature range, is responsible for a further slight decrease in micro-
hardness with increasing annealing temperature up to 900°C. After
annealing at 900°C, the average grain size is comparable to the pyramid
indentation of the microhardness tester. Hence, the hit probability of
the pyramid indentation at the grain boundary significantly reduces.
This effect can lead to some decrease in the microhardness value.

Mechanical properties of nuclear grade HFE-1 hafnium rods obtained
in this work are comparable with data presented in Ref. [22]. Comparison
of the results with the data for HFI-1 grade hafnium given in Ref. [23]
revealed that in the recrystallized state the ductility of HFI-1 hafnium
(30—-36%) is higher than that of HFE-1 hafnium (228% ), and the tensile
strength is lower (440-480 MPa and 575 MPa, respectively).

Based on the results obtained for the interrelation of the mechanical
properties of hafnium rods with its structure, we can argue that the rod
in a fully recrystallized state will have the most acceptable set of
mechanical properties.

4.2. Corrosion Kinetics in the High-Temperature Water
of VVER-1000 Primary Coolant

Hafnium possesses high chemical reactivity due to its nature. A standard
reduction potential of hafnium is 1.72 V vs. the normal hydrogen
electrode at 24°C and hafnium is more reactive than either titanium
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Fig. 16. Weight change of a hafnium and its corrosion rate depending on the expo-
sure time at autoclave tests at 350 °C and 16.5 MPa in a model medium of the
VVER-1000 primary coolant. Surface morphology of the samples: a — before test-
ing, b — 2000 h, ¢ — 5000 h, and d — 10000 h [5]

(-1.63 V) or zirconium (-1.53 V). At the same time, extremely high cor-
rosion resistance of hafnium is determined by formation of a thin, tena-
cious oxide layer when exposed to most chemical environments. Oxide
layers can also be formed by anodizing and by treatment in steam auto-
claves and in air at elevated temperatures. The most commonly formed
oxide is hafnium dioxide (HfO,) [24-27]. To study the mechanisms of
corrosion occurring on the surface of structural materials in water-
cooled reactors, thermodynamic calculations often use. Potential-pH
diagrams (Pourbaix diagrams) for iron, nickel and chromium in water
at different temperatures are given in Ref. [28]. Their analysis gives a
clear idea at what temperatures stable compounds or complexes will
form, and which will not form. This significantly reduces the complexity
of the experiments and simplifies interpretation of the results.

Theoretical methods are currently have reached such level that they
can be practically used even if they do not provide sufficient accuracy
of quantitative characteristics, but in combination with experimental
data, a powerful analytical and experimental base is created for
forecasting the trouble-free operation of NPP equipment. However, now
and in the near future, experimental study is the only source giving the
most reliable data.
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Fig. 17. The dependence of the weight change of hafnium samples
on the exposure time at autoclave tests at 350 °C and 16.5 MPa in
the model medium of the VVER-1000 primary coolant [5]

Tests carried out in high-temperature water under pressure, depen-
ding on the conditions, are divided into the groups.

Autoclave tests with an exposure time of more than 35000 h revealed
that the corrosion of hafnium in the model medium of the VVER-1000
primary coolant at a temperature of 350°C is a combination of two
processes. They are the oxidation of hafnium, accompanied by an increase
in its weight, and a parallel process of spalling of the thin outer oxide
layers leading to a slight decrease in its weight (Fig. 16).

In the initial period of oxidation (before the transition point), the
kinetic curves of hafnium oxidation are well described by the empirical
power equation with an exponent of 0.242 + 0.015 (Fig. 17). After the
transition point (6000 h), the corrosion kinetics is described by a linear
dependence with the rate of 3.12-10* + 0.207-10* mg/(dm?2-h).

Hafnium rod samples with a recrystallized structure were cold rolled
at 20°C until a degree of deformation was reached 13, 23, and 33% to
study the effect of the structural state of hafnium on its corrosion
resistance. The average grain size of samples deformed by 13% was of
15-20 pm, for 23%, 10—-15 pm, and for 33%, 7—10 pm. A batch of the
rods deformed by 33% was subjected to recrystallization annealing at a
pressure of 5-102 Pa for 1 hour at temperatures of 600, 650, 700, 750,
800, 1100°C. A hafnium sample annealed at a temperature of 800°C
was subjected to rapid cooling (hardening) in water (in Figs. 17-19,
hardening is denoted as ‘har.’). The average grain size of such a sample
was of 20 pym. The characteristics of the rods that underwent such types
of processing are described in the previous paragraphs of this paper.

The dependence of the weight change of hafnium samples in a
different structural state (manufactured by different technological
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Fig. 19. Anodic polarization curves of hafnium samples cold-deformed (c.-d.) by 13,
23, and 33%, as well as deformed by 33% and annealed at 750, 800, and 1100 °C
after oxidation in the medium with the composition and parameters of the VVER-
1000 primary coolant for 2000 h [5]

schemes) on the exposure time is given in Fig. 17. Samples cold deformed
by 13, 23 and 33% are characterized by fine grain, a large extent of
grain boundaries and a significant number of crystal lattice defects. The
results of microhardness measurements showed that the largest number
of defects is typical for samples compressed by 33% . Samples subjected
to annealing at temperatures of 600 and 650°C had a polygonization
structure, while annealed samples in the temperature range 700—-1100°C
were recrystallized and differed only in grain size. This is because, at
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the same isothermal exposure time, an increase in the annealing tempe-
rature leads to enlargement of the grain structure.

The obtained experimental data (Fig. 17) do not allow revealing the
laws of the influence of the hafnium structure on its corrosion resistance.
For example, a decrease in the corrosion activity of hafnium, deformed
by cold rolling by 13%, can be due to both a decrease in the diffusion
permeability of oxygen to the metal in this structural state, and a large
amount of hafnium oxide that has transferred (spalled from the surface
of the sample) to the corrosion medium.

According to the data presented in this paper, hafnium possesses an
ultimate corrosion resistance in water and steam. The corrosion rate of
HFE-1grade hafnium is significantly lower than the corrosion rate of
zirconium alloy Zr—1% Nb both in steam and in a medium simulating
the composition and parameters of the VVER-1000 primary coolant [4].
The obtained experimental results of the corrosion resistance of HFE-1
grade hafnium and the published data on the corrosion resistance of
iodide hafnium cannot be correctly compared, since the literature [29,
30] gives test results carried out under conditions that different from
those given in this paper. However, when comparing the available re-
sults, one can conclude that the corrosion resistance of the HFE-1 re-
crystallized hafnium samples is significantly higher than the corrosion
resistance of iodide recrystallized hafnium samples, both in steam and
in the model medium of the VVER-1000 primary coolant.

4.3. Electrochemical Behaviour of Hafnium

Polarization measurements hafnium samples were carried out in order
to evaluate the kinetic peculiarities of electrochemical reactions and to
determine the dependence of hafnium corrosion resistance on structural
condition of the metal. For this purpose, polarization dependences of
hafnium were obtained in 3% NaCl solution at room temperature. Elec-
trochemical measurements were carried out using the direct current
voltammetry method, both on unoxidised samples and on samples after
their exposure to high-temperature water. This method makes it possible
to study the processes occurring at the metal /corrosion medium interface;
because its research in high-temperature water under pressure is com-
plicated by more stringent experimental conditions, and in some cases,
its study is impossible [16]. Testing in 3% NaCl solution results from
the fact that in the absence of corrosion activation ions, the corrosion
kinetics of hafnium is completely controlled by the diffusion of particles
through the oxide film [31]. The external polarization of the samples,
up to several volts, did not cause the occurrence of electrode processes
on the surface of the oxide film, as evidenced by the complete absence
of any response current. Therefore, to obtain the necessary polarization
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dependences, corrosion activation ions in the form of chloride ions were
introduced into the working solution.

The passive region on the polarization curves indicates the tendency
of hafnium to passivation. It should be noted that under standard
conditions, the peak of active dissolution is clearly manifested on the
polarization dependence, which indicates that hafnium is not in a passive
state under these conditions (Fig. 18). According to published data, at
higher temperatures, up to 300°C, the peak of active dissolution can
virtually disappear in metals susceptive to passivation [32].

The trend of the anode polarization curves of unoxidised hafnium
samples in different structural states (Fig. 18) revealed that the smallest
potential for the onset of dissolution (the highest electrochemical
activity) is inherent in samples in cold-deformed (33% c.-d.) and poly-
gonised (tempering stage) states. Hardened samples (from 800 °C) sho-
wed high anodic activity, which may be due to a significant number of
crystal lattice defects.

The most positive value of the dissolution onset potential is observed
for hafnium in a fully recrystallized state (more than 3000 mV). This
state is achieved by annealing samples deformed by 33% at temperatures
of 700, 750, 950, and 1100°C. In this structural state, hafnium possesses
a low density of defects in the crystal lattice, grain size from 10 to
20 pym and a characteristic grain size distribution in the samples that
underwent primary (700 and 750°C), collective (950°C) and partially
secondary recrystallization (1100 °C).

Oxidation of hafnium samples in an autoclave at a temperature of
350°C for 2000 h leads to a shift in the oxidation onset potential (Fig. 19).
Hafnium samples with increased structural imperfection (c.-d. 13%, 23,
33%, and 800°C quench.) possess a less positive potential of the dis-
solution onset compared to samples in the recrystallized state.

4.4, In-Pile Tests

The main criterion for the radiation resistance of core internals is the
ability to maintain integrity, shape and geometric dimensions under
core irradiation [23].

Earlier, radiation tests of hafnium samples supplied by the NFC STE
NSC ‘KIPT’, manufactured according to different technological schemes,
were carried out at the JSC ‘SSC RIAR’ RF [33]. The effect of irradiation
on the structural change and radiation growth of hafnium rods was
studied. The dependences of the influence of the neutron fluence on the
length and diameter change of the samples were plotted for the rods
manufactured according to various technological schemes [8—10].

Tests were carried out in the SM reactor during 300 effective days
in an aqueous coolant at a temperature of 260—300 °C and a pressure of
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15 MPa up to a maximum fast neutron fluence of 7.8-10%' cm2 (E > 0.1 MeV).
Hafnium samples retained their shape and integrity after irradiation.
There were no traces of oxidation and other defects on the surface of the
samples.

An increase in neutron fluence led to a decrease in density in all
samples. The maximum decrease in density was ~1% [8-10].

The change in length did not exceed 0.35% for all samples after
irradiation to a fast neutron fluence of 7-10?! cm=2. Moreover, the
minimum size change was ~0.04% for samples with a Kearns’s parameter
in the longitudinal direction (#;) of 0.33 and 0.19.

It was revealed that samples with a fine-grained structure and
texture that is close to isotropic possess the lowest tendency to radiation
growth (increase in length under irradiation). The change in diameter
was not observed on any of the samples.

When performing this work, the results of post-reactor studies of
samples manufactured in the NFC STE NSC ‘KIPT’ were compared with
the results of studies of the same batches of samples tested in-pile. The
main task was to determine the correlation between the Kearns’s
orientation parameter (sample manufacturing technology), the structure
of the rods (grain size), and radiation growth.

The tendency of materials to radiation growth is determined by the
coefficient of radiation growth. The coefficient of radiation growth is
calculated by the following expression: the ratio of the change in the rod
length, expressed as a percentage, to the neutron fluence corresponding
to this change. Growth coefficients were calculated for rods manufactured
according to different technological schemes, basing on the results of
post-reactor studies carried out at the JSC ‘SSC RIAR’ (RF) and the
results of rod studies obtained when performing this work. The final
data on the neutron fluence and the corresponding rod elongation were
used when calculating the growth coefficient in each case.
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The values of the radiation growth coefficient G are shown in
Fig. 20. Points nos. 1, 2, 4, 5, and 6 correspond to hafnium samples
with the same structure (average grain size of *x25-30 um) and different
textures (Kearns’s parameter) for this group of samples. Point no. 3 cor-
responds to a hafnium sample with a fine-grained structure (up to 20 um);
radiation growth is practically absent on this sample.

From the obtained results, it follows that there is a correlation
between the radiation growth of the bars and the Kearns’s orientation
parameter for samples with the same structure (Fig. 20). The radiation
growth linearly decreases with an increase in the Kearns’s parameter
for the group of samples marked by points nos. 1, 2, 4, 5, and 6. The
averaged line has an angular slope of 0.0024 and a starting point of
0.00081, which shows that samples with a more isotropic texture are
less susceptive to radiation growth. A higher rate of radiation growth
is typical for hafnium rods samples with a coarse-grained structure,
when Kearns’s parameters are similar.

The radiation growth observed upon irradiation of the samples varied
significantly depending on their structure. With a similar rod structure,
rod samples with a fine-grained structure are less susceptive to radiation
growth than samples with a coarse-grained structure. The deformation
of radiation growth was almost absent after irradiation of rods with
fine-grained structure to a fast neutron fluence of 7.8-102! cm™2.

The obtained relationships render possible to make a prediction that
hafnium rods with an anisotropic texture and large grain will have the
maximum radiation growth rate.

5. Conclusions

It was shown that the mechanical properties of hafnium are structurally
sensitive. According to studies, it was found that hafnium rods in a
fully recrystallized state with a fine-grained structure have optimal me-
chanical properties (high strength and high ductility). At room tem-
perature, their tensile strength was ~575 MPa, elongation of 27-28%.
Collective and secondary recrystallization leads to a decrease in strength
and a decrease in ductility. At the same time, even slight cold deforma-
tion of the rod leads to an increase in tensile strength and a decrease in
elongation.

The study into hafnium corrosion in the model medium of the VVER-
1000 primary coolant revealed that the corrosion mechanism is a combi-
nation of two processes: the hafnium weight gain due to its oxidation
and the parallel process of spalling of the thin outer layers of the oxide
film, when the hafnium weight decreases. At the initial period of time
(before the onset of the ‘breakaway’), the kinetic curves of hafnium
oxidation are well described by the empirical power equation with an
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exponent of 0.242+0.015. Upon reaching the boundary thickness of oxide
film, a sharp change in corrosion resistance (‘breakaway’) is observed.
After that, the corrosion kinetics is described by a linear dependence;
the corrosion rate in this case is of 3.12-10%+£2.07-10"° mg/(dm?2-h).
The time to the change of the hafnium corrosion resistance (‘breakaway’)
is of #6000 hours. An analysis of the anodic polarization curves of
oxidized hafnium samples in different structural states (obtained accor-
ding to different technological methods) showed that oxide films formed
on hafnium samples in a fully recrystallized state possess the highest
protective properties. This is due to a decrease in the degree of surface
structure irregularity, a decrease in the diffusion permeability of the
metal, and the formation on its surface of the barrier layer of corrosion
films with high protective properties.

It follows from the results of radiation tests, structural and textural
studies of hafnium rods in a different structural state, that there is a
correlation between the radiation growth of the samples and the Kearns’s
orientation parameter. A line with an angular slope coefficient of 0.0024
and a starting point of 0.00081 represents this correlation, which shows
that samples with a more isotropic texture are less susceptive to radiation
growth. Radiation growth varied depending on the structure of the rods.
Samples with a fine-grained structure are less susceptive to radiation
growth than samples with a coarse-grained structure, when the texture
of the rods is identical. The deformation of the radiation growth is al-
most absent at a fast neutron fluence of 7.8-102! cm2 for rods with a
recrystallized structure and an average grain size of less than 20 um.

The combination of deformation with the processes occurring during
annealing allows one to manufacture hafnium products in a different
structural and textural states, and, accordingly, with different structu-
rally sensitive properties. It follows from the generalized results pre-
sented in this paper that the non-textured (¥, = 0.33) samples of hafnium
rods with a fine-grained (up to 20 um) recrystallized structure possess
the most optimal combination of mechanical and corrosion characteristics
during out-of-pile testing, and are also characterized by a high dimen-
sional stability under irradiation.
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BIIJIUB CTPYKTYPU CTPUMKHIB TA®HIIO HA IXHI MEXAHIYHI
BJIACTUBOCTI, KOPO3IMHY TA PANIAIINHY CTIMKOCTI

VY poboTi mogaHo ¥ OrIALal0ThCSA PE3yJAbTATH MOCTIAMKEeHHS 3aJeKHOCTA MeXaHiuHUX
BJIACTUBOCTEM, KOPO3ifiHOI Ta pamiAlliiiHOl CTiliKOocTell CTPHMIKHIB ragHilo Big ixXHBOI
CTPYKTypu. BecTaHOBIIEHO, IIT0 ONTHMAJIbHI MeXaHiyHi BJIACTHUBOCTI (BUCOKY MIiITHiCTH
i maacTUYHICTh) MAIOTh CTPUMKHI B MOBHICTIO PEeKPHCTAIi30BAHOMY CTaHi 3 ApiOHO3EP-
HHUCTOIO CTPYKTypoio. Merka MIITHOCTM IIMX CTPUKHIB 3a KiMHATHOI TeMIlepaTypu
crJagzae ~575 MIla, a BizHocHe moxoB:keHusa — 27—28% . 3a pesybTaTaMu aBTOKJIaB-
HUX KOPO3ifHMX BUMNPOOYBAaHb i aHOAZHMMM IOJAPUSAMIAHUMU KPUBUMU HANOiIbII
3aXVCHUMHU € OKCUAHI IJIiBKY, AKi YyTBOPIOIOTHCA HA 3paskKax radHiio B MOBHiCTIO pe-
KPHCTATi30BAHOMY CTaHi, II[0 3yMOBJIEHO HU3bKOIO IIOBEPXHEBOIO aKTUBHICTIO HA MeXKi
nozxiny cepemoBuiiie—Metas. IIIBuAKiCT, KOPO3ili TAKMX CTPUKHIB rad)Hiio B moyaTKoO-
BUH Tepioji OKMCHEHHA (40 HACTAHHS <«IepeioMy») Ho0pe OMHCYETHCA eMIipUUYHUM
PiBHAHHAM 3 NMOKa3HMKOM cremeHa y 0,242+0,015. Ilicaa HacTaHHS «IIePeJIOMY»
(uepes #6000 rox) KiHETHMKA KOPO3ii OUCYyeThCA JIiHIHHOO 3aJIeKHICTIO 31 MIBUAKICTIO
y 3,12:10* + 2,07-10°° mr/(am?-rox). 3a pesyabraraMy PagiAlliiHUX BUMIPOOYBAHb,
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axux 6yso npoeegero B [JTHIT P® HIIAP, i cTpyKTYpPHO-TEKCTYPHUX AOCTiIKEHb THX
caMux 3pasdKiB CTPMIKHIB radHio B PiBHUX CTPYKTYPHUX CTaHAX, IPOBeJAEHUX Yy AaHil
po6oTi, ITOKas3aHo, IO € KOPeJsdallisa MisK pagiamiiHUM 3pOCTaHHAM CTPHUKHIB raHiro
Ta ixHiM TexcTypHuM KoedimienTom (KepHcoBum mapamerpom). HaBenmeni B mamiii
Ppo0GOTi pesyJbTaTH CBigUaAThH IIPO TeE, IO KoedimieHT pagiamiiiHoro spocTanHs JiHiAHO
3MeHITyeTbed 31 36inbmenuasam KeprcoBoro mapamerpa mo 0,33. Ile BKasye Ha Te, 10
3pa3K’ CTPUIKHIB radHio 3 GiJbII i30TPOMHOI0 TEKCTYPOIO MEHII CXUJIbHI N0 pamid-
mifiHoro 3pocTaHHsA. PanidAmiliHe 3poCTaHHA PO3PiBHAIOCA, 3aJE€KHO BiJl CTPYKTypHUu
cTprKHiB. [Iy1d CTPUIKHIB 3 OMHAKOBOIO TEKCTYPOIO Ta Pi3HUM pPO3MipoM 3epHA MEHIII
CXUJILHUMU [0 PaAiAliffHOTO POCTY BUABUJIUCA 3Pa3KU 3 APiOHO3EPHUCTOIO CTPYKTY-
poro. Binblr BHUCOKY HMIBUAKICTL pagisiiiHOTO 3pOCTaHHA, MPU CXOXKUX KepHCOBUX
mapaMeTpax, MoKasaju CTPUKHI radHiio 3 rpy003epHUCTOI0 CTPYKTypoto. IIpu ompo-
minenHi 3a remneparypuy 260—-300 °C mo durroescy mBUAKUX HeHTPOHIBY 7,8 -10% 2
nedopMalia pagiAmifHOTO 3POCTAaHHS CTPUIKHIB 3 PEKPUCTAIiB0BAHOIO CTPYKTYPOIO,
KepucoBum mapamerpom y ~0,1 i cepegnim posmipom 3epeH, meHmmuM 3a 20 MKM,
OPAKTUYHO AOPiBHIOE HYJIIO.

Karouosi cioBa: raduiii, cTpyKTypa, TeKCTypa, MEXaHIUHI XapaKTepUCTUKU, KOPO3isd,
paxiamniiine 3pocTaHHS.
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BJIUAHUE CTPYKTYPEI CTEPYKHE TA®HUS HA X MEXAHUYECKUE
CBOMICTBA, KOPPO3SMOHHYIO I PATTMAIITMOHHYIO CTOMKOCTU

B pabGore mpexacraBienbl u 0603peBalOTCA Pe3yJbTAThl MCCIENOBAHUA 3aBUCUMOCTU
MeXaHUUYeCKHUX CBOICTB, KOPPO3MOHHON U PAAUAIIMOHHON CTOHMKOCTEH IIPYTKOB rad-
HUA OT UX CTPYKTYPHI. ¥ CTAHOBJIEHO, YTO ONTUMAJbHBIMU MEXaHUUYECKUMU CBOMCTBA-
MU (BBICOKOH MPOYHOCTHIO U MJIACTUYHOCTHIO) 06JIaal0T MIPYTKU B IMOJHOCTHIO PEKPHU-
CTAJITN30BAHHOM COCTOSIHUY C MEJIKO3€PHUCTOM CTPYKTYpoii. IIpeses mpouHOCTH 3THX
IPYTKOB IIPM KOMHATHOM TeMIeparype cocrasisger ~575 MIla, oTHOocuTeIbHOE yAIU-
nenne — 27-28%. U3 pesynabTaroB aBTOKJABHBIX KODPO3WOHHBIX WCHLITAHUN U
AHOIHBIX MOJAPUIAMMOHHLIX KPUBBIX CJIeAYyeT, UYTO Hambojee 3al[UTHBIMUA SABJISIOTCS
OKCHUIHBIE ILIEHKU, o0pasyiolirecs Ha obpasiax raHus B MOJHOCTHIO PEKPUCTAIN-
30BaHHOM COCTOSHUMU, UTO O0YCJIOBJIEHO HM3KOI MOBEPXHOCTHOH aKTHUBHOCTHIO Ha r'pa-
HUIle paszeia cpega—Merayi. CKOPOCTh KOPPO3UU TaKUX NMPYTKOB radHUA B HaUaJb-
HBIA IIeproj; OKUCJIEeHUA (L0 HACTYILJIEHUSA «IIePeioMa») XOPOIIO OMMCHIBAETCA dMIIU-
pUYECKUM CTeIeHHBIM ypaBHeHuMeM c IokKasareneMm cremenu 0,242+0,015. Ilocue
HaCTyIIeHudA «IepeaoMma» (uepes ~6000 u) KMHETHUKA KOPPO3UU OMMCHLIBAETCS JIMHEH-
HOM 3aBUCHUMOCTBLIO CO CKOPOCThIO 3,12-107* + 2,07-10"° mr/(am?-u). VI3 pe3yabTaToB
PagualMOHHBIX MCHBITaHU, npoBeféHHbIX B 'HI[ P® HUHMAP, 1 CTPyKTypHO-TEK-
CTYDHBIX KCCJIENOBAHUI 9TUX K€ 00pa3IlOB IPYTKOB raHUA B PA3IUYHBIX CTPYKTYD-
HBIX COCTOSHUSX, BBHIIIOJHEHHBIX B JaHHOI pabore, IOKAa3aHO, YTO CYIIIECTBYET Koppe-
JISAMUAA MEXKAY PAAUAlMOHHBIM POCTOM HPYTKOB raHUA M UX TEKCTYPHBIM KO2(Pdu-
nueHToM (mapamerpom Kepaca). I3 pesyabTaToB, IPUBEAEHHBIX B JaHHOU pabore,
ciaenyer, 4To KoahGUIIMeHT paguaioOHHOTO POCTa JUHEHHO YMEHBIIIAeTCA C yBeJInue-
HueMm mnapamerpa Kepnca mo smauenusa 0,33. 9To ykKaswIBaeT Ha TO, UTO OOpPAa3IlbI
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npyTKoB radHus ¢ 6ojiee M30TPOIIHON TEKCTYPON MeHee CKJIOHHBI K PaJUAIlIOHHOMY
pocTy. PaquanmoHHBIA POCT PasiandaeTcs B 3aBUCUMOCTU U OT CTPYKTYPHI IPYTKOB.
I MPYTKOB ¢ OAMHAKOBOM TEKCTYpPOIi U PA3HBIM PasMepoOM 3epHa MeHee CKJIOHHBIMU
K pagualiOHHOMY POCTY OKasaJiuch 00pasIlbl C MEeJKO3ePHUCTOM CTPYKTypoii. Boee
BBICOKYIO CKOPOCTH PaAHAIlMOHHOTO POCTa, IPU CXOKUX mapamerpax KepHca, moxasa-
JIX TPYTKU radHus ¢ KPYIHO3ePHUCTOH CTPYKTypoil. IIpu obayueHun mpu TeMiepa-
Type 260—300°C BII0TE 4O (paroeHca GLICTPHIX HEMTPOHOB 7,8-10% cm2 medopmarims
PaAMAIMOHHOrO POCTA MPYTKOB C PEKPUCTAIN30BAHHON CTPYKTYpPOH, ImapaMeTpoM
KepHca ~0,1 u cpegaum pasmepom 3épeH MeHee 20 MKM IpaKTUUYECKU paBHA HYJIIO.

Karouesnie cioBa: raduMii, CTPyKTypa, TEKCTypa, MEeXaHUUECKUe XapaKTePUCTUKH,
KOpPpO3usi, PaJUalliOHHBIA POCT.
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