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Abstract. The effect of ultrasonic treatment (UST) on the microstructure and mechanical proper-
ties of bulk nanostructured nickel processed by equal-channel angular pressing (ECAP) is stud-
ied in the range of stress amplitudes between 0 and 100 MPa. It is shown that UST results in a
considerable simultaneous increase of the ultimate strength and ductility of this material. There
exists an optimal value of the amplitude of ultrasonic vibrations for which the effect is maximal.
The results prove that UST can be an efficient method for an improvement of the mechanical
properties of nanostructured materials alternative to annealing.

1. INTRODUCTION

Bulk nanostructured materials (BNMs) processed
by severe plastic deformation methods exhibit a
number of extraordinary mechanical properties such
as very high strength, wear resistance and fatigue
limit [1-3]. However, these materials are highly
nonequilibrium materials, which are characterized
by distortions of the crystal lattice induced mainly
by nonequlibrium grain boundaries and correspond-
ing high internal elastic strains [2]. This causes a
relatively low thermal stability of the microstructure
and properties of nanostructured materials and lim-
its the areas of their applications. Due to the high
internal stresses, the ductility and impact tough-
ness of BNMs are usually also lower than those of
coarse grained materials [2,3].

To stabilize the microstructure and improve the
thermal stability and ductility of BNMs most often
annealing at moderate temperatures is used. It is
shown, for example, that mild annealing of

nanostructured Cu after ECAP results in a signifi-
cant increase of its elongation as compared to the
state after ECAP [4]. Using different complex meth-
ods of treatment normally including annealing one
can generate a bimodal microstructure in materials
which contains ultrafine and larger grains and pro-
vides a higher ductility at reasonably high strength
characteristics [5]. However, the annealing based
treatment usually results in a considerable loss of
the high strength attained due to SPD, so that one
cannot use fully the potential of SPD methods to
obtain high mechanical properties.

Alternative method of microstructure relaxation
in plastically deformed materials is ultrasonic treat-
ment (UST) [6]. The elastic waves propagating in a
crystal induce mechanical forces on dislocations
and cause structural changes, which depend of the
amplitude of oscillating stresses. At high amplitudes
the UST results in a generation of dislocations and
their grouping into cell boundaries [6-8]. Recent
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experiments have shown that UST can result in the
formation of a high-strength nanocrystalline state
on the surface layers of materials [9,10]. There are
only a few studies of the effect of ultrasound at rela-
tively small amplitudes, when a glide of dislocations
but not their generation is activated. In [11] it was
shown that UST of a Fe-Si alloy at an amplitude
below the fatigue limit resulted in a relaxation of
internal stresses near the twin boundaries and a
decrease of the ductile-brittle transition temperature.
Based on discrete dislocation dynamics simulations
in [12] it was demonstrated that UST led to a refine-
ment of the loose dislocation boundaries; this ef-
fect was called ultrasonic stimulation of
polygonization.

In our recent papers we studied the effect of UST
on the microstructure of BNMs by means of mo-
lecular dynamics simulations and experimentally on
an example of nanostructured Ni processed by high-
pressure torsion and ECAP [13-19]. In these stud-
ies, a number of effects of ultrasonic vibrations on
the microstructure and properties of BNMs have been
discovered such as an increase of the relative num-
ber of high-angle grain boundaries, relaxation of non-
equilibrium grain boundaries and triple junctions,
annihilation of lattice dislocations, increase of va-
cancy concentration, increase of thermal stability
of nanostructured Ni processed by HPT. For ECAP-
processed Ni, it was demonstrated that UST could
result in a significant increase of the impact tough-
ness [18].

The cited studies were conducted for three val-
ues of the amplitude of ultrasonic waves and give
no systematic information on the dependence of the
effects on the intensity of UST. Also, of a particular
interest is to study the effect of UST on the ductility
of BNMs. Therefore, the goal of the present paper is
to study the effect of UST of varying amplitude on
the microstructure and mechanical properties of
nanostructured Ni processed by ECAP.

2. MATERIALS AND PROCESSING
METHODS

Commercially pure (99.5%) nickel NP2 was used
as material for the studies. Cylindrical samples with
diameter 20 mm and length 100 mm were processed
by 12 passes ECAP at the temperature T = 35%°C
according to the route B

C
, i.e. rotating the samples

to 90° around their axes in the same direction be-
tween subsequent passes [3]. After ECAP the
samples were subjected to slight extrusion in order
that they have a length suitable for the excitation of
a standing ultrasonic wave. As a result, two cylin-

(a)

(b)

Fig. 1. The scheme of ultrasonic irradiation of ECAP-
fabricated samples (a) and preparation of tensile test
specimens (b); 1 - ultrasonic generator, 2- ultrasonic
transducer, 3 - concentrator, 4 - half-wave length
sample.

drical samples with diameter 18 mm and length 104
mm were fabricated.

One of the samples was taken as a reference
one for a comparison of the mechanical properties
after ECAP and after ECAP followed by UST.

The other sample was further subjected to UST
according to the scheme illustrated in Fig. 1a. Ul-
trasonic vibrations with frequency 22 kHz are ex-
cited by ultrasonic generator 1 and acoustic trans-
ducer 2. The sample 3 is fixed to the transducer by
a screw made in one of its ends in order to make a
full acoustic contact. The length of the sample is
approximately equal to the half wave length of the
ultrasound so that slightly changing the frequency
around 22 kHz resonance ultrasonic vibrations in
the acoustic system are excited.

In this regime, the amplitude of displacements
along the sample changes according to the relation
 = 

0
cos x, where 

0
 is the maximum of amplitude,

at which the ends of the sample vibrate, and  is
the resonance frequency. Then the elastic stresses
induced in the sample by these vibrations change
by the following relationship:

x x
0

( ) sin ,
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where 0  is the maximum amplitude of the
stresses, which corresponds to the middle of the
sample.

In our experiments the intensity of UST was cho-
sen to provide the value 0 100 MPa to this stress
amplitude, so that the cross sections of the sample
experienced the influence of oscillating tensile/com-
pression stresses with amplitudes varying from 0 at
the ends to 100 MPa in the center.

In order to study the microstructures and me-
chanical properties after UST with different intensi-
ties, the sample was sliced into 42 discs with 2.5
mm thickness and two samples for tensile tests
were cut from each disc (Fig. 1b). These samples
had the gauge dimensi]ns 2×1×1.5 mm3. The ten-
sile tests were carried out on an INSTRON testing
machine at room temperature.

The microstructure in selected cross sections
of the UST treated sample was studied by trans-
mission electron microscopy (TEM) on an electron
microscope JEM2000EX. Foils for these studies
were prepared using standard methods on a jet pol-
ishing apparatus.

X-ray diffraction studies were carried out on an
apparatus DRON-4. The samples for these studies
were polished first mechanically and then by elec-
trolytic polishing. The diffraction patterns were re-
corded with a step 0.05° and exposition time 5 s.
The CuK  line was used with Bragg-Brentano fo-
cusing. The Soller collimator for primary beam and
a graphite monochromator for diffracted beam were
used. The X-ray experimental data were processed
by means ]f the c]de «Maud» (Materials Analysis
Using Difraction) [20].

3. EXPERIMENTAL RESULTS

Results of tensile tests are collected in Figs. 3a
and 3b as dependencies of the ultimate strength 

u

and elongation to failure  on the amplitude of oscil-
lating stresses. Two wings of the graphs correspond
to the two halves of the sonicated sample. As refer-
ences, the data for the sample after ECAP are given
by open circles. These data were obtained for cross
sections of the sample which are located on differ-
ent distances from the center and are plotted against
the UST amplitudes corresponding to the same lo-
cations on the sonicated sample.

The data for the non-sonicated sample show that
ECAP under the conditions used here resulted in a
fairly uniform distribution of the mechanical proper-
ties along the sample length. The ductility is the
same in the center and ends of the sample, while
the ultimate strength changes less than about 100

(a)

(b)

Fig. 2. Dependencies of the ultimate strength (a)
and elongation to failure (b) of ultrasonically irradi-
ated nanostructured Ni on the amplitude of oscillat-
ing stresses. The solid lines give trends of the
changes of characteristics. Open circles are datum
points for the non-sonicated ECAP Ni at the sample
positions corresponding to four values of the stress
amplitude in the sonicated sample.

MPa. Therefore, all the changes of mechanical prop-
erties seen for the ultrasonically treated sample are
obviously caused by the effect of ultrasound.

The distribution of the ultimate strength and elon-
gation to failure after UST is fairly symmetric with
respect to the center of the sample. This means
that the attenuation of the wave is not significant
and a symmetric standing wave is established in
the sample under irradiation. The yield stress 

y
 var-

ies in the range from about 800 MPa up to about
1050 MPa in a way similar to the behavior of the
ultimate strength.

Thus, the results show that the UST leads to a
considerable increase in both the strength charac-
teristics and elongation to failure. This increase is
not monotonic and exhibits a maximum near the
value  75 MPa, after which the effect diminishes
with a further increase of the stress amplitude. Thus,
there exists an optimal value of the stress ampli-
tude at which the UST can result in an improvement
of the mechanical properties of BNMs.
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It is noteworthy that the changes of ductility and
strength of the nanostructured Ni with UST inten-
sity have the same trends, i.e. they increase simul-
taneously up to the optimal stress amplitude. Such
a behavior is not typical, since normally increase of
the ductility is followed by a loss of strength and
vice-versa [21,22].

In order to help understanding the origin of the
changes in mechanical properties, structural stud-
ies have been carried out at three reference posi-
tions corresponding to the stress amplitudes 0, 75,
and 100 MPa.

TEM micrographs of the microstructure of the
reference points are presented in Figs. 3a-3c. After
ECAP (Fig. 3a) the material consists of grains and
fragments having loose boundaries and have a
nonequilibrium microstructure. The electron diffrac-
tion pattern shows an azimuthal spread of the spots
that indicates on the presence of both high- and
low-angle misorientations. One can see the pres-
ence of substructure and high defect density in the
grains.

After UST with amplitudes 75 and 100 MPa (Fig.
3 b, c) the grains attain a more perfect shape and
their boundaries become perfect and flat, the junc-
tions have angles close to the equilibrium value 120°.
The fraction of grains having substructure decreases.
The electron diffraction patterns consist of point
spots which are typical for annealed material. Visu-
ally the microstructures after UST at 75 and 100
MPa do not differ significantly.

The values of coherent scattering region length
d and microstrain 

i
 obtained from x-ray diffraction

studies for the reference points of the sample are
presented in Table 1. These data show that the UST
resulted in a relaxation of internal stresses. At stress

Fig. 3. TEM micrographs of the structure at positions corresponding to the UST amplitude values (a) 0 (end
of sample), (b) 75 MPa, and (c) 100 MPa (center of samples).

UST amplitude, d, nm
i
, %

MPa

0 14% ±1% %.1%4 ± %.%%1
75 16% ±15 %.%88 ± %.%%2
100 18% ±7% %.%9% ± %.%%1

Table 1. Results of X-ray diffraction studies of the
sample points subjected to UST with amplitudes 0,
75, and 100 MPa.

amplitudes up to the optimal value of 75 MPa, the
degree of relaxation increases. With further increase
of UST intensity, a trend to an inverse effect is ob-
served, i.e. the degree of relaxation decreases.

4. DISCUSSION

The above presented results show that an expo-
sure to ultrasound has a clearly pronounced effect
on the microstructure and properties of bulk
nanostructured nickel. In a certain range of the
amplitudes of oscillating stresses induced by an
ultrasonic wave the severely deformed material un-
dergoes structural relaxation that results in the for-
mation of well-defined equilibrium grain boundaries
and triple junctions, recovery of the dislocation struc-
ture inside grains, reduction of internal stresses and
as a consequence a simultaneous increase of the
ultimate strength and ductility. These effects depend
on the amplitude of the ultrasound and diminish at
high intensities of UST.

The effects observed are in agreement with the
general trend of the UST influence on materials, i.e.
with activation of recovery at low amplitudes and
generation of dislocations and substructure forma-
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Fig. 4. A schematic representation of the relaxation
of a quadrupole of junction disclinations in BNMs
under the effect of ultrasonic wave; A - movement of
lattice dislocations; B - formation of new disloca-
tion boundaries; C - direct canceling of disclination
dipole.

tion at high amplitudes [6]. However, normally ultra-
sonically stimulated recovery results in an increase
of ductility at the expense of lowered strength char-
acteristics [6]. Here we have found that UST of
BNMs can enhance the ductility without any loss
and even with an increase of the yield stress and
ultimate strength. As such, the UST can be consid-
ered as a useful tool for an enhancement of the
mechanical properties of BNMs alternative to ther-
mal treatments. Combining SPD, thermal treatment
and UST may give additional degrees of freedom for
the materials treatment, which can provide new
structural states with new combinations of mechani-
cal and functional properties.

The particular mechanism of structural relaxation
in BNMs responsible for the effects observed can
be understood as follows [19].

In [23,24], a structural model of BNMs processed
by SPD was pr]p]sed, which was based ]n Rybin’s
results indicating that the absorption of dislocations
by grain boundaries during plastic deformation re-
sults in a formation of mesodefects, which are the
sources of internal stresses and govern the process
of grain subdivision [25]. One of the most important
types of these mesodefects is described as a set
of junction disclinations. In a scheme of Fig. 4 these
disclinations are illustrated by open and black tri-
angles and form a quadrupole. In general,
disclination multipoles are formed. These multipoles
are inherited by an as-prepared BNM and induce
internal stresses in the grains attracting lattice dis-
locations of appropriate signs, which cancel these

stresses. However, the lattice dislocations are
blocked by friction forces or lacking.

Relaxation of junction disclinations can be stimu-
lated thermally, when at high temperatures grain
boundary recovery controlled by diffusion occurs [26].
Alternatively, the dislocations can overcome the fric-
tion stress or even be generated under the action of
oscillating applied stresses. Since in this case the
dislocations experience both the applied symmet-
ric oscillating stresses and static internal stresses,
they will make a drift movement to equilibrium posi-
tions where they screen the internal stresses. This
can occur either by a formation of dislocation bound-
aries (part B, Fig. 4), or by an absorption of disloca-
tions of opposite sign, which cancel the disclinations
(part C, Fig. 4). In both cases a partial or full relax-
ation of the disclinations occurs. At the lowest val-
ues of the amplitude, the ultrasound is unable to
shake up the dislocations or there are not enough
dislocations to compensate the disclinations. With
an increase of the intensity of UST, more disloca-
tions become mobile and can be generated, so more
complete relaxation occurs and more effect on the
mechanical properties is achieved. However, when
too many dislocations are generated, they will be
accumulated and result in a reverse effect, i.e. in-
crease of the internal stresses and deterioration of
the mechanical properties. Therefore, there is an
optimal amplitude of the ultrasound at which it can
provide the most efficient structural relaxation and
improvement of the properties.

As one can see from the above consideration,
there is a big difference between the effects of an-
nealing and UST on the structure of materials. If
one considers the material as a statistical ensemble
and follow the movement of its image point in the
phase space, one will see easily that this point
samples quite different regions of the phase space.
That is, the phase trajectories to equilibrium and
the final equilibrium points for the two treatments,
annealing and UST, are different and so are the ef-
fects on the mechanical properties.

5. CONCLUSION

Ultrasonic treatment in a certain optimal range of
stress amplitudes results in a relaxation of the
nonequilibrium microstructure and a significant si-
multaneous enhancement of the yield stress, ulti-
mate strength and ductility of bulk nanostructured
materials processed by severe plastic deformation
and can be considered as a useful tool for an im-
provement of the mechanical properties of these
materials alternative or additional to annealing.
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