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Mechanical properties of nanocrystalline titanium are studied under uniform
confined compression with ultrasound oscillations of 20 kHz to clarify the
way of high-frequency vibrations’ effect on mechanical properties of nano-
crystals. The nanocrystalline VT1-0 titanium of commercial purity used in
the experiments is fabricated employing cryogenic grain-fragmentation
technique. This material has a broad distribution in grain size (20—80 nm)
with the average size amounting to 40 nm. The amplitude of cyclic stress ap-
proaches 275 MPa. The high-frequency vibrations are found to lower the
yield stress and to initiate the formation of shear bands. With the defor-
mation rate of 107 s, the yield stress becomes 2.5 times lower, and the ma-
jor shear band forms under the deformation of 0.11 that is 5.7 times lower
than the true deformation before the major shear band formation without
action of the vibrations. On increasing the deformation rate up to 103 s™?, the
consequences of high-frequency vibrations’ impact are weaken substantially.
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Hi BJIACTMBOCTI HAHOKPUCTAJIIB BUKOHAHO MOCJIiAKEeHHA MeXaHIUHUX BJIACTU-
BOCTed HAHOKPUCTAJNIYHOrO TUTAHY HPU OJAHOPIAHOMY TPUBiICHOMY CTHUCKAaHHI
g giero yabTPasBYKOBUX KOJUBaHB i3 yactoroio y 20 kI'n. Bukopucrauuii B
eKCIepuMeHTaX HaHOKPUCTAJNIUHUI TUTaH mpomucaoBoi uucrtotu BT1-0 oxe-
PKaHO MeTOAOM KpiorenmHol ¢parmenrairii 3epes. lleit marepian mae mupo-
KU# posmofiya 3epen 3a po3mipamu (20—80 um) i3 cepenrim posmipom 6ins 40
HM. AMILTIITYa MUKJIIYHUX Hanpy:KeHb caraya 275 MIla. Beranosieno, 1o
BHMCOKOYACTOTHI BibpaIlii sHMKYIOTh IOPIr IJIaCTUYHOCTHU I iHiIil0I0OTH YTBO-
PeHHA KaTacTpodiuHUX CMYT 3CyBY. 3a MBUAKOCTH Aedopmarii y 107 ¢ mo-
pir miacTuyHOCTH mif miero BiOpalriii sHMMKYeThCA B 2,5 pasu, a KaTacTpodiu-
Ha cMyTra 3CyBY yTBoplooeTbcs mpu aedopwmarii 0,11, axa € y 5,7 pasiB HUK-
Y010, HiK icTuHHA AedopMallid 10 MOMEHTY YTBOPEHHA KaTacTpodiunoi cMmyru
3cyBy 6e3 gmii Bi6pamiii. IIpu s36inbmenHi mBugkocTu medopmarnii zo 1073 ¢!
e(peKTH Ail BICOKOUACTOTHUX BiOpaIliif icTOTHO MOC/Ia0II0I0ThC.

KiarouoBi cioBa: HaHOMAaCIITAOHUI TUTAaH, MeXaHIUHi BJIacTHBOCTI, MiIlHiCTB,
ILJIACTUYHICTh, BUCOKOUYACTOTHA BiOpaIris.

JJa BBIACHEHUA BOIIPOCA O BIMAHUU BBHICOKOUACTOTHBIX BHOpAIlWii HA MeXxa-
HUYEeCKNe CBOMCTBA HAHOKPUCTAJJIOB BBIIIOJHEHBI MCCJIENOBAHUA MeXaHuue-
CKUX CBOMCTB HAHOKPHUCTAJINUYECKOTO TUTAHA IIPU OJHOPOJHOM TPEXOCHOM
CoKATHUU IO AeMCTBMEM yJIbTPa3BYKOBBIX KoJebauuit ¢ vactoroii 20 kI'. Uc-
TMOJIL30BAHHBLIN B JKCIEPUMEHTAX HAHOKPUCTAJNINYECKUH TUTAH ITPOMBIIII-
JeuHoi yncToTbl BT1-0 mosyueH MeTogOM KPHUOTEHHON (h)parMeHTaIlni 3€PeH.
ITtoT MaTepuaJ MMeeT IIIMPOKOe pacipeneseHme 3épeH mo pasmepam (20—-80
HM) CO CpegHUM pasMepoM, paBHbIM 40 HM. AMIIUTYAa IUKJIAYECKUX
HampsKeHui gocturana 275 MIla. YcTaHOBI€HO, UTO BEICOKOUACTOTHEIE BUO-
panuy CHUXKAIOT HOPOT IJIACTUYHOCTH M MHUIMUPYIOT oOpasoBaHME KaTa-
cTpoduuecKux HoJoc casura. Ilpu ckopocru medopmanuu 10~ ¢! mopor mia-
CTUYHOCTH IIOJ JelicTBreM BHOpaImuii cHu:Kaercd B 2,5 pasa, a katacTpoduue-
ckasd 1moJioca caBura oopasyercda npu gedopmanuu 0,11, xoropas B 5,7 pasa
HUKe, YeM UCTUHHAasA AedopMalius 70 MOMEeHTa 00pasoBaHUA KaTacTpoduue-
CKOM MOJIOCHI cABUTa 0e3 BosaeiicTBusa Bubpamuii. [Ipu yBeauueHUM CKOPOCTU
nedopmanuu 1o 1072 ¢ sddeKTH BO3IEHCTBIA BEICOKOYACTOTHEIX BUGPAIIHi
CYIIIECTBEHHO OCJIabIAI0TCS.

Kiarouessie ciioBa: HaHOMACIITAOHLIN TUTAH, MEeXaHNYECKHE CBOMCTBA, IIPOY-
HOCTB, IIJIACTUYHOCTD, BLICOKOUACTOTHAS BUOPAI[Ms.

(Received December 7,2015)

1.INTRODUCTION

Nanocrystalline metallic materials with submicron grain structure
have promising mechanical properties. Their enhanced strength (com-
pared to that of large-grain polycrystals) combines with sufficient
yield, high resistance to wear, fatigue and corrosion (see, e.g., [1-10]).
Besides, nanocrystalline titanium and titanium-based alloys also have
a relatively low specific weight and high corrosion stability. Due to a
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combination of such properties, this material finds application in
health care[11] and various high technology devices.

A large number of papers are devoted to the research into mechani-
cal properties of nanocrystalline titanium (see [12—18] and the refer-
ences therein). The material applicability domain depends also on the
sensitivity of its mechanical characteristics to the impact of vibrations
generating cyclic stresses. In combination with quasi-static stresses,
the vibrations lead to irreversible structure changes and fatigue deg-
radation of mechanical properties. Therefore, studying the impact of
cyclic stresses on mechanical properties of nanocrystalline titanium is
required to reveal the opportunity of its application in the presence of
vibrations.

Fatigue tests of the coarse-grained titanium of commercial purity
under low frequency (100 Hz) and high frequency (20 kHz) cyclic load-
ing demonstrated that the high-cyclic (number of cycles amounting to
N ~10°®) fatigue endurance limit comprised about =60% of the yield
stress under low-frequency as well as high-frequency tests. Weak sen-
sitivity of coarse-grained titanium fatigue to the cyclic stress rate is
attributed to the irreversible evolution of the dislocation structure
playing the main role in fatigue processes in this material and result-
ing finally in the fatigue crack formation [19, 20]. Along with that, it
is revealed that the more brittle, crystallographic and intergranular
mode of the catastrophic crack formation takes place at the high fre-
quency loading.

Papers[5, 14] outline the data of low-frequency fatigue tests of fine-
grain titanium (submicron grain size), which, as demonstrated, differ
substantially from similar data obtained under study of coarse-grain
titanium. This difference is associated with shear restructuring in
boundary layers which role grows with the density boundary increase.

Wide spectrum of boundary structure relaxation rates and the local
heating of boundaries under shear restructuring induced by cyclic
stresses lead to a substantial dependence of dynamic structure changes
on cycling frequency in boundary layers. Therefore, one has no ground
to assume that the impact of high-frequency and low-frequency cyclic
stresses on mechanical properties of nanocrystalline metals and coarse-
grain polycrystals will be identical [19, 20].

On decreasing the average grain size (d) the concentration of dislo-
cation pinning centres also increases, <a/d (a is the average inter-
atomic distance), and the density of the grain boundaries grows in the
same proportion as well, «<1/d. The contribution of extensive two-
dimensional defects impeding dislocation slipping (grain boundaries,
dislocation walls, declinations) into the yield stress is expressed with
the Hall-Petch relation:

00'22 G:)Q.Z +Kd_l/2. (1)
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Here, o, is the yield stress; o, is the yield stress of the crystal
with a low concentration of two-dimensional extensive defects; d is the
average distance between two-dimensional defects impeding disloca-
tion slipping; K is the empiric proportionality factor. Grain bounda-
ries are the main two-dimensional defects in a nanocrystalline metal.
Therefore, conventionally, d is assumed in formula (1) to be equal to
the average grain size. On one hand, dislocation pinning by grain
boundaries makes a material more durable. On the other hand, bounda-
ry density growth increases the contribution of shear boundary re-
structuring (slipping) and cooperative processes initiated by this re-
structuring into the plastic deformation [1, 2]. Vibrations’ impact on
structure evolution and shear displacements in boundary layers pro-
duces changes in durability, in plastic deformation modes and failure
of a nanocrystalline material.

Recent experimental studies into the grain-size dependence of vari-
ous cooperative mechanisms of plastic deformation under uniaxial
loading [21] permitted to establish the existence of critical grain size,
d.=15nm, below which the dislocation mechanism of plastic defor-
mation does not play a substantial role, and the plasticity is provided
by the cooperative rotational motion and dislocation-free boundary
grain slipping (this result was obtained earlier by numerical modelling
[22]). The theory of the strength and dislocation-free slipping in layers
with random microscopic potential relief created for describing me-
chanical properties of metallic glasses [23—25] is also applicable to
nanocrystalline metals when the dislocation plasticity mechanism is
suppressed. Papers [21] and [24, 25] discuss a similarity between me-
chanical properties of nanocrystalline metals at d <d,. and metallic
glasses possessing a polycluster structure with the cluster size of = 10
nm. Research reported in papers [26, 27] reveals a high fatigue sensi-
tivity of metallic glasses to ultrasonic oscillations permitting to expect
substantial effects of high frequency vibrations impact on mechanical
properties of nanocrystalline metals.

The studies which results are reported in the present communication
were aimed at discovering the manifestations of the impact caused by
high frequency vibrations of the ultrasound range (=20 kHz) on me-
chanical properties of nanocrystalline titanium (with grain size below
100 nm) under uniaxial confined compression.

2. MATERIAL UNDER STUDY AND EXPERIMENTAL TECHNIQUE

In experiments, we employed the samples of nanocrystalline o-
titanium of commercial purity VT1-0 produced by cryomechanical
grain fragmentation (CMGF) of coarse grain material [16—18]. The
CMGTF technique consists in multiple rolling of the initial coarse-grain
metal at liquid nitrogen temperature. The CMGF technique allows to
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Fig. 1. Dark-field TEM image with the microelectronogram (a); grain size dis-
tribution histogram (b).

prepare ultra-fine grained metals with the grain size below 100 nm in
contrast to other ones using intense plastic deformation for the titani-
um grain size decrease (as well as for other metals possessing the hex-
agonal densely packed lattice) and permitting conventionally to
achieve the values exceeding 100 nm [5].

In order to prepare the samples used in the experiments, we em-
ployed nanocrystalline titanium produced in the form of slabs 3 mm
thick through cryogenic rolling of large-grain material. The actual
slab deformation value equals e¢,, = 1.6. Figure 1 presents the dark-field
image of the structure produced with transmission electron microsco-
py (TEM) and the histogram of the grain size distribution. The average
grain size is <d>=40 nm.

Cylindrical samples of 2.52 mm in diameter and 4 mm in height were
cut at the VR-95d spark-cutting device. The deviation angle between
the sample axis and its base from 90° does not exceed 20’. Taking into
account the grain texture changes during cryogenic rolling, we pre-
pared two sets of samples cut along and across the rolling direction, as
is shown in Fig. 2.

Fig. 2. Schematic cutting of specimens for mechanical testing in compression.
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The samples belonging to different sets have a bit different Young’s
modulus and yield stress values, but we did not reveal substantial qual-
itative differences in the behaviour of both sets under the ultrasonic
waves’ action. In this communication, we present the data of mechani-
cal testing samples from set 1 cut along the axis of rolling.

The Young’s modulus of the nanocrystalline titanium under study
was about 107 GPa at room temperature that was less than one for
coarse-grain titanium (114-115GPa). The vyield stress, G,,, ap-
proached the values about 850 MPa that approximately three times ex-
ceeded the yield stress of the coarse-grain VT1-0 titanium. Mechanical
tests are performed at a specially designed bench [28] where samples
may be uniformly loaded with simultaneous action of high frequency
cyclic stresses. Figure 3 presents the bench setup.

The installation is intended for performing research into mechanical
properties of materials in the presence or absence of ultrasonic vibra-
tions under following conditions:

Fig. 3. Scheme of the installation for studying the ultrasonic vibrations im-
pact on mechanical properties of materials in a broad temperature and defor-
mation rate ranges. In the figure, we make the following indications: 1 is a
water case; 2 is a magnetostriction transformer; 3 is an ultrasound concentra-
tor; 4 is a sample of material under study in dense contact with the ultrasound
concentrator; 5 is a vacuum furnace; a cryostat can be installed to perform
low temperature tests; 6 a flange with current inputs; 7 are power supports; 8
are dynamometers with piezoprobes of force; 9 is a sylphon; 10 are worm re-
ducing gears; 11 is a unit of a kinematic reducing array; 12 is a feed-screw; 13
is a dynamometer with piezoprobes of deformation; 14 is a diffusion pump.
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—in atmosphere or under low vacuum conditions;

— under uniaxial tension or compression with the deformation rate
range from 0.01 to 4 mm/min;

— within the temperature range from 77 to 1500 K;

—vibration amplitudes may vary from O to 12 microns.

The amplitude of ultrasonic vibrations (USV) is controlled with the
UVM-4M vibrometre to the 0.1-micron accuracy.

Under mechanical tests performed, the USV amplitude was equal to
10 microns. Hence, the amplitude of cyclic stresses approached 275
MPa.

3. RESULTS

Figure 4 presents the data of standard, without USV, mechanical tests
of nanocrystalline titanium under confined compression. The sample
experiences strong deformation up to the value e, = 1.42. Hence, the
ratio of the sample diameter to its height changed from 0.63 to 2.3.
The stress—strain curve (Fig. 4, a) demonstrates that yield defor-
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Fig. 4. Results of mechanical tests of nanocrystalline titanium on compression
without USV for the initial strain rate of ¢ = 107 s™!: true stress—true strain

curve (a); optical image of the sample after tests, side view (b); the same sam-
ple viewed from above (c).
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mation process starting at o > 0, , > 820 MPa includes a short stage of
dislocation hardening at which the stress value approaches maximum,
O.ax = 895 MPa. After that, a softening stage follows caused by disloca-
tion restructuring and shear band formation. Changes in the disloca-
tion structure generate a smooth uniform decrease in stress, whereas
the formation of shear bands manifests itself in wavy sections and a
dip (at e = 0.64) on the stress—strain curve. Under large deformations
(for e >1), a linear section with a negative slope appears on the stress—
strain curve. The slope value equals 320 MPa.

One readily observes the major shear band crossing the sample in the
photos (Fig. 4, b and 4, c). One also observes the outcropping cracks
and breaks in the place where the major shear band branches and its
near-by exit on a butt-end surface. Barrel-shaped profile of the de-
formed sample is formed due to its uniform (dislocation) plastic de-
formation under confined compression. The profile curvature of the
lateral surface is not constant because a sample fragmentation occurs
during the shear banding generates non-uniform inner stresses and,
correspondingly, non-uniform dislocation plastic deformation of the
fragments. The absence of remarkable jump-like deformations for e > 1
indicates that secondary shear bands are formed in the region within
the fragments divided earlier by the main shear band, whereas new
shear bands crossing several fragments do not form. We did not study
the set of secondary localized shear bands.

Results of mechanical tests of nanocrystalline titanium under the
action of 10 microns amplitude (amplitude of cyclic stresses =275
MPa) are presented in Fig. 5. USVs were switched on at the moment,
when the uniform stress approached the magnitude of 100 MPa.

At this moment, the maximum stress (370 MPa) was substantially
below the yield stress. Already the first seconds of the USV action af-
fected the deformation curve considerably. The short-term material
softening is changed into hardening. Then, at e > 0.04, scarce and shal-
low dips appear on the stress—strain curve. Finally, at 6 = 690 MPa and
e =0.11, a jump-like sample de-loading occurred because of the major
shear band formation shown in Fig. 5, b. To this moment, the uniform
plastic deformation did not lead to a noticeable deformation of the pro-
file as well as of the butt surface of the sample (Fig. 5, c¢), but the tip of
the larger fragment is bulged-in under the action of the butt of USV
concentrator. The sample fragments separated by the major shear band
are shifted with respect to each other by the distance of 0.16 mm along
the axis and they experienced an insignificant rotation around the ax-
is. Thus, the remaining plastic strain due to this displacement amounts
t04%.

Note that the absence of remarkable barrel-shaped change of the lat-
eral surface of the sample indicates the insignificance of the disloca-
tion component of the plastic deformation before the major shear band
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Fig. 5. Results of mechanical tests of nanocrystalline titanium on compression
for the initial deformation rate of ¢ = 10™* s™': true stress—true strain curve

(a); optical image of the sample after tests, side view (b); the same sample
viewed from above (c).

formation. This circumstance shows that the major shear band initia-
tion occurred in the first place thanks to USV vibrations affecting the
grain boundaries.

In order to clarify to what extent the impact of USV vibration de-
pends on deformation rate, we performed mechanical tests increasing
the deformation rate by an order of magnitude, up to the value ¢ =10
s !. Figures 6 and 7 present the results of these tests.

In the stress—strain curve obtained under tests without USV (Fig.
6), a weak minimum is registered at e = 0.43 indicating the formation
of the major shear band which edge on the surface may be observed in
Fig. 6, b and c. The major shear band branches at the branching point
and cracks have been formed at the butt surface. The shape of the lat-
eral surface profile is barrel-like and (in contrast to what one observes
in Fig. 5, b and ¢) the non-uniformity of its curvature is insignificant.
One may conclude that the distribution of inner strains in the sample is
weakly distorted by the major shear band development, and a for-
mation process of new shear bands localized in the fragments separated
by the major band is suppressed at the deformation rate chosen.
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Fig. 6. Results of mechanical tests of nanocrystalline titanium on compression
without vibrations with the initial deformation rate ¢ = 1072 s™: true stress—
true strain curve, the arrow marks the bend on the curve at e = 0.43 (a); opti-
cal image of the sample after tests, side view (b); the same sample viewed from
above (c).

The negative slope of the rectilinear section of the stress—strain
curve equals 290 MPa, what is 10% less in absolute value than the
slope magnitude at ¢ =107 s™'. Taking into account the circumstance
that there is no indication of intense formation of shear bands under
large deformations in contrast to sample No. 1, we may conclude that
the measured slope of the stress—strain curve is caused by the disloca-
tion de-hardening.

Figure 7 shows the stress—strain curve in the presence of USV vibra-
tions (strain rate ¢ = 107 s™') and the sample image after large defor-
mation (e = 1.5). Appearance of multiple shear bands and the non-
monotonic pattern of the stress—strain curve caused by their formation
at e > 0.23 (at the stage of sample softening), is visible. (Note that the
stress—strain curve (Fig. 5, a) for the sample No. 2 tested under a slow-
er quasi-static loading with superimposed USV (at ¢ =107*s™) becomes
nonmonotonic already under comparatively small stress and strain (for
e> 0.04) at the stage of hardening.) In contrast to sample No. 3, the
curvature of the lateral surface of sample No. 4 is substantially non-
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Fig. 7. Results of mechanical tests of nanocrystalline titanium on compression
under ultrasound with the initial deformation rate ¢ = 107 s™: true stress—
true strain curve (a); optical image of the sample after tests, side view (b); the
same sample viewed from above (c¢).

uniform (Figs. 6, b and c). As was the case with sample No. 1, we think
that this is the consequence of non-uniformity of inner strains appear-
ing due to multiple slipping bands (one may observe some of them at
the lateral and butt surfaces), breaking the uniformity of the sample
dislocation flow.

The magnitude of the negative slope of the rectilinear section of the
stress—strain curve under large deformations comprises 350 MPa,
which is larger in absolute value than the negative slope of a similar
rectilinear section of the stress—strain curve for sample No. 3. One
would attribute more considerable softening of sample No. 4 to multi-
ple shear bands formed in it.

4. DISCUSSION

The average grain size in titanium used in our experiments exceeds
more than twice the characteristic size d.=15nm on approaching
which the change of the dominating mode of plastic deformation oc-
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curs. Therefore, one regards the dislocation mechanism providing the
macroscopically uniform flow of samples under uniform confined
compression to be dominating for this material.

Paper [21] reports the data on standard mechanical compression
tests of nanocrystalline Ni—W metal obtained by means of electrolytic
deposition. Three batches of micron scale samples differed in average
grain size: 5 nm, 15 nm, and 90 nm. The strain rate was equal to ¢ =
=3.2-10"* s7'. This rate value is intermediate with respect to two strain
rate values used in our experiments.

As was shown in [21], a uniform plastic deformation without for-
mation of catastrophic localized shear bands with considerable defor-
mation values =0.3 occurs for the average grain size of 90 nm. The
profile of the lateral sample surface is barrel-shaped. With smaller size
of the grain, 5 nm and 15 nm, the plastic deformation of samples is
non-uniform due to formation of catastrophic shear bands.

Results of our experiments performed without USV are well compa-
rable with the data of paper [21]. One has to take into account that our
samples possess millimetre-range size, and our material contains the
grains of rather broad size distribution and its main part has dimen-
sions within the 20—80 nm limits. Besides, quite large magnitudes of
true strain about 1.4 were achieved in the course of tests, which data
were presented here.

As one observes in Fig. 4, the formation of the major shear band oc-
curred at e = 0.64 when the strain rate equalled ¢ =107* s'. At the de-
formation rate of ¢ = 1072 s, the formation of the major shear band
occurred at somewhat smaller strain value, e =0.43.

Let us note that in experiments [21], with the grain size 90 nm of
nanocrystalline Ni—W, the major shear band development was not
achieved at the true strain =0.3.

Substantially asymmetric profile of the lateral surface obtained at a
slower deformation rate of ¢ = 10™* s (Fig. 4) points out to the non-
uniform distribution of inner strains apparently appearing because of
the inner shear banding, which causes the sample fragmentation and
generates the non-uniform dislocation plastic deformation.

The revealed USV impact on mechanical properties of nanocrystal-
line titanium under uniaxial compression is accomplished through af-
fecting the dislocation system as well as the grain boundaries. Appar-
ently, the former as well as the latter ones introduce comparable con-
tributions into the plastic deformation. As grain boundaries limit or
impede dislocation slipping, both these mechanisms of USV affecting
the hardness and yield of nanocrystalline metals are interconnected,
thus making difficult the interpretation of experimental results. Such
difficulties do not arise for coarse-grain titanium because the disloca-
tion mechanism of the plastic deformation dominates due to rather low
boundary density [19, 20]. As an example of connection between the
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dislocation mechanism and grain-boundary effects in nanocrystalline
titanium, let us consider the effect not yet studied in detail, which con-
sists in nonmonotonic pattern of the stress—strain curve at the ultra-
sound switching on. It is revealed at the initial stage of the quasi-static
loading that the average stress is about 10% of the yield stress (Fig. 8).
After ultrasound switched on, a short-term stage of softening estab-
lishes for several seconds, after which the stage of hardening appears.
The do/de derivative experiences a 1.85 increase compared to the value
registered without ultrasound. A similar effect but much less ex-
pressed takes place also at a faster uniform loading, ¢ =107%s™.

A similar but much less expressed effect is also observed at a faster
uniform loading, ¢ =103,

As one observes in Fig. 5, under the action of ultrasound the stress—
strain curve becomes nonlinear and jump-like at 6 > 6, sygy = 350 MPa =
=0.40,,. When the average stress approaches the value of 720 MPa, a
catastrophic shear band is formed. To this moment, the action of ultra-
sound is persisting 1000 seconds during which the stress performs
2.107 cycles.

Increasing the deformation rate to ¢ = 107 s* weaken the effects of
ultrasound action, as is evident in Fig. 8. In particular, here, we have
0> Gy ousy = 820 MPa = 0.96, ,, and the time to the catastrophic shear
band formation (at e = 0.42) is approximately equal to 410 seconds dur-
ing which 8.2-10° cycles are performed.

Judging from the stress—strain curve pattern (Fig. 7)at ¢ =105},
the initiation of slip bands by vibrations takes place on exceeding the
value 0, sysy by the stress as it also occurs under slower deformations.
One may draw the conclusion that irreversible fatigue changes in the
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Fig. 8. Starting section of the stress—strain curve presented in Fig. 5. The
stress—strain curve becomes nonlinear under ultrasound switched on. The ar-
row indicates the moment of the ultrasound switching on.
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material structure and strength occur at the static stress exceeding the
Oy.susv Value when the USV is superimposed.

5. CONCLUSIONS

In conclusion, our investigation outlined above shows that the ultra-
sonic cyclic stress acting on a dislocation system and grain boundaries
produce accumulating irreversible structure changes which are slowed
down or do not occur in a uniformly deformed material without the ul-
trasound. The reduction of the yield stress is one of the manifestations
of these changes. The quantity c,.ysy (it obviously depends on the ini-
tial structure state, the vibration intensity and the quasi-static defor-
mation rate) is the mean stress exceeding which leads to the fast fa-
tigue degradation of nanocrystalline titanium. The initiation of the
major and secondary slip bands, reflected in the stress—strain curve
pattern, displays the fatigue degradation under USV. This effect is en-
hanced with the deformation strain rate decreasing.
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