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Effect of ultrasonic impact treatment on creep characteristics and evolution of Zr1Nb
alloy nanostructure has been studied. Under the ultrasonic impact treatment the level of
internal stresses in the nanostructured material decreases due to formation of the more
equilibrium boundary structure without appreciable grain growth. Subsequent deformation
of the nanostructured Zr1Nb alloy under creep conditions at 700 K induces the relaxation
of internal stresses as a consequence of dynamic recrystallization. As a result, the new
stable nanostructure is formed that appreciably increases thermomechanical stability of
the alloy.
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W3yueno BAUAHNE YJILTPA3BYKOBOTO BO3AeMCTBUA Ha XaPAKTEPUCTUKM IIOJ3YUECTH U 3BO-
JOIMo HaHocTpyKTypsl cimnasa Zr1Nb. ITokasano, uro yiabprpassykoBasi o6paGoTKa IIPUBOSUAT
K CHIKEHHIO YPOBHS BHYTPEHHHX HAIPAKEHUN HAHOCTPYKTYPHPOBAHHOTO MaTepuaja 3a
cuer (hopMupoBaHUs 06oJjiee PABHOBECHOH CTPYKTYpPHI I'paHuil 0€3 3aMeTHOIro pocra 3epeH. B
mnmporecce mocaenywomeil gedpopmanyuy B yeaosuax noasydectu npu 700 K manocTpyKTypupo-
Bangoro cmiaasa Zr1Nb, moaBepruyToro yJabTpasByKOBOMY BOBAEHCTBUIO, HPOMCXOIUT PeaaK-
canysa BHYTPEHHHUX HAIPAKEHUN BCJIENCTBUE INHAMWUYECKOUN PEKPHCTAIM3ANYA 1 o0pasosa-
HIUE HOBOH CTAOMJIBHON HAHOCTPYKTYPHBI, UTO IIPUBOLUT K 3aMETHOMY IIOBBIIIIEHHIO T€PMOME-
XaHUYECKON yCTOMNUMBOCTH.

Bnane yasTpasByKoOBOI O06pO0OKH Ha XapaKTEePHCTHKHM MOB3YYOCTI Ta €BOJIOIiI0 HAHO-
crpykrypu cmaaBy ZriNb. B.I.Coxonenrxo, B.M.I'op6amenixo, €.B.Kapacvosa, O.B.Mauy,
€.C.Casuyx, B.O.Pponos.

BuBUeHO BIIWB yJALTPA3BYKOBOI OOPOOKM HA XapaKTEPUCTHUKM IIOB3YUOCTi Ta €BOJIIOIII0
"HanocTpykTypu cinaBy ZriNb. ITokasano, 1o yJabTpasByKoBa 00pPOGKa IIPUSBOLUTL A0 3HU-
JKeHHS PiBHA BHYTPIMIHIX HAIPY:KeHb HAHOCTPYKTYPOBAHOIO MaTepiany 3a paxyHOK (opmy-
BaHHS OiJbII PiBHOBAXKHOI CTPYKTYPH I'PAHHIL 0e3 MOMITHOI'O 3POCTAHHS 3epeH. ¥ Iporeci
noganpinol gedopmanili B ymoax mossyuocTi mpu 700 K HaHOCTPYKTYPOBAHOIO CILIABY
Zri1Nb, migzasoro yiabTpasByKOBOMY BILIMBY, Big0yBaeTbcd pejarcalid BHYTPIiIIHIX Hampy-
JKeHb BHACJIITOK AMHAMiuHOI pexpucraiisaiii i yrBoperus HOBOI ¢cTabiibHOI HAHOCTPYKTYPH,
IO OPU3BOAUTE A0 IIOMITHOTO IIiIBUINEHHSA TepMoMexaHiuHOol cTifiKocTi.

1. Introduction talline metallic materials [1-4]. Nanocrys-
talline materials with a characteristic grain

The method based on the usage of severe size less than 100 nm, obtained by the SPD
plastic deformation (SPD) is one of the most method, have extraordinary functional and
promising ways of producing nanocrys- mechanical characteristics, namely: high
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strength, wear resistance, hardness, high
fatigue properties etc. [1, 2]. They differ
from the macrocrystalline materials, besides
the grain size, by some structural features
such as high density of grain-boundary dis-
locations, high concentration of non-equilib-
rium deformation vacancies, high level of
internal stresses and others. Because of the
high internal stresses, induced by the non-
equilibrium grain boundaries, such materi-
als are characterized by low plasticity and
thermal stability [1-4]. Therefore, in order
to obtain a complex of high mechanical
properties in the nanostructured materials
it is necessary to select an appropriate non-
destructive processing method.

Among a variety of approaches the use of
ultrasonic impact treatment (UIT) for im-
provement of the nanostructure material
properties is one of the most powerful tools.
Ultrasonic waves propagating in the mate-
rial, interacts with various defects: vacan-
cies, dislocations, grain and subgrain
boundaries, impurities, and cause the struc-
tural changes which depend on the parame-
ters of ultrasound, mainly on its power. By
varying the ultrasonic treatment conditions
for the material under study it is possible
to form the structure providing the attain-
ment of desired properties. The low-intense
ultrasonic impact on the deformation nanos-
tructure decreases and equalizes the inter-
nal stresses in the material volume while
the structure size factor remains constant
and structure homogeneity increases [5,6].

Further study of ultrasonic influence on
the nonequilibrium structure of the
nanocrysrtalline metallic materials, in order
to open up the new potentialities of ultra-
sonic treatment for improving the structure
and properties of these materials, is an ur-
gent and important task for practical work.

2. Yuayxwovymego

ZriNb alloy prepared by the method of
electron-beam melting has been investi-
gated. In order to reveal the influence on
the structure and properties of the Zr1Nb
alloy the following treatment procedures
were used:

1. MT-1 — combined rolling at 77 K-
300 K, finite deformation (¢) was 3.9;

2. MT-2 — MT-1 + UIT at 300 K;

3. MTT-1 — MT-1 + annealing at 870 K
for 1 h.

Defect structure of the ZriNb alloy was
investigated by the method of electrical re-
sistance measurement after each SPD treat-
ment. Electrical resistance (R) was meas-
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ured by the four-point scheme using the
compensation method. The error of R meas-
urements did not exceeded +0.5 %. The
structure evolution control was carried out
using the electron microscopic method.

Creep tests were conducted in the step
loading mode at temperatures 300 K and
700 K that corresponds to the reactor oper-
ating temperature. The elongation measure-
ment accuracy was ~ 5-107° cm.

A part of the rolled samples were sub-
jected to UIT (f =20 kHz) at T =300 K
using the technique described in [5]. The
amplitude of ultrasonic tangential stresses
was 80 MPa, the UIT duration was 10 min.
Selected mode of preliminary ultrasonic
treatment [5, 7] exerts a softening effect on
the deformed material.

3. Results and discussion

In order to reduce the internal stress
level and to increase the plasticity of the
nanostructured Zr1Nb alloy we have carried
out two treatment procedures: ultrasonic
impact treatment (MT-2) and, for compari-
son, standard thermal treatment (MTT-1),
at temperature of the corresponding stage
of primary recrystallization of the material
being studied which, as our previous experi-
ments [8] have shown, leads to the apprecia-
ble increase of plasticity.

By measuring the residual electrical resis-
tance (Rgog x/R77 x) it is possible to control
the changes in the material defect state in-
duced by deformation after rolling and differ-
ent treatments. Results of Rgy9 x/R77k
measurement are given in Table.

It is evident from the table that both the
treatments of the rolled ZriNb alloy (MT-2 and
MTT-1) increase the residual electrical resis-
tance i.e. reduce the internal stresses level.

The creep characteristics of the Zr1Nb
alloy subjected to different treatments were
investigated within the temperature range
from 300 K to 700 K. The creep rates of
the Zr1Nb samples, subjected to different
treatments within the stress range being
studied at the test temperature of 700 K
(reactor operating temperature) are pre-
sented in Fig. 1.

Table. Residual electrical resistance of
nanostructured ZriNb alloy after different

treatments
Measured Treatment type
characteristics MT-1 MT-2 | MTT-1
Rggg x/B77 3.03 3.47 3.57
459
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Analysis of the experimental results
show that the rolled (¢ = 3.9) samples tested
at 700 K have the high strength and, at the
same time, the low plasticity and creep rate
because of the high level of internal
stresses. After the annealing (MTT-1) the
ultimate stress of the samples is twice less
than that of the rolled samples (MT-1) and
the plasticity increases by 20 %. The ultra-
sonic treatment (MT-2) also decreases the
strength properties of the material by ~
15 % in comparison with the rolled sam-
ples, and its plasticity increases by = 16 %.

Our previous experiments [9, 11] have
shown that the plastic flow of submicro-
and nanostructured materials, obtained by
the SPD method, is conditioned by the joint
action of several mechanisms: cross sliding,
climb and annihilation of dislocations near
the grain boundaries, as well as, diffusion
creep and grain-boundary dislocation sliding
along the grain boundaries. The contribu-
tion from each of these mechanisms into the
material deformation depends on the test
temperature, applied stress and grain
boundary state.

It is important to note that the nanoma-
terials specificity, in the view of the defect
theory, consists in the fact that the plastic
deformation is strongly localized and the
main processes, controlling the nanomate-
rial behavior and properties, are realized in
the grain boundaries [1-4, 9-11], not in the
crystalline lattice (in grains) as it occurs in
the normal materials. The main type of de-
fects, determining the process history are
inner interfaces, not dislocations and vacan-
cies. Features of the behavior of the proc-
esses taking place in the grain boundaries
are due to interaction of the boundaries
with dislocations point defects, coming into
them from the lattice, i.e. the diffusion
processes play a decisive role in the realiza-
tion of unique properties of the nanomateri-
als. Indeed, as the grain size decreases, the
volume fraction of the material near the
grain boundaries and boundary regions is
increasing. The sizes of structure elements
approach the diffusion path lengths being
characteristic for different processes. Inves-
tigations on diffusion in the nanostructured
metals and alloys have shown that the dif-
fusion coefficients in such materials exceed,
by several orders of magnitude, the correspond-
ing values in coarse-grained materials [1].

Quantitative and qualitative difference
in the properties of these materials is deter-
mined, in general, by the nonequilibrium
state of the grain boundaries formed in the
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Fig. 1. Creep rates of nanostructured Zr1Nb
alloy subjected to different treatments (1 —
MT-1; 2 — MT-2; 8 — MTT-1 at T = 700 K)
as a function of the applied stress.

SPD process. Consequently, by changing the
boundaries defect structure the strength
and creep properties of the nanocrystalline
materials can be changed.

As is known, the low-intense ultrasonic
influence leads to relaxation of internal
stresses in the material volume caused by
some factors. Under the high-frequency al-
ternating impact a great number of vacan-
cies are generated that stimulates a noncon-
servative slip [5—7]. In this case dissipation
of vibrational energy takes place, for the
most part, at the interfaces that can lead to
formation of the more equilibrium state of
the structure boundaries, local heating to
decrease of the local stresses and to activa-
tion of the dislocation sources [5—7]. It is
common knowledge [7] that the ultrasonic
field influence drives the process of disloca-
tion multiplication by two channels. One of
the channels is activation of the Frank-Read
sources when each of them is activated
under the ultrasonic impact with a lower
value of the constant shear stress (the ul-
trasonic influence is reduced to action of
the trigger mechanism). The second channel
is the increase of a number of the Frank-
Reader sources. The effect of all the above
factors leads to the active displacement, in-
teraction and annihilation of dislocations at
the grain boundaries, as well as to recovery
of the boundary structure. The grain
boundaries become more equilibrium, the
level of long-range stresses decreases that
leads to the strength property deterioration
and plasticity increasing. It is important to
note that the equilibrium grain boundaries
are more resistant to the mechanical-ther-
mal effects under the creep conditions.

The structure investigations show (Fig. 2)
that the combined rolling of the Zr1Nb alloy
up to deformation value of ~ 8.9 results in
the formation of the nano-grained structure
with an average grain size of ~ 60 nm and
polygonal nonequilibrium boundaries (Fig.
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Fig. 2. TEM images of Zr1Nb alloy after following treatments: a) MT-1; b) MT-2; ¢) MTT-1; d) MT-1
+ creep at 700 K; e) MT-2 + creep at 700 K; f) MTT-1 + creep at 700 K.

2a). The dislocation density in the grain
body is ~ 8.4 1010 em 2. The most part of
the dislocation mass is concentrated near
the grain boundaries and triple junctions.
The average size of misorientations caused
by the boundaries is ~ 6°. There observed is
a high concentration of large-angle bounda-
ries (8—30°) as well as polygonal boundaries
of dislocations. Sharp inhomogeneity of the
contrast in the electron microscope images
evidences on the high level of internal
stresses and presence of peak stresses in the
boundary junctions.

The high concentration of boundaries and
overlapping fields of the long-range stresses,
induced by these fields, create conditions for
the high plastic resistance and nanostructure
evolution under the creep at 700 K.

The nanostructure formed as a result of
the SPD was nonresistant to the subsequent
mechanical-thermal action under the creep
conditions at 700 K (Fig. 2d).

The figure shows that the most part of
boundaries are destroyed and dislocation
boundaries of a polygonal type are formed
in their place. The polygon size is varying
within the range from 50 to 150 nm. There
the extended boundaries with large, more
than 20°, grain-boundary angles are re-
mained. The initial structure transforma-
tion occurs because of activation of the re-
turn processes, due to dislocation climb
near the grain boundaries, as well as the
processes of generation and annihilation of
dislocations at the boundaries that leads to
their crumbling.

The action of ultrasound with the tan-
gential stress amplitude of 80 MPa does not
provoke the change in the morphology of
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Fig. 3. Spectra of grain size distribution in
the samples of nanostructured Zr1Nb alloy
subjected to MT-1 (I) and MT-2 (2) treat-
ments.

the Zr1Nb initial deformation nanostruec-
ture, however, it becomes more equilibrium
and homogeneous, the number of 60 nm
grains increases and the average grain size
slightly increases to 67 nm (Fig. 3). This is
because of in this case the number of grains
with the small-angle boundaries is reduced
compared to the deformed state.

It is seen from the figure that the grain
boundaries are more straight and thin, the
angles in the grain triple junctions are close
to the equilibrium one, the spectrum of in-
ternal stresses is even, and their level and
scale are decreased (Fig. 2b).

The action of tensile stresses under the
creep condition at 700 K leads to develop-
ment of dynamic recrystallization in the
samples processed with ultrasound (Fig. 2Ze).
The average size of recrystallized grains is
100 nm. It can be concluded that as a result
of the stress relaxation in the process of
creep of the nanostructured ZriNb alloy
subjected to UIT at 700 K the polygoniza-
tion stage is absent. The nanostructure
formed by the SPD is destructed and the
new recrystallization nanostructure is

461



V.I.Sokolenko et al. /| Effect of ultrasonic impact ...

formed which provides the high creep resis-
tance and the high level of strength charac-
teristics, the plasticity level being remained
sufficient.

For comparison in Fig. 2¢ presented is
the structure obtained using the thermal
treatment (MTT-1), which decreases the in-
ternal stresses and increases the plasticity
of the alloy but deteriorates its strength
properties. This is a consequence of the re-
crystallization and formation of the new
grains of about ~1 pum. The grains have
equiaxed shape with the straight equilib-
rium boundaries. The intergranular struc-
ture is changing, the dislocation density de-
creases to ~ 108 em 2.

Furthermore, such a structure is unsta-
ble under the creep conditions at 700 K.
The grain boundaries are fractured and the
dislocation clusters takes place with a ten-
dency towards the cellular structure forma-
tion (Fig. 2f). It has been found previously
[2, 6-11] that the structural instability
arising in the creep process is caused by the
changes in the plastic deformation geometry
and temperature-rate deformation mode.

4. Conclusions

The experimental results show that the
ultrasonic impact treatment with amplitude
of 80 MPa and frequency f = 20 kHz leads
to relaxation of the internal stresses in
nanostructured Zr1Nb alloy, produced by
the SPD method, due to formation of the
more equilibrium structure of boundaries
without appreciable grain growth.

It has been found that in the nanostruc-
tured ZriNb alloy, subjected to the ultra-
sonic impact treatment, the creep at 700 K
causes the relaxation of internal stresses as
a result of dynamical recrystallization and
formation of the new stable structure that
significantly improves the thermomechani-
cal material stability.

The effect of stress relaxation is ob-
served also in the nanostructured ZriNb
alloy subjected to the thermal treatment at
870 K providing the plasticity increase.
However, in this case the alloy structure is
changing qualitatively and the nanostruc-
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ture state is destroyed. As a result, the
strength characteristics are deteriorating
and the creep rate increases. Moreover, the
produced recrystallization structure pos-
sesses the low thermomechanical stability
against the subsequent deformation under
the creep conditions.

So, the ultrasonic impact treatment with
optimum amplitudes can be used as an ef-
fective alternative or addition to the relaxa-
tion modes of metal and alloy treatments
and extends the potentialities for modifica-
tion of the structure and properties of
nanostructured materials.
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