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ABSTRACT

Zirconium remains the main structural material for thermal reactors due to the small capture cross section of
thermal neutrons. In the period of stricter safety requirements for reactors with a simultaneous increase in
operating parameters, predicting the behavior of the material in emergency situations has gained greater ur-
gency. In this work, we measured the temperature dependence of the thermal expansion of samples cut from
thick-walled tubes made of Zr-2.5% Nb alloy that were deformed and annealed in different modes. The analysis
of the physical processes responsible for the shaping of the material is carried out. It was found that the
anisotropic change in the linear dimensions of cubic samples both during heating and cooling is due to a change
in the zirconium content in the p-phase, phase transformations o + f-Zr - o + -Nb -  — a + p-Zr, as well as the
preferred orientation of the grains of the a-phase, characterized by high anisotropy of linear expansion. It is
shown that the expansion of the investigated samples upon heating in the « -phase is determined exclusively by
the integral texture parameters of Kearns, and the coefficients of thermal linear expansion (TLEC) in different
directions vary over a wide range from 3-10° to 12:10® K. During cooling at the stage of the reverse phase
transformation of the p-phase into «, an increase in the size of the cubic samples in the tangential direction up to
2.3 % and a decrease in the radial direction to 1.3 % are noted, which is associated with the orientation of the
a-phase grains formed during cooling in the p -matrix and anisotropy of the TLEC of the « -grains. It is shown that
the orientation of the a-phase grains in the reverse § — o transformation is determined not only by the orien-
tation of the basal axes in the initial material, but also by the spatial distribution of the prismatic axes relative to
the external directions in the tube. Significant size fluctuations in different directions of the samples obtained
using the technology of manufacturing channel tubes for CANDU reactors should lead to the development of
significant macrostresses both during heating and cooling of the tube. The structural state of the samples
deformed or annealed at 400-530 °C does not significantly affect the temperature dependence of the TLEC, but is
manifested only in some of its features. In this case, completely recrystallized samples, i.e., with a recrystalli-
zation texture, in which the < 1120 > directions are oriented along the tube axis, are characterized by a
significantly lower variation in dimensions in different directions in the temperature range 20-1200 °C.

Introduction

orientations, stresses arise at the boundaries between them, which can
relax at different temperatures using a variety of processes that are

Low-alloyed zirconium-based alloys are the main structural mate-
rials of the core of thermal reactors [1-2] due to the optimal set of
operational characteristics. However, the crystal structure of the low-
temperature modification of hexagonal zirconium causes significant
anisotropy of thermal expansion of products made of alloys based on
them [2-3]. As aresult of the anisotropic expansion of grains of different

* Corresponding author.

realized in polycrystalline materials. In addition, an increase in tem-
perature affects the change in the dimensions of the operated products,
which ensures the appearance of macrostresses in the construction as a
whole, causing thermal creep and even the occurrence of cracks [4-6].
The behavior of the material with increasing temperature is an integral
part of the processes occurring in the product under the additional effect
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of neutron irradiation [7-9]. Predicting the behavior of such materials
during thermal expansion is an urgent problem, as evidenced by the
works of various authors [10-12], and should be based on systematic
dilatometric and structural studies. In the context of an intensive search
for coating materials for creating tolerant cladding tubes [13-23], the
issues of thermal expansion of cladding tubes designed for emergency
situations are of primary importance.

Among the publications, it is worth noting a review of computational
codes MATPRO for determining the properties of oxide fuel and cladding
tubes with subsequent variations and generalizations [10,11], in which
data from different authors are combined and analyzed and the calcu-
lated dependence of the elastic and thermophysical properties of zirca-
loy of different compositions are presented. The calculation of the
coefficients of thermal linear expansion (TLEC) for the axial and
tangential directions of cladding tubes made of zircaloy is carried out in
the MATPRO code [12,13] based on the data for single crystals of zir-
caloy obtained in [12] and the volume fractions of crystallites of the
corresponding orientations. The FRAPCON-4.0 code [11] differs from
MATPRO in that the calculation within the range up to 1000 °C is based
on the data of the authors [24-26] and does not require texture data.
Above 1000 °C, TLEC are considered as a constant value equal to 9.7 x
10% K. In the area of phase transformation into zircaloy
(800-1000 °C), the coefficients are determined by linear interpolation,
which is due to the stability of the a-structure up to a temperature of
800-980 °C. In Russian alloys Zr-1% or 2.5% Nb phase transformation
begins already at a temperature of 600-630 °C, which leads to signifi-
cant volumetric changes and deformation of products [27-29]. Ac-
cording to the results of these studies, when the temperature of the two-
phase region is reached, the change in the composition of the p-phase
and the actual a — p phase transformation itself provide a significant
anisotropic decrease in the sample size, which explains the development
of significant stresses in different directions of the objects under study. It
was found in [27] that the niobium content of 1 % and 2.5 % practically
does not affect the expansion anisotropy of the material, since for the
equilibrium state of these alloys, the amount of the p-phase changes
insignificantly (from about 0.4 to 2.1 %) and the composition of the o
-phase determining the anisotropy of the TLEC is the same.

The temperature dependence of the TLEC makes it possible to un-
derstand the physical processes occurring in alloys during heating and
cooling at different temperatures. Knowledge of the regularities of
changes in the external dimensions of the product during heating and
cooling will purposefully create the structural-phase state and crystal-
lographic texture of the material, providing minimal dimensional
changes.

Along with the data on thermal expansion, the crystallographic
texture turns out to be a sensitive indicator to the processes occurring
during phase transformations and recrystallization [30-34]. It is for this
reason that the behavior of the product under thermal expansion is
predicted from the data on the orientation of the basal axes [29,35-36].
It should be noted that the orientation of the prismatic axes should also
affect the development of processes that determine the final dimensions
of the products. The prismatic normal orientation determines the
orientation of the f-phase at the heating stage and, consequently, the
subsequent features of the nucleation of grains of the anisotropic
a-phase upon cooling from the temperature of the single-phase region of
the existent B-phase [37-39].

The phase transformation in zirconium occurs in accordance with the
orientational Burgers relation [3]. The regularities of phase trans-
formations depend on many factors, for example, on the preliminary
treatment (the deformation degree) of the material [39], the distribution
of work hardening [33,40], and the rate of heating and cooling of the
material [38,41-42]. It was shown in [38] that preliminary cold defor-
mation slows down the process of phase transformation (PT). The
dependence of the a — p phase transformation on the work hardening
distribution in grains of different orientations is illustrated in [33,40]. It
was shown in [38,42] that during rapid cooling (quenching in water),
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a-plates nucleate inside the p-phase grains, and during slow cooling
(cooling with a furnace or in air), the centers of a-phase nucleation are
predominantly interphase a/p-boundaries.

This work is devoted to the study of the influence of the structural-
phase state and the preferred orientation of grains of the Zr-2.5% Nb
alloy on the process of thermal expansion of samples cut from the wall of
tube billets.

Materials and methods

Table 1 presents elemental content of studied alloys.

Dilatometric studies were carried out on cubic specimens cut from
zirconium tubes made of Zr-2.5% Nb alloy, the wall thickness of which
varied from 4.2 to 4.8 mm. Table 2 presents a description of the studied
samples with an indication of their phase composition and integral
texture parameters. The relative fraction of f-Zr in this alloys is within 7
-+ 9% with average size of grains 0.5 + 1.5 pm.

A schematic of cutting samples for the dilatometric studies is shown
in Fig. 1. The samples were cut out by the electric spark method; kero-
sene was used as a cooling medium. For each state, three samples were
prepared, the dimensions of which were 4 x 4 x 4 mm. The edges of the
cubic specimens prepared by grinding followed by etching in the
mixture of HF, HNO3 and water coincided with the main outer directions
of the tubes: radial R, tangential T, and axial L. The obtained specimens
were used to measure their expansion in three mutually perpendicular
directions: R, T, and L, in the temperature range 20-1200 °C.

The study of thermal expansion was carried out on a Netzsch 402C
dilatometer in a high-purity helium flow (99.9999 %) with its additional
purification with a Monotorr getter catalytic filter. In addition, an
additional oxygen getter OTS manufactured by Netzsch was located next
to the sample. The dilatometric experiment technique is described in
detail in the works [28-29].

X-ray studies of the structure and crystallographic texture of the
cubic samples before and after dilatometry were carried out on dif-
fractometers DRON-3 and D8 Discover using Cr K, and Cu K, radiation,
respectively. The analysis of the crystallographic texture of poly-
crystalline materials was carried out by X-ray diffractometric recording
of incomplete direct pole figures (DPF) {HKL} by the method of tilting
the sample for the corresponding reflections (hkl). The method for
studying the crystallographic texture of articles made of zirconium-
based alloys is described in detail in [34,43]. Incomplete DPFs (0001)
and {1120} were recorded up to tilt angles of 70°, respectively. From the
incomplete DPFs, taken from three mutually perpendicular sides of the
cubic sample, the complete DPFs were reconstructed by the cross-linking
method for its cross section perpendicular to the R-direction. The DPF
(0001) was used to calculate the integral texture parameters of Kearns
[27,44], which are the sum of the effective fractions of the basal axes
[0001] oriented along the chosen direction in the polycrystal. These
parameters are used to assess the properties of a textured material with
known properties along crystallographic axes a and ¢ for a hexagonal
single crystal [33,44].

Results and discussion
Structure and crystallographic texture of the original samples
The material of the cold-rolled tube (sample No. 1) contains two

metastable phases a- and p-Zr, as evidenced by the diffraction patterns
shown in Fig. 2-a. During deformation in the distorted crystal structure

Table 1

Chemical composition of researched samples
Nb Fe (0] Zr
2528 <0.065 0.10 + 0.14 balance
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Table 2
Description of the studied samples from the Zr-2.5% Nb alloy

Sample The final stage of tube Phase Integral texture
number processing composition parameters
fr fr fi

1 cold rolling o-Zr u p-Zr 0.38 055 0.07

2 annealing at 400 °C — o-Zr,0-Zrup-Zr 0.36 0.59  0.06
24 h

3 annealing at 530 °C — o-Zr u p-Zr 035 055 0.10
3h

4 annealing at 580 °C — a-Zr u f-Nb 0.56 0.40 0.04
3h

of the a- and f-phases, an additional amount of alloying elements, as
compared to the equilibrium phase diagram, dissolves [33,45-47].
Therefore, the lines of both phases are characterized by significant
broadening. p-phase is a solid solution of niobium in $-Zr. Broadening of
diffraction lines can indicate both a high distortion of the structure of the
deformed material and a variation in the niobium content in the solid
solution of bec zirconium (the Nb content in p-Zr is about 16 — 20 %
according to Vegard’s law). The lines of the a-phase are slightly shifted
towards small Bragg angles (Fig. 2-a), which indicates an increase in the
interplanar distances in the deformed material due to the high concen-
tration of dislocations and the presence of macrostresses in the deformed
tube. From the fragments of the diffraction patterns in Fig. 2, it follows
that sample No. 2 consists of a-, §-Zr, and w-phases. It is shown in
[3,33,48] that annealing of the p-phase with a niobium content of more
than 17 % in the temperature range of 350-450 °C for 5-10 h leads to
the formation of the w-phase in the $-phase. Electron microscopic images
of the o-phase inside the p-grains in the Zr-2.5% Nb alloy are presented
in [49-50]. Sample No. 3 consists of a- and $-Zr phases, which indicates
the incompleteness of the process of redistribution of niobium between
phases to concentrations corresponding to the equilibrium phase dia-
gram. Sample No. 4 consists of a-Zr and p-Nb phases corresponding to
the equilibrium phase diagram.

Fig. 3 shows DPFs (0001) and {1120} for deformed (sample No. 1)
and annealed at temperatures of 530 (No. 3) and 580° C (No. 4) tubes,
and Table 1 shows the integral texture parameters for all investigated
samples. According to the obtained results, samples Nos. 1, 2, and 3 are
characterized by practically the same preferred orientation, which can
be described by the texture component {1120} < 1010 > . The stability
of the deformation texture in the samples annealed at temperatures of
400 and 530 °C indicates the occurrence of recovery processes
(annealing of point defects and polygonization), in which the orienta-
tion of the basal and prismatic axes does not change. Annealing of
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deformed products at a temperature of 580 °C leads to a redistribution of
basal and prismatic axes (Fig. 3-c), which is caused by the growth of
grains misoriented relative to the deformed matrix by an angle of 30°
around the basal axes, as shown in [33,50-52]. In the latter case, a
recrystallization texture is formed; therefore, these samples No. 4 will be
called recrystallized, in contrast to samples No. 2 and No. 3.

Anisotropy of thermal expansion of pressure tubes made of Zr-
2.5% Nb alloy

Fig. 4 shows the temperature dependence of the change in the di-
mensions of the annealed and deformed samples, measured during their
heating (solid lines) and cooling (dashed lines) in the temperature range
50-1200 °C. The results of testing cubic samples in different directions
R, T, and L are shown in Fig. 4 curves of different shades: black - R, gray -
T, and light gray - L.

The linear dimensions of the samples were also measured before and
after the temperature tests. At the same time, different changes in di-
mensions were recorded in different directions, which for the annealed
samples are given in Table 3. The measurements of the dimensions of the
samples are in good agreement with the results presented in Fig. 4.

On the cubic samples, it is convenient to study the anisotropy of
expansion or contraction as a result of the heating—cooling cycle in the
temperature range of 50-1200 °C, since in this case, the other directions
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Fig. 2. Diffraction patterns of the studied samples in the deformed (No. 1) and
annealed at 400 °C — 24 h (No. 2), 530 °C — 3 h (No. 3) and 580 °C — 3 h (No.
4) states. In the figure, the arrows show the positions of the lines of
different phases.

b

Fig. 1. Scheme of cutting samples from the pressure tube (a) and the appearance of the prepared sample (b).
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Fig. 3. Texture of cold-rolled samples (No. 1, a) and samples annealed at 530 °C (No. 3, b) and at 580 °C (No. 4, ¢). DPFs (0001) and {1120}

do not affect the result of the change in dimensions, as is observed in the
case of testing tubular samples. According to the presented data for
samples No. 1-3, an increase in the sample size by 1.9-2.3 % occurs in
the direction of orientation of the basal axes. In this case, along the
radial direction, a decrease in the sample size by 0.8-2.0 % is recorded,
which is comparable to the changes in size along the tangential direc-
tion, although it is half as much. Note that the axes < 1120 > are ori-
ented along the radial direction, as well as some fraction of the basal
axes. An increase in sample dimension is recorded along the axial di-
rection by only 0.1-0.3 %.

It should be noted that dilatometric measurements are carried out
using a pusher, which at room temperature creates a force on the sample
of 40 cN, i.e., stresses are about 2.10° Pa. However, even such low
stresses at high temperatures can cause plastic deformation of samples,
especially at temperatures corresponding to dynamic processes of
recrystallization or PT. So, when testing recrystallized cladding tubes
with thin walls (<0.7 mm) along the L-direction, the beginning of a
decrease in size is recorded already at 527° C [28-29]. In the latter case,
the stresses acting in the axial direction are about 10* Pa. The possibility
of the development of circumferential (tangential) stresses in tubular
specimens should also be taken into account. The effect of the pusher on
the value of the final dimensions of the cubes is expressed in an addi-
tional reduction in dimensions in the direction of the action of the
compressive forces during the test. Thus, when the specimen is com-
pressed in the R-direction, its deformation is —1.0 %, while with the
deformation in the T-direction, it is —0.8 %. However, it should be noted
that the compression of the specimen in the R-direction decreases to
—1.3 % when subjected to compressive forces along the L-direction. This
contradiction, apparently, is associated with the anisotropy of the
change in size due to the crystallographic texture of the samples under
study.

The temperature dependence of the change in the linear dimensions
in the radial direction turned out to be the most sensitive to the begin-
ning of PTs, which begin in the bulk of the material at lower tempera-
tures. This behavior is due to the following processes in the sample. The
axes are oriented near the radial direction (see Fig. 3) [0001] and <
1120>; that is, grains with different orientations are present. The
expansion of grains with different orientations along the a and c di-
rections of the crystal structure occurs in different ways [28,3]. There-
fore, stresses arise, the relaxation of which near the temperature of the
onset of recrystallization and the motion of high-angle boundaries can
occur both due to the acceleration of diffusion processes and due to the
activation of plastic deformation under conditions of nonequilibrium
structure. Then, on the thermal expansion curve, the onset of the

transition from expansion to compression of both annealed and
deformed samples shifts to a temperature of 550 °C. Naturally, the PT
process is affected by the same expansion anisotropy of grains of
different orientations and an increase in stresses between these grains.

It is more convenient to consider the specific features of the change
in the slope of the dilatometric curves in the region of the PT flow using
the temperature dependence of the TLEC.

Coefficients of thermal linear expansion (TLEC)

The temperature dependence of the TLEC for the deformed (sample
No. 1, a) and annealed samples Nos. 2 and 4 (b) is shown in Fig. 5. The
general character of the curves over the entire investigated temperature
range is approximately the same. Distinctive features of the curves under
consideration are the presence of clearly defined boundaries of the
change of processes affecting the dimensional changes in the annealed
samples and their slight blurring on the curves for deformed samples.
The temperature dependence of the TLEC are presented on two scales of
the temperature scale: in Fig. 5A, the temperature range of 50-1200 °C s
considered, and in Fig. 5B, the features of low-temperature (100-600 °C)
expansion of the studied samples are demonstrated.

Comparison of dilatometric curves of deformed and annealed
samples in the low-temperature region (up to 580 °C)

In the alloy annealed at a temperature of 580 °C (sample No. 4), a
linear dependence of TLEC on temperature is observed in the region of
existence of equilibrium a-Zr and p-Nb. In this case, the TLEC values for
different directions are determined by the integral texture parameters,
as was shown in [26,27]. According to the thermal expansion data for
sample No. 4, i.e., temperature dependence of the TLEC on the integral
texture parameter along the chosen direction in the sample ay =fyea. +
(1 — fn)+aq, and under the assumption that the crystallographic texture
is constant during the dilatometric tests, the temperature dependence of
TLECs o, and o, for the a-phase of the Zr-2.5% Nb alloy is calculated. The
dependence of TLECs a, and o for the a-phase of the Zr-2.5% Nb alloy
and for pure polycrystalline zirconium [3] is compared in Fig. 6. The
obtained values of TLEC a, and o for the a-phase of the Zr-2.5% Nb alloy
were used to estimate the TLEC of samples Nos. 1-3 in different di-
rections in terms of texture parameters and are presented in Table 4 for
the temperature range 100-400 °C.

From the presented data on the deviation of the calculated and
measured TLECs, it follows that the structural state of the material has a
significant effect on the thermal dependence of the TLEC. Let us consider
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Fig. 4. Dilatometric curves of heating (solid lines) and cooling (dashed lines)
deformed (a) and annealed (b, c) cubic specimens in three directions (samples
No. 1, a; No. 3, b; and No. 4, c).

in more detail the obtained temperature dependence shown in Fig. 5.
The structures of the deformed (sample No. 1) and annealed at
400 °C (sample no. 2) differ fundamentally. In the deformed material,
along with a large number of dislocations, there is a p-zirconium phase
with an increased crystal lattice parameter relative to the lattice
parameter of the B-niobium or w-phase, the latter being formed as a
result of annealing at a temperature of 400 °C. Since the annealed ma-
terial is stable at least at temperatures below 400 °C, the dependence of
the TLEC for different directions are practically linear. The TLEC value is
determined by the integral texture parameters. The change in the TLEC
for different directions can be associated with changes in the parameters
of the crystal structure of the a-phase prevailing in the alloy, which,
according to [28,29,3], increases in the presence of the [0001] axes in
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Table 3
Change in the dimensions of cubic samples as a result of a cycle of thermal tests
in the temperature interval 50-1200 °C

Sample number Test direction Resizing the sample, % Annealing mode

R T L T °C - time in h

2 R -1.0 2.3 0.30 400 °C — 24

T -0.8 2.1 0.08

L -1.3 1.9 0.04
3 R -2.0 1.6 0.4 530°C -3

T -1.6 1.5 0.1

L -0.5 1.1 -0.6
4 R —-0.2 0.1 0.1 580°C -3

T -0.1 -0.1 0.2

L -0.3 -0.1 0.1

this direction and decreases or remains constant along the < 1120 >
axes.

When the heating temperature exceeds 400 °C, the stability of the
system is violated, which leads to a change in the slope of the temper-
ature dependence of the TLEC in the corresponding direction. TLEC in
the L-direction decreases, while in the T- and R- directions, on the
contrary, it increases. The observed anisotropy of the expansion of the
samples is due to the predominant orientation of the basal axes in the R-
T plane, perpendicular to the axial direction L.

The temperature dependence of the TLEC for the annealed sample
tested in the axial direction (light gray curve in Fig. 5-b) at a tempera-
ture of 510-520 °C shows a small maximum associated with the tran-
sition of the ®o-phase to the -Nb phase. A maximum shift to a
temperature of 480 °C is also noted on the curve for the R-direction.
Taking into account that the w-phase is very finely dispersed, its trans-
formation into the § -Nb phase remains practically unnoticed for the T-
direction, which characterizes the expansion of the a-phase grains pre-
vailing in the alloy along the basal axes.

The temperature dependence of the TLEC for the tangential direction
is characterized by a continuous increase up to 540 °C. In this case, the
temperature curves of the TLEC for the axial and radial directions of the
deformed sample have a sinusoidal shape. Starting from 250 °C, an in-
crease in the TLEC is observed in the axial direction, and a decrease in
the TLEC in the radial direction. After 380-420 °C, the trend of changing
TLEC for these directions is reversed, i.e., for the L-direction, a decrease
in TLEC is observed, and for the R-direction, an increase.

In a deformed material (Fig. 5, B-a), with an increase in temperature,
diffusion processes of redistribution of niobium in phases begin with the
simultaneous movement of deformation defects. Since the deformed
material contains non-equilibrium-zirconium (see Fig. 2), the concen-
tration of niobium in the a-phase also does not correspond to the equi-
librium one; more niobium is dissolved in it than in the annealed
material. All phases present in the alloy expand according to their own
laws. p-zirconium has a TLEC more than a-zirconium. In addition, grains
of different orientations expand in different ways. In addition, it is
necessary to take into account the movement of dislocations. It was
shown in [28] that at temperatures above 300 °C, the mobility of dis-
locations, which were blocked by Cottrell atmospheres, is facilitated. In
a deformed material, this process, apparently, begins already at a tem-
perature of 250 °C and is expressed in a significant change in the TLEC in
the R- and L- directions. Since most of the dislocations have a Burgers
vector < 1120>, their sliding causes a rearrangement of the structure
along the indicated crystallographic directions perpendicular to the
basal normal. Such an improvement in the structure due to the motion of
dislocations does not affect the expansion of grains in the tangential
direction, along which the basal axes are predominantly oriented, and
significantly affects the change in grain sizes along the prismatic axes.

After the annealing of the defects, the TLECs approach the values
characteristic of the annealed material. This is followed by the PT area,
which is discussed below.
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Fig. 5. Temperature dependence of TLEC obtained for cubic deformed (a) and annealed at temperatures of 400 (b) and 580 °C (c) in three main directions R, T, and

L. A and B - different temperature ranges.

Analysis of the temperature dependence of the TLEC of deformed
and annealed samples in the high-temperature region (above
580 °C)

At temperatures above 600 °C, in accordance with the phase diagram
of the binary Zr-Nb alloy [3], the transition of B-Nb to p-Zr begins, at
which the amount of the p-phase increases from 2.2 % to 10.6 % (the
concentration points on the monotectoid line of the phase diagram
correspond to 0.6, 18.5, and 88 at.% Nb). An increase in the amount of
B-phase contributes to a decrease in TLEC, as was shown in [29]. This a
— B phase transformation occurs with a decrease in the volume of the
unit cell. Furthermore, the course of the PT will be associated with a
sharp decrease in the TLEC. The PT process occurs most uniformly on
samples No. 4 recrystallized at 580 °C. PT begins in accordance with the

phase diagram of the Zr-Nb alloy at about 610-620 °C and ends at a
temperature of 850-860 °C, at which the TLEC returns to the initial level
of about 9-10°°K~. The minimum TLEC values for different directions
are characterized by different values, but the minimum TLEC is observed
practically at the same temperature, at about 820 °C.

The temperature dependence of the TLEC of the remaining samples
Nos. 1-3 have a more whimsical form, which is due to the nonequilib-
rium initial state of the material of these samples. The onset of the PT
shifts to lower temperatures of 550-580 °C; the curves show two
extrema, which differ significantly for different directions of testing. For
example, in the L-direction, there is a sharp increase in TLEC. An in-
crease in the TLEC for the L-direction can be associated with the pecu-
liarities of the distribution of microstresses in the sample with a
tangential texture (see DPF (0001) of the samples after the PT in Fig. 7),
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Fig. 6. Comparison of the temperature dependence of TLEC for the a-phase of
the Zr-2.5% Nb alloy (solid lines) and pure zirconium (dashed lines).

at which compression occurs along the R- and T-directions, and the size
slightly increases along the L-direction with a general decrease in vol-
ume associated with a — B PT. Another reason for the increase in the
TLEC in the L-direction may be a change in the niobium concentration in
the p-phase and an increase in the bcc lattice parameter, as a result of
which the latter changes from 3.33 Ato3.58 10\, i.e., more than 7 %. But,
since the diffusion process does not occur simultaneously, this process of
niobium redistribution is associated with a certain temperature range.
In the temperature range 590-620 °C, the main process is the phase
transition of the a-phase in p associated with a decrease in the linear
dimensions [29]; therefore, sharp minima are observed on the temper-
ature dependence of the TLEC. The first minimum values are present on
the curves for the R- and T-directions when testing annealed
(400-530 °C) and deformed samples in the range 600-610 °C (Fig. 5 A).
Furthermore, with an increase in the heating temperature of the sam-
ples, the process of joint expansion of both phases develops with a
gradual increase in the amount of the -Zr-phase from 10.6 to 100 % and
a simultaneous change in its composition from 18.5 to 2.5 % Nb. The
obtained temperature dependence of the TLEC for different directions of
testing (Fig. 5A) indicates that the phase transition occurs in different
times in grains of different orientations. PT in all samples tested in three
directions occurs in the same temperature range from 580 to 920 °C.
However, if the PT in the samples tested in the R-direction, after a
minimum at a temperature of 610 °C, the TLEC remains negative, then in
the samples tested in the T- and L-directions, the PTs proceed some
differently. After the section with the minimum TLEC value
(580-620 °C), the expansion process of the sample is restored with
practically the same TLEC value (a plateau is observed on the corre-
sponding curves). Such stability of the TLEC is retained for the longest
time (up to 800 °C, Fig. 5A-b) during the expansion of the sample in the

Table 4
Limits of the TLEC change in the temperature range 100-400 °C
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L-direction. The temperatures of the minimum values on the tempera-
ture dependence of TLEC (Fig. 5 a, b) are shifted relative to each other
for the curves R, T, and L and are 800, 830, and 880 °C, respectively.

The shift of the minima on the temperature dependence is associated
with the dynamics of the processes occurring in the material. At the
initial stages of PT, i.e., after the temperature of the monotectoid line is
exceeded and the concentration of zirconium in the bcc phase changes,
the process of formation of the f-phase from energy representations
should proceed uniformly in the volume of the sample. Since « — § PT
occurs strictly in compliance with the orientation ratio, then the final
texture should repeat the blurring of the original maximum. This process
is observed for completely recrystallized sample No. 4, as evidenced by
the appearance of texture maxima along the R-T-diameter of the ste-
reographic projection (Fig. 7-b).

In the case of samples Nos. 1-3, the process proceeds somewhat
differently, which is confirmed by the DPF (0001) and {1120} shown in
Fig. 7. If phase transformations start from the boundaries, then, most
likely, the nuclei of the phase should be grains of the f-phase present in
the alloy, regardless of the stage at which it was formed, i.e., at rolling or
as a result of transformation from the omega-phase. Since all phase
transitions are related by crystallographic orientation relationships, the
orientation in the newly formed phase is strictly maintained. The
orientation of the bcc phase in the rolled samples is characterized by the
texture component {001} (110) . This is confirmed by a large number
of studies [38,40,49]. Since the texture of the original tube is formed as a
result of its hot extrusion, i.e., in the p or (o« + p)-region of the phase
diagram, then all the formed phases in one way or another inherit
exactly the texture of the high-temperature phase {001} (110) .
Considering that most of the a-grains correspond to the orientation of
the basal axes in the tangential direction, these grains prevail in the bulk
of the material. The growth of such grains and the absorption of grains of
a different orientation explain the deep minimum in the temperature
dependence of the TLEC in the T-direction. The TLEC curve for the L-
direction follows the curve for the tangential direction with some delay.

{1120}

Fig. 7. DPFs (0001) and {1120} of deformed (No. 1, a) and annealed at 580 °C
(No. 4, b) specimens after thermal tests in the R-direction.
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5.1+5.8 6.6+8.3 6.2+7.8 5.1+5.8 - - -




M.G. Isaenkova et al.

A decrease in the TLEC value in the PT temperature range
(580-920 °C) may be associated with the additional development of
plastic deformation under conditions of structural instability of the
material. In the case of the action of compressive stresses in the radial
direction, the process of plastic deformation of the a-phase easily de-
velops over all possible slip systems. In the case of the tangential di-
rection, this process is somewhat more difficult to activate, but given
that there are grains deviated from the tangential orientation, plastic
deformation requires greater efforts or higher temperatures. Therefore,
the minimum on the temperature dependence of the TLEC in the T-di-
rection shifts to higher temperatures. In the case of the axial direction,
even higher loads or temperatures are required to activate sliding.

At temperatures of existence of the B-phase (above 920 °C), the
TLECs become the same for all studied directions, which correspond to
the TLEC of a material with a bce structure. In the studied samples, a
sharp crystallographic texture {001} (110) is formed, according to
which, upon cooling, the (0001) planes are located in the alloy parallel
to the {110} planes. Fig. 7 shows typical DPFs (0001) and {1120} for
the samples under study, in which the PT texture is formed, which is
described in detail in the works [33,34,36,40,52-54].

Analysis of dilatometric curves for a reverse phase transition

The expansion curves are shown in Fig. 4, including the reverse
phase transition upon cooling, from which it follows that as a result of
the reverse transition of the p-phase to o in samples Nos. 1-3, there is a
significant change in dimensions in the R-T-directions (Table 2). The
change in the final dimensions of the samples occurs precisely at the
stage of reverse PT in the temperature range 860-600 °C. Taking into
account that a sharp crystallographic texture {001} (110) was formed
in the p-phase, it is possible to calculate the change in dimensions upon
precipitation of the a-phase in accordance with the orientational Burgers
relations. Since (0001), || {11 0}p, the changes in interplanar distance
are

_doon —dio _doonr __ Ca 1 =0.0184
¢ diio diio \/Eal; ’

and <1120>, | | (111)p, then

_dig—din _dizy 1= 2aq 1=0,0421

‘ dlll B dlll B \/3(1/1

If we assume that the temperature dependence of the change in the
parameters of the crystal structure of the a-phase, presented in [29],
remains at the temperature of the onset of reverse phase transitions
equal to 860 °C, then ay = 324.23 pm; ¢y = 517.40 pm. According to the
phase diagram and Vegard’s law, the p-phase before the reverse phase
transition contains 2.5 % Nb and is characterized by the parameter a p =
359.25 pm. Then ¢, = 1.84 %; and ¢, = 4.21 %. It is clear that, as the
material cools in both phases, a redistribution of niobium occurs. In
accordance with the phase diagram of Zr-Nb in the p-phase, the con-
centration of niobium increases faster than in the a-phase. An increase in
the niobium content affects the parameters of the crystal structures in
the direction of their decrease, since the niobium atom is characterized
by a smaller size in comparison with the Zr atom (or ion). A change in
temperature has a lesser effect on the periods of crystal cells than the
concentration of niobium. Therefore, the real value of the lattice
deformation along the c and a directions will change, but the nature of
the changes will remain the same.

So let’s take a look at the cooling process. The main regularities are
as follows. Three studied samples, which are in different structural
states, are characterized by the same behavior upon cooling. In the L-
direction, the samples experience a minimal increase in size. Along the
R-direction, the samples decrease in size, and along the tangential di-
rection, a significant increase in the size of the cubic samples is noted
(Fig. 4). Note that the change in size occurs in different temperature
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ranges: 890-780 °C in the R- and L-directions and 860-550 °C in the T-
direction.

Let us consider the processes that occur in the considered tempera-
ture regions and can lead to an increase or decrease in the size of the
samples. On the one hand, this is the formation of the a-phase in the
-matrix associated with an anisotropic increase in the sample size. On
the other hand, it is diffusion in the B-phase, which contributes to a
decrease in the concentration of zirconium with an increase in the
niobium content in accordance with the phase diagram, which leads to a
decrease in the lattice period according to Vegard’s law and the external
dimensions of the sample. The diffusion process is most intensively
realized at elevated temperatures under the conditions of an active PT in
the temperature range 890-780 °C, which makes it possible to fix the
temperature drop in the dependence of the relative change in di-
mensions for the R-direction in Fig. 4-a. However, in the T-direction, the
PT process is accompanied by an increase in size, which prevails due to
an increase in the amount of the a-phase with a decrease in the tem-
perature of the sample as a whole.

It should be noted that the basal axes of the a-phase are located along
the L and T directions, along which the maximum increase in size is
noted during the § — a transformation. Prismatic axes are oriented along
the radial direction, along which the increase in size does not exceed 2
%, and this is comparable to a decrease in the size of the f-phase.
Apparently, in the temperature range 800-860 °C, the effect of the
diffusion process in the p-phase dominates, and in the absence of the
basal axes in the R-direction, it prevails over the process of precipitation
of the a-phase, which explains the total decrease in size in the radial
direction.

Significant fluctuations in the size of cubic samples in different di-
rections due to the occurrence of phase transformations in the alloy
under consideration should lead to the development of significant
macrostresses both during heating and during cooling in the case of
heating a tube-shaped product.

Conclusions

Based on the results of dilatometric studies of the thermal expansion
of the recrystallized Zr-2.5% Nb alloy and the integral texture parame-
ters of Kearns, the averaged coefficients of thermal linear expansion
(TLEC) of the a-phase in the a and ¢ directions were calculated.

The expansion of all investigated samples cut from the wall of
pressure tubes upon heating in the a-region of the phase diagram of the
Zr-2.5% Nb alloy is determined by the integral texture parameters of
Kearns calculated for the radial (R), tangential (T), and axial (L) di-
rections. TLECs in different directions vary from 3.10%to 12.10° K L.
The nature of the temperature dependence of the TLEC is determined by
the structural state and crystallographic texture of the material. The
maximum anisotropy of the TLEC is achieved in the samples initially
annealed at a temperature of 400 °C for 24 h, and at 500 °C, TLEC (T)/
TLEC (L) =~ 3.

During the cooling of the investigated samples at the stage of the
reverse phase transformation of the p -phase into «, an increase in their
sizes in the tangential direction up to 2.3 % and a decrease in the radial
direction up to 1.3 % are noted, if the axes < 1010 > are oriented along
L-directions in the initial samples. In an alloy characterized by a
recrystallization texture with a predominant orientation of the axes <
1120 > along L, such large size changes were not found. This behavior of
the samples is completely determined by the orientation of the a-phase
grains in the-matrix formed upon cooling and the anisotropy of their
TLEC.
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