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Effect of low-temperature annealings
on mechanical properties and evolution
of nanostructured alloy Zr1Nb
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The processes of internal stresses relaxation in Zr1Nb nanocrystalline alloy after low-
temperature annealing were studied. The relationship of structural states obtained as a
result of annealings with the regularities of development of plastic deformation at creep
was established. It is shown that heat treatments of Zr1Nb nanostructured alloy, which
provide the increase of the plasticity, change qualitatively the alloy structure, destruct the
nanostructured state that results in decrease of the mechanical characteristics of the
material and the degree of resistance to subsequent deformation during the creep at the
temperature of 700 K.
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HcenemoBaHbl IPOIECCHl PeJaKcalliy BHYTPEHHUX HATPMKEHNH B HAHOKPHUCTAJLINUYECKOM
cmage Zr1Nb mociie HUBKOTEMIIEPATYPHLIX OTMKUTOB. Y CTAHOBJEHA B3aMMOCBI3L CTPYKTYP-
HBIX COCTOAHNMH, MOJYYEHHLIX B pe3yJbTaTe OT/KUIOB, ¢ 3aKOHOMEPHOCTSIMM PasBUTHUSA ILJIAC-
TUYEeCKON meopMaIuy Mpu mojasydecTu. [lokasamo, 4To TepMooGpPaboTKY HAHOCTPYKTYPHUPO-
BanHoro cmuaasa ZriNb, xoroprie ofecrmeumBaiOT IIOBBIIIEHNE ILIACTHYHOCTH, KAYEeCTBEHHO
U3MEHAKT CTPYKTYPY CILIaBa, Paspyllas HAHOCTPYKTYPHOE COCTOAHME, 4YTO IPUBOIUT K
CHIDKCHUIO MEXAHNYECKUX XAPAKTEPUCTUK M CTCIeHM YCTOMUYMBOCTH MATEPUANA K IOCIELYIO-
meii gedopManuyu B Iporecce IojsydecTa npu Temieparype 700 K.

BB HH3BKOTEMIIEPATYPHOI'O Biamajgy Ha MeXaHiYHi BJACTHBOCTI TAa €BOJIOLII0 HAHO-
crpyktypu cmiaasa ZriNb. B.I.Cokxonenro, €.B.Kapacvosa, O.B.May, €.C.Casuyx, B.O.Pposos.

Hocaimxeno mporecu peslakcariii BHyTPINIHIX HampysKeHb Y HAHOKPUCTAIIUHOMY CIJIaBi
ZriNb micas uusbKoTeMmepaTypHWX Bigmamis. BerTaHoBieHO B3a€MO3B’A30K CTPYKTYPHUX
CTaHiB, OTPMMAaHUX B pPe3yJabTaTi Bifmany, i3 3aKOHOMIPHOCTAMU PO3BUTKY IJACTUYHOI Je-
dopmarnii npu mossyuocti. Iloxasano, 10 TepMOOGPOOKM HAHOCTPYKTYPOBAHOTO CILJIABY
Zri1Nb, saxi s3a0esneuyoTh IMiABUIEHHS [JACTHYHOCTI, AKICHO SMiHIOIOTH CTPYKTYPY CILIABY,
pPyHHYIOUN HAHOCTPYKTYPHHUU CTaH, IO IPU3BOAUTL 0O 3HUKEHHA MEXaHIUHUX XapaKTepuc-
TUK i crymeHsa crifikocTi maTtepiany go mHacrynHoi medopmarrii y mpoieci moesyuocTi mpu
Temeparypi 700 K.

1. Introduction

Recently polycrystalline nanostructured
materials (d < 100 nm) are intensively cre-
ated and investigated. The interest of inves-
tigators to these materials is defined by
their unique mechanical and physical-chemi-
cal properties, which are differ significantly
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from the corresponding for polycrystals
with fine (d <10 mm) and coarse (d >
10 mm) grains [1-4]. There are some prom-
ising methods of the bulk metallic nanoma-
terials creating by intensive plastic defor-
mation (IPD): rolling, equal channel angular
pressing, torsion under high pressure, all-
round compression [1, 4] etc. These materi-
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Fig. 1. Dependencern of the yield strength (6, ,) (1a), tensile strength (cp) (2a), plasticity (¢) (3a)
and relative resistivity (Rgpq x/R77 ) (b) of nanostructured alloy Zr1Nb deformed at 700 K under

creep conditions on the pre-annealing temperature.

als, created by IPD, are characterized by
the high internal stresses, which compli-
cates the production of subjects from such
materials without intermediate heat treat-
ments, the effectiveness of which, in terms
of relieving stresses, increases with increas-
ing the temperature. However, probability
of the substantial grain coarsening in-
creases with inecreasing the annealing tem-
perature, that can leads to the loss of the
advantage of the nanocrystalline state. In
the conditions of high internal stresses in
such materials the grain growth begins at
the lower temperatures. In particular, the
temperature of recrystallization start in
nanomaterials is significantly lower than
the normal temperature of the starting of
recrystallization in pure metals (~0.4—
0.5 T,) [5], and amount to 0.28~T-T,,
0.35 [6]. In addition, the recrystallization
in nanomaterials occurs at high rate: the
rate of the grains growth reaches 107 c¢m/sec,
and the activation energy of the grain
growth is significantly lower than the acti-
vation energy of the processes grain-bound-
ary self-diffusion [7].

Therefore, research on establishment of
the relationship of structure-phase state
nanomaterials obtained by annealing with
the laws of plastic deformation of the creep
in the temperature range below 0.5T,, is
very important. This will allow, on the one
hand — to develop understanding of the
mechanisms of deformation at the low tem-
perature creep, and on the other — to set
up the boundaries of practical use and pos-
sibility of further improving the properties
of nanocrystalline metallic materials ob-
tained by the methods of IPD.
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2. Experimental

The investigated material was the poly-
crystalline alloy Zr1Nb obtained by electron
beam melting. With the purpose to influ-
ence on the structure and properties of the
alloy ZriNb the thermomechanical treat-
ments were conducted in vacuum in the fol-
lowing modes:

1. MT-1 — combined rolling at 77-300 K,
the residual deformation (¢) was 3.9;
. MTT-1 — MT-1 + annealing at 500 K, 1 h;
. MTT-2 — MT-1 + annealing at 570 K, 1 h;
. MTT-3 — MT-1 + annealing at 720 K, 1 h;
. MTT-4 — MT-1 + annealing at 800 K, 1 h;
. MTT-5 — MT-1 + annealing at 870 K, 1 h.
The methods of measuring of electrical
resistance after each treatment and in the
process of creep were used for study of de-
fect structure of the materials. Electrical
resistance was measured at T = 300 K for
4th point scheme by compensative method.
The measuring error did not exceed
+0.05 %, and variation of values of specific
electrical resistance did not exceed
1+0.5 % . Monitoring the structure evolu-
tion was carried out by electron microscopy.

Creep tests were carried out in the step
loading regime, the measurement accuracy
of elongation was 5:107° cm.

O O W

3. Results and discussion

The characteristics of creep of Zr1Nb
alloy samples after various treatments were
examined in the temperature range of 300-
700 K. The strength characteristics (yield
strength, tensile strength and plasticity)
and the relative resistivity of the alloy
Zr1Nb depending on the heat treatment tem-
perature are shown in Fig. 1.
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Fig. 2. Dependences of creep rate of nanos-
tructured alloy ZriNb at 700 K on the ap-
plied stress: I — MT-1; 2 — MTT-1; 3 —
MTT-2; 4 — MTT-3; 56 — MTT-4; 6 — MTT-5.

Fig. 2 shows the dependences of the
creep rate at 700 K (operating temperature
of reactors) of the alloy samples after all
treatments over the entire range of stresses.

Analysis of the experimental data is
shown that annealing at temperatures of
500-720 K does not substantially change
the strength properties of the material; the
plasticity and the creep rate do not in-
crease. At the same time there is constant
increase in the relative resistivity with in-
creasing the annealing temperature from
500 K to 720 K (Fig. 1b), indicating the de-
crease of internal stresses level and can be
associated with the redistribution or de-
creasing of the defects overall level in the
material.

It should be noted, that after annealing
at 500 K the low hardening effect of the
alloy Zr1Nb is observed. Similar effect was
observed after annealing in the temperature
range before recrystallisation in other met-
als [5—7]. Since during annealing the sub-
structure of the nanomaterials tend not
formed, the traditional points of view can
not be used for explaining the effect. The
assumptions were made in the works [1, 5—
7] about the relationship the hardening ef-
fect in the nanostructure metals after an-
nealing in the temperature range before re-

crystallisation with the processes of forma-
tion of impurity atmospheres around dislo-
cations, the peculiarities interaction of the
grain boundaries with impurities with accu-
mulation of defects in the migrating grain
boundaries of the metals, in which the rate
of migration under the conditions of abnor-
mal grain growth significantly exceeds the
rate of migration of the grain boundaries in
the conditions of collective recrystalliza-
tion. It is also known that the temperature
of the beginning of the dynamic effect of
aging for the alloy ZriNb is about ~ 400 K
and at the same temperature, the maximum
of diffusion mobility of oxygen atoms is
observed [8-10]. However, the question of
the hardening mechanisms is open until now
and requires detailed experimental studies
and construct of corresponding physical
models.

Further increase in the annealing tem-
perature T > 720 K leads to decrease of
strength properties and to increasing of
plasticity. At this time the relative electri-
cal resistivity does not change (Fig. 1b).
This means that the overall level of defects
in the structure does not change, and the
decrease of mechanical characteristics may
be associated with the restructuring and or-
dering of the structure of Zr1Nb alloy [11].

Electron microscopic images of the struc-
tures of the alloy ZriNb after different
treatments are presented in Fig. 3.

The structure investigations are shown
that after the combined rolling of Zr1Nb alloy
on the value of true strain € ~ 3.9 the nanos-
tructure with the grain size of ~ 60 nm is
formed (Fig. 8a). The dislocation density in
the grains body is about ~ 3.4-1010 em~2.
Most of the dislocations are concentrated at
the grain boundaries and triple junctions. The
average size of disorientation, caused by
boundaries, is about ~ 6°. At the same time
there are big concentrations of the high angle
boundaries (8 — 30°), as well as the ragged

Fig. 3. TEM images of ZriNb alloy after the following treatments: a) MT-1; b) MTT-4; ¢) MTT-5.
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Fig. 4. TEM images of ZriNb alloy after the following treatment: a) MT-1 + creep at 700 K
(6 = 0.90p); b) MTT-4 + creep at 700 K (6 = 0.903); ¢) MTT-5 + creep at 700 K (o = 0.965).

dislocation boundaries. Sharp heterogeneity
of contrast on the electron microscopic im-
ages testifies of the high level of internal
stresses and presence of the peak stresses in
the boundaries junctions.

Annealings in the temperature range of
500 — 870 K leads to the internal stress re-
laxation and transformation of the nanos-
tructures with the increasing intensity.

Annealing the nanostructured alloy ZriNb
in the temperature range of 500 — 570 K
does not cause the significant change in the
character of the microstructure. All the pe-
culiar properties of the microstructure,
which are characteristic for the nanostruc-
tured state, are stored. Some redistribution
and reducing of the dislocation density at
the grain boundaries and especially at triple
junctions are observed. The distribution of
the dislocations in the body of grains be-
comes more uniform.

The structural changes indicative of the
return process in the grain boundaries are
observed after annealing at 720 K. As a re-
sult of the redistribution and annihilation
of dislocations, the boundaries become more
distinet, flat, with a smooth surface, i.e.,
are more equilibrium, indicating the signifi-
cant decrease of the internal stresses level.

However, the heterogeneity of stresses
distribution in the nanostructure is retained
even after annealing at 800 K, as evidenced
by the non-uniformity of passing relaxation
processes in volume of the material. As the
polygonal boundaries so and the germs
grains recrystallization of the size ~ 30 nm
were registered on the electron microscopic
images. The several grown grains are de-
tected (Fig. 3b).

Only after annealing at 870 K the initial
recrystallization comprises the entire vol-
ume of the material (Fig. 8¢). The forma-
tions of the new grains size up to 1 cm
occur. The grains have the equiaxed shape,
at the same time the structure inside the
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grains and the structure of the grain
boundaries varies. The dislocation density
within the grains does not exceed the value
~ 108 em~2.

The changes of the nanocrystalline state
after the annealings caused the evolution of
the structure during the creep at 700 K (work-
ing temperature of the reactors), and the de-
gree of resistance of plastic deformation.

After all treatments the samples of
Zr1Nb alloy were studied under creep condi-
tions at T = 700 K. The structures of the
alloy Zr1Nb, formed as a result of tests, are
shown in Fig. 4.

The structural studies have shown that
the nanostructure created by IPD rolling,
proved to be unstable to subsequent me-
chanical-thermal actions in under the creep
conditions at 700 K (Fig. 4a). Most of the
boundaries were destroyed and in their
place were formed the dislocation bounda-
ries of polygon type. Sizes of polygons vary
in the ranges of 50 — 150 nm. The elongate
boundaries with the large, above ~ 20°, an-
gles of disorientation were partially pre-
served. The transformation of the original
structure is due to the activation of the
return processes by climb of dislocations
near the grain boundaries, and also by the
processes of generation and annihilation of
dislocations at the boundaries, which leads
to their disintegration [11-14].

The heat treatments in the temperature
range of 500-720 K do not destroy the de-
formation nanostructure, which is trans-
formed in the process of creep, but it does
not affect on the strength properties and
the creep speed.

Qualitative changes in the deformation
structure during the annealings with de-
struction of the nanostructured states lead
to its sharp transformation in the process of
creep. So, the processes of dynamic recrys-
tallization during the creep at 700 K begin
to develop in the structure obtained after
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annealing at 800 K and the new grains of
size 0.1 — 0.5 mc are formed (Fig. 4b).

The structure of ZriNb alloy, completely
recrystallized after annealing at 870 K, was
unstable under the creep conditions at
700 K. The new grain boundaries were de-
stroyed and clusters of dislocations with a
tendency to formation of the cellular struc-
ture were formed (Fig. 4c).

Previously we have shown [11-14], that
the plastic deformation in the conditions of
creep the submicrograined and nanostruc-
tured Zr and alloy Zr1Nb, obtained with the
use of IPD, take place due to the restructur-
ing of the defected structure and it is ac-
companied by the stress relaxation. This
process involves the destruction of the
original structural configuration, created as
a result of rolling, and the formation of the
new structure, which is less stressful and
more resistant to subsequent deformation.
The cause of the kinetic instability of defor-
mation structures is the change of the ge-
ometry of the plastic deformation and con-
ditions of the temperatures-speed mode of
deformation.

4. Conclusions

The performed treatments of alloy Zr1Nb
allowed obtaining the material in different
structural states, the degree of resistance of
which to the subsequent deformation in
creep process at the temperature of 700 K
is different.

The stress relaxation effect, while main-
taining the nanostructured state, is ob-
served after annealings at temperatures
500 K — 720 K, which does not lead to the
noticeable change in the strength charac-
teristics and structure of the alloy Zr1Nb
and may be the result of the redistribution
of structural defects.

The heat treatments at the temperatures
of 800 K — 870 K qualitatively alters the
structure of alloy, destroying the nanos-
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tructured state, that leads to the decreasing
of the strength characteristics and to the
increasing of the creep rate at 700 K, due
to instability of the formed structure and
its transformation during deformation.
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