
46 ISSN 1608-1021. Prog. Phys. Met., 2020, Vol. 21, No. 1

C i t a t i on: V.A. Zuyok , V.S. Krasnorutskyy, T.P. Chernyayeva, M.V. Tretyakov, and 
R.O. Rud, Influence of Structure of Hafnium Rods on Their Mechanical Properties, Cor-
rosion and Radiation Resistances, Progress in Physics of Metals, 21, No. 1: 46–71 (2020)

https://doi.org/10.15407/ufm.21.01.046

V.A. ZUYOK *, V.S. KRASNORUTSKYY, 
T.P. CHERNYAYEVA, M.V. TRETYAKOV, and R.O. RUD
National Science Centre ‘Kharkiv Institute of Physics and Technology’, 
Science and Technology Establishment ‘Nuclear Fuel Cycle’, 
1 Akademichna Str., UA-61108 Kharkiv, Ukraine

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 ⋅ 10−4 ± 2.07 ⋅ 10−5 mg/(dm2 ⋅ h). As shown, there is a correlation between the radia-
tion growth of hafnium rods and their texture coefficient (Kearns’s parameter) 
accor ding 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 µm 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 ∙ 1021 cm−2.

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 recrys tallization, 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 [4–7], authors presented the results of the 
stu dying 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 TÓ 
Ó 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/dm3 of Í3ÂÎ3, 0.025 g/dm3 of KOH, and 2.8 mg/dm3 of 
NH4OH. 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 µS 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 HNO3 + 50% of H2O, washing in a 
15% Al(NO3)3 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 
poten tiostat 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 ⋅ 1021 cm−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 CuKα 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 (α) with a h.c.p. structure stable up to a temperature 
of 1743  °Ñ; (2) a high-temperature (β) phase with a b.c.c. lattice, stable 

from 1743  °C, when the transformation occurs, up to a melting point of 

2223  °Ñ [17].

The high temperature of α↔β-transformation makes it difficult to 

use polymorphic transformation to control the structure and texture of 

hafnium. Annealing at temperatures above the α↔β-transformation tem-

pe rature 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 haf nium 

rods was studied earlier [1–3]. The values of the critical defor ma tion 

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. 2. SEM views of twins in hafnium. Degree of deformation is ≈20%

Fig. 1. Slippage along the grain boundaries 
and grain rotation in slightly deformed 
hafnium
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structure of the ingot. Intermedia -
te recrystallization anneals are ne-
ces sary to achieve higher comp res-
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].
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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, accom pa-
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 µm 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 
stu died 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 

Fig. 4. The dependence of the av-
erage grain size of hafnium rods 
on the deformation temperature 
with the deformation degree by 
forging by 36% [1] 
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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]

Fig. 5. Dependence of haf-
 nium texture on the de-
gree of cold deformation 
(rolling) for (a) initial 
sta te (in the present stu-
dy, a rod with a diameter 
of ≈7.2–5.85 mm) [3], (b) 
strain 13%, (c) strain 
23%, (d) strain 33.9%, 
(e) strain 39.6%
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Fig. 7. Average grain size vs. the annealing 
temperature for hafnium, previously strained 
via rolling by 36%. Duration of annealing: 1 h
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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 
de formations 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 Annealing

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-
pe ratures. 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 
to the formation of a coarse-
grained structure with an 
average grain size of ≈240 µm 
(enlargement ratio 9.6) 
(Fig. 9). The critical degree 
of deformation is of 2.5–3% 
in the manufacture of 
hafnium rods at the most 
probable tem perature of re-
crystallization annealing, se-
lec ted on the basis of studies 
carried out in this work 
(850  °C).
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The value of the tem pe-
rature of the onset of re-
crystallization (To.r.) in defor-
med hafnium is in a certain 
ratio with the melting tem-
perature: To.r. = δTmelt, where 
the value of δ belongs the 
range 0.35–0.39. The value 
of δ depends (to some extent) 
on the deformation and an-
nealing modes, varying sli-
ght ly 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-
li zation, 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-di men-
sional recrys tallization di ag-
rams were constructed. Fi-
gure 11 shows the depen dence 

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 ColdFormed 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 re cry-

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

Fig. 8. The dependence of the average grain 
size in hafnium rods deformed through rolling 
by 36% on the time of isothermal annealing at 
various temperatures
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Fig. 11. Average grain size vs. tempera-
ture and annealing time for hafnium rods 
strained at 150  °C [1]. The temperature–
time intervals of prima ry, collective, and 
secondary recrystallization are also 
shown

Fig. 10. Distribution of grain size 
in hafnium rod deformed via rol-
ling at room temperature by 36% 
after annealing at 750  °C (a), 
1050  °C (b), and 1100  °C (c)
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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 
ope rations 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 ex plai-
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 trans formations. 
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].

Fig. 12. Dependence of texture characteristics of hafnium rods (cold-deformed by 
36%) on the annealing temperature: à — pole density; b — Kearns orientation pa-
rameter [3]
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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, re spectively. After 
preliminary deformation of hafnium samples by forging to 10–15%, the 
relative elongation sharply decreased to ≈7% at maxi mum 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 °Ñ that corresponds to the temperature of the end of primary recrys-

tallization. As shown in Fig. 13, b, the area of the primary recrys talli-

zation course is shaded (650 °Ñ — the beginning, 800 °Ñ — the end of 

the primary recrystallization). A further increase in the annealing tem-

pe rature of deformed hafnium rods led to a slight decrease in ducti lity, 

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 

Fig. 13. The yield strength, tensile strength, and elongation of hafnium samples vs. 

the degree of finish deformation (forging) of the rods from which they are cut (a) 

and vs. the annealing temperature of the deformed hafnium rods (b)
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deformation from 0 to 36% 
covers the entire necessary 
area, while the rod deformation 
step (10%) is not enough to 
assess the contribution of small 
deformations to the change in 
strength. In this regard, a set 
of studies was carried out to 
determine the dependence of 
the microhardness of a haf-
nium bar on the degree of 
deformation (up to 36%, rol-
ling) with a step in defor ma-
tion of 1.2–1.4% and a step 
in annealing temperature of 
50 °C (Fig. 13). Microhardness 
measurements were performed 
on the longitudinal (diametric) 
section of the rod (rod samples 
were cut along the axis into 
four segments).

According to the obtained 
results, the microhardness of 
the hafnium rod in the initial 
state (fully recrystallized), 
mea sured in the longitudinal 
section of the rod, is of ≈1453 
MPa. With an increase in the 
degree of deformation, the 
mic rohardness of hafnium rods 
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-
rien tation and a change in the shape of the grains. After that, the 
micro hardness of hafnium rods with an increase in the degree of de for-
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-

Fig. 15. The dependence of microhardness on 
the annealing temperature for hafnium previ-
ously deformed through rolling by 36% at 
room temperature. Annealing time: 1 h

Fig. 14. The dependence of the microhardness 
of hafnium rods on the degree of deformation 
by rolling at room temperature
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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 °Ñ, 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 °Ñ. After 

annealing at 900 °C, the average grain size is comparable to the pyramid 

indentation of the microhardness tester. Hence, the hit proba bility 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 (≈28%), 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 HighTemperature Water
of VVER1000 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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(−1.63 V) or zirconium (−1.53 V). At the same time, extremely high cor-
ro sion 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 (HfO2) [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.

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 — 2 000 h, c — 5 000 h, and d — 10 000 h [5]
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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]
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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 35 000 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 ⋅ 10−4 ± 0.207 ⋅ 10−4 mg/(dm2 ⋅ 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 µm, for 23%, 10–15 µm, and for 33%, 7–10 µm. A batch of the 
rods deformed by 33% was subjected to recrystallization annealing at a 
pressure of 5 ⋅ 10−3 Pa for 1 hour at temperatures of 600, 650, 700, 750, 
800, 1100 °Ñ. A hafnium sample annealed at a temperature of 800 °Ñ 

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 µm. 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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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 

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  °Ñ 

after oxidation in the medium with the composition and parameters of the VVER-

1000 primary coolant for 2000 h [5]

Fig. 18. Anodic polarization curves of unoxidised hafnium samples, cold-deformed 

(c.-d.) by 33.9%, as well as deformed by 33.9% and annealed at 600, 650, 700, 750, 

800, 950, and 1100  °Ñ [5]
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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-
tro chemical measurements were carried out using the direct current 
vol tammetry 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 µm 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. InPile 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 ⋅ 1021 cm−2 (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 ⋅ 1021 cm−2. Moreover, the 
minimum size change was ≈0.04% for samples with a Kearns’s parameter 
in the longitudinal direction (FL) 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 corres ponding 
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 elon gation were 
used when calculating the growth coefficient in each case.

Fig. 20. The dependence 
of the growth coeffi-
cient on the Kearns ori-
entation parameter
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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 ≈25–30 µm) 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 µm); 
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 ⋅ 1021 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-
cha nical 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 
(be fore 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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expo nent 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 depen dence; 
the corrosion rate in this case is of 3.12 ⋅ 10−4 ± 2.07 ⋅ 10−5 mg/(dm2 ⋅ 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 ⋅ 1021 cm−2 for rods with a 
recrystallized structure and an average grain size of less than 20 µm.

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 struc tu-
rally sensitive properties. It follows from the generalized results pre-
sented in this paper that the non-textured (FL ≅ 0.33) samples of hafnium 
rods with a fine-grained (up to 20 µm) recrystallized structure possess 
the most optimal combination of mechanical and corrosion cha racteristics 
during out-of-pile testing, and are also characterized by a high dimen-
sional stability under irradiation.
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Ó ðîáîò³ ïîäàíî é îãëÿäàþòüñÿ ðåçóëüòàòè äîñë³äæåííÿ çàëåæíîñòè ìåõàí³÷íèõ 
âëàñòèâîñòåé, êîðîç³éíî¿ òà ðàä³ÿö³éíî¿ ñò³éêîñòåé ñòðèæí³â ãàôí³þ â³ä ¿õíüî¿ 
ñòðóêòóðè. Âñòàíîâëåíî, ùî îïòèìàëüí³ ìåõàí³÷í³ âëàñòèâîñò³ (âèñîêó ì³öí³ñòü 
³ ïëàñòè÷í³ñòü) ìàþòü ñòðèæí³ â ïîâí³ñòþ ðåêðèñòàë³çîâàíîìó ñòàí³ ç äð³áíîçåð-
íèñòîþ ñòðóêòóðîþ. Ìåæà ì³öíîñòè öèõ ñòðèæí³â çà ê³ìíàòíî¿ òåìïåðàòóðè 
ñêëàäàº ≈575 ÌÏà, à â³äíîñíå ïîäîâæåííÿ — 27–28%. Çà ðåçóëüòàòàìè àâòîêëàâ-
íèõ êîðîç³éíèõ âèïðîáóâàíü ³ àíîäíèìè ïîëÿðèçàö³éíèìè êðèâèìè íàéá³ëüø 
çàõèñíèìè º îêñèäí³ ïë³âêè, ÿê³ óòâîðþþòüñÿ íà çðàçêàõ ãàôí³þ â ïîâí³ñòþ ðå-
êðèñòàë³çîâàíîìó ñòàí³, ùî çóìîâëåíî íèçüêîþ ïîâåðõíåâîþ àêòèâí³ñòþ íà ìåæ³ 
ïîä³ëó ñåðåäîâèùå–ìåòàë. Øâèäê³ñòü êîðîç³¿ òàêèõ ñòðèæí³â ãàôí³þ â ïî÷àòêî-
âèé ïåð³îä îêèñíåííÿ (äî íàñòàííÿ «ïåðåëîìó») äîáðå îïèñóºòüñÿ åìï³ðè÷íèì 
ð³âíÿííÿì ç ïîêàçíèêîì ñòåïåíÿ ó 0,242 ± 0,015. Ï³ñëÿ íàñòàííÿ «ïåðåëîìó» 
(÷åðåç ≈6000 ãîä) ê³íåòèêà êîðîç³¿ îïèñóºòüñÿ ë³í³éíîþ çàëåæí³ñòþ ç³ øâèäê³ñòþ 
ó 3,12 ⋅ 10−4 ± 2,07 ⋅ 10−5 ìã/(äì2 ⋅ ãîä). Çà ðåçóëüòàòàìè ðàä³ÿö³éíèõ âèïðîáóâàíü, 
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ÿêèõ áóëî ïðîâåäåíî â ÄÍÖ ÐÔ ÍÄ²ÀÐ, ³ ñòðóêòóðíî-òåêñòóðíèõ äîñë³äæåíü òèõ 
ñàìèõ çðàçê³â ñòðèæí³â ãàôí³þ â ð³çíèõ ñòðóêòóðíèõ ñòàíàõ, ïðîâåäåíèõ ó äàí³é 
ðîáîò³, ïîêàçàíî, ùî º êîðåëÿö³ÿ ì³æ ðàä³ÿö³éíèì çðîñòàííÿì ñòðèæí³â ãàôí³þ 
òà ¿õí³ì òåêñòóðíèì êîåô³ö³ºíòîì (Êåðíñîâèì ïàðàìåòðîì). Íàâåäåí³ â äàí³é 
ðîáîò³ ðåçóëüòàòè ñâ³ä÷àòü ïðî òå, ùî êîåô³ö³ºíò ðàä³ÿö³éíîãî çðîñòàííÿ ë³í³éíî 
çìåíøóºòüñÿ ç³ çá³ëüøåííÿì Êåðíñîâîãî ïàðàìåòðà äî 0,33. Öå âêàçóº íà òå, ùî 
çðàçêè ñòðèæí³â ãàôí³þ ç á³ëüø ³çîòðîïíîþ òåêñòóðîþ ìåíø ñõèëüí³ äî ðàä³ÿ-
ö³éíîãî çðîñòàííÿ. Ðàä³ÿö³éíå çðîñòàííÿ ðîçð³çíÿëîñÿ, çàëåæíî â³ä ñòðóêòóðè 
ñòðèæí³â. Äëÿ ñòðèæí³â ç îäíàêîâîþ òåêñòóðîþ òà ð³çíèì ðîçì³ðîì çåðíà ìåíø 
ñõèëüíèìè äî ðàä³ÿö³éíîãî ðîñòó âèÿâèëèñÿ çðàçêè ç äð³áíîçåðíèñòîþ ñòðóêòó-
ðîþ. Á³ëüø âèñîêó øâèäê³ñòü ðàä³ÿö³éíîãî çðîñòàííÿ, ïðè ñõîæèõ Êåðíñîâèõ 
ïàðàìåòðàõ, ïîêàçàëè ñòðèæí³ ãàôí³þ ç ãðóáîçåðíèñòîþ ñòðóêòóðîþ. Ïðè îïðî-
ì³íåíí³ çà òåìïåðàòóðè ó 260–300 °Ñ äî ôëþåíñó øâèäêèõ íåéòðîí³â ó 7,8 ⋅ 1021 ñì−2 
äåôîðìàö³ÿ ðàä³ÿö³éíîãî çðîñòàííÿ ñòðèæí³â ç ðåêðèñòàë³çîâàíîþ ñòðóêòóðîþ, 
Êåðíñîâèì ïàðàìåòðîì ó ≈0,1 ³ ñåðåäí³ì ðîçì³ðîì çåðåí, ìåíøèì çà 20 ìêì, 
ïðàêòè÷íî äîð³âíþº íóëþ.
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Â ðàáîòå ïðåäñòàâëåíû è îáîçðåâàþòñÿ ðåçóëüòàòû èññëåäîâàíèÿ çàâèñèìîñòè 
ìåõàíè÷åñêèõ ñâîéñòâ, êîððîçèîííîé è ðàäèàöèîííîé ñòîéêîñòåé ïðóòêîâ ãàô-
íèÿ îò èõ ñòðóêòóðû. Óñòàíîâëåíî, ÷òî îïòèìàëüíûìè ìåõàíè÷åñêèìè ñâîéñòâà-
ìè (âûñîêîé ïðî÷íîñòüþ è ïëàñòè÷íîñòüþ) îáëàäàþò ïðóòêè â ïîëíîñòüþ ðåêðè-
ñòàëëèçîâàííîì ñîñòîÿíèè c ìåëêîçåðíèñòîé ñòðóêòóðîé. Ïðåäåë ïðî÷íîñòè ýòèõ 
ïðóòêîâ ïðè êîìíàòíîé òåìïåðàòóðå ñîñòàâëÿåò ≈575 ÌÏà, îòíîñèòåëüíîå óäëè-
íåíèå — 27–28%. Èç ðåçóëüòàòîâ àâòîêëàâíûõ êîððîçèîííûõ èñïûòàíèé è 
àíîä íûõ ïîëÿðèçàöèîííûõ êðèâûõ ñëåäóåò, ÷òî íàèáîëåå çàùèòíûìè ÿâëÿþòñÿ 
îêñèäíûå ïë¸íêè, îáðàçóþùèåñÿ íà îáðàçöàõ ãàôíèÿ â ïîëíîñòüþ ðåêðèñòàëëè-
çîâàííîì ñîñòîÿíèè, ÷òî îáóñëîâëåíî íèçêîé ïîâåðõíîñòíîé àêòèâíîñòüþ íà ãðà-
íèöå ðàçäåëà ñðåäà–ìåòàëë. Ñêîðîñòü êîððîçèè òàêèõ ïðóòêîâ ãàôíèÿ â íà÷àëü-
íûé ïåðèîä îêèñëåíèÿ (äî íàñòóïëåíèÿ «ïåðåëîìà») õîðîøî îïèñûâàåòñÿ ýìïè-
ðè÷åñêèì ñòåïåííûì óðàâíåíèåì ñ ïîêàçàòåëåì ñòåïåíè 0,242 ± 0,015. Ïîñëå 
íàñòóïëåíèÿ «ïåðåëîìà» (÷åðåç ≈6000 ÷) êèíåòèêà êîððîçèè îïèñûâàåòñÿ ëèíåé-
íîé çàâèñèìîñòüþ ñî ñêîðîñòüþ 3,12 ⋅ 10−4 ± 2,07 ⋅ 10−5 ìã/(äì2 ⋅ ÷). Èç ðåçóëüòàòîâ 
ðàäèàöèîííûõ èñïûòàíèé, ïðîâåä¸ííûõ â ÃÍÖ ÐÔ ÍÈÈÀÐ, è ñòðóêòóðíî-òåê-
ñòóðíûõ èññëåäîâàíèé ýòèõ æå îáðàçöîâ ïðóòêîâ ãàôíèÿ â ðàçëè÷íûõ ñòðóêòóð-
íûõ ñîñòîÿíèÿõ, âûïîëíåííûõ â äàííîé ðàáîòå, ïîêàçàíî, ÷òî ñóùåñòâóåò êîððå-
ëÿöèÿ ìåæäó ðàäèàöèîííûì ðîñòîì ïðóòêîâ ãàôíèÿ è èõ òåêñòóðíûì êîýôôè-
öèåíòîì (ïàðàìåòðîì Êåðíñà). Èç ðåçóëüòàòîâ, ïðèâåä¸ííûõ â äàííîé ðàáîòå, 
ñëåäóåò, ÷òî êîýôôèöèåíò ðàäèàöèîííîãî ðîñòà ëèíåéíî óìåíüøàåòñÿ ñ óâåëè÷å-
íèåì ïàðàìåòðà Êåðíñà äî çíà÷åíèÿ 0,33. Ýòî óêàçûâàåò íà òî, ÷òî îáðàçöû 
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ïðóòêîâ ãàôíèÿ ñ áîëåå èçîòðîïíîé òåêñòóðîé ìåíåå ñêëîííû ê ðàäèàöèîííîìó 

ðîñòó. Ðàäèàöèîííûé ðîñò ðàçëè÷àåòñÿ â çàâèñèìîñòè è îò ñòðóêòóðû ïðóòêîâ. 

Äëÿ ïðóòêîâ ñ îäèíàêîâîé òåêñòóðîé è ðàçíûì ðàçìåðîì çåðíà ìåíåå ñêëîííûìè 

ê ðàäèàöèîííîìó ðîñòó îêàçàëèñü îáðàçöû ñ ìåëêîçåðíèñòîé ñòðóêòóðîé. Áîëåå 

âûñîêóþ ñêîðîñòü ðàäèàöèîííîãî ðîñòà, ïðè ñõîæèõ ïàðàìåòðàõ Êåðíñà, ïîêàçà-

ëè ïðóòêè ãàôíèÿ ñ êðóïíîçåðíèñòîé ñòðóêòóðîé. Ïðè îáëó÷åíèè ïðè òåìïåðà-

òóðå 260–300 °C âïëîòü äî ôëþåíñà áûñòðûõ íåéòðîíîâ 7,8 ⋅ 1021 ñì−2 äåôîðìàöèÿ 

ðàäèàöèîííîãî ðîñòà ïðóòêîâ ñ ðåêðèñòàëëèçîâàííîé ñòðóêòóðîé, ïàðàìåòðîì 

Êåðíñà ≈0,1 è ñðåäíèì ðàçìåðîì ç¸ðåí ìåíåå 20 ìêì ïðàêòè÷åñêè ðàâíà íóëþ.
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