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The changes in the structure, resistivity and plastic deformation characteristics of the polycrystalline niobium,
annealed and also preliminary deformed by drawing to 80%, were studied at 77 and 300 K. It is shown that during
the low-temperature creep of highly defect systems, the dislocation exhaustion mechanism is working even at
stresses above the yield stress as the processes of linear defect generation under these conditions are strongly
hindered. The development of low-temperature creep processes in the highly distorted fragmented structures cannot
be described by the classical representations. A transition from the logarithmic creep to the power law creep,
characteristic for much higher temperatures is observed, at the same time the total level of internal stresses being
decreased. The variation of the law of plastic flow in the given stage of niobium creep at low temperatures does not
depend on the method of highly distorted structure formation. The formation of new structures, which are steadier to

tensile stresses, plays a determining role.

INTRODUCTION

The structure formation in metals with the use of
large plastic deformations is one of the main steps in the
many methods of mechanics-thermal treatments applied
for a long time. However, the use of large plastic
deformations in this-type treatments has had, in general,
an empiric character, because of complexity and
ambiguity of the processes being developed under these
conditions. The notions on collective effects in the
dynamics of dislocations were intensively developed
during the recent years that advanced the understanding
of the main processes and mechanisms of structure
formation.

It is well-known, that under the critical external
action the structure evolution and formation of new
structure elements take place, which was the result of
structural instability in the crystal [1]. The structural
instability can cause a number of effects, e. g. a non-
monotonic change in the mechanical properties,
rotational plasticity, changes in the law of creep [2] etc.
Of particular interest is the study of plastic deformation
processes involved by the structural instability in the
region of highly imperfect metals, where they are
especially pronounced. For achievement a very high
defect density in metals the most effective is the use of
large plastic deformations at low temperatures [3].

The purpose of the present study is to investigate the
characteristics of the low-temperature creep and
corresponding changes in the structural state of
annealed niobium and after large plastic deformation.
The results obtained permit to make up more valid
conclusions about the relation between the activated
plastic flow processes and the structure elements of the
material.

MATERIAL AND EXPERIMENTAL
PROCEDURE

The material investigated was polycrystalline 99.9%
niobium annealed at 1700 K during 1 hour and
prestrained by drawing to 80% at 77 K.

Creep tests were carried out in the step loading
regime at 77 and 300 K, the measurement accuracy was

~5-10°cm. Measurements of the electrical resistance
were made by the compensation scheme. The error of
resistivity determination did not exceed +0.5%. The
activation parameters were determined using the
differential methods described in [4]. Investigations of
the electron-microscopic niobium structure were made
on the microscope EMV-100BR.

RESULTS AND DISCUSSION

Analysis of experimental data has shown that,
practically throughout the entire investigated range of
stresses and temperatures, the creep of annealed
polycrystalline niobium is described by the logarithmic
law and only at the stresses near the ultimate strength
the transition to the power law is observed. The
resistivity during the deformation process in the part of
the logarithmic creep increases with deformation rise.
This evidences on the increase of the total concentration
of crystalline lattice defects that is characteristic for
hardening mechanisms in the plastic flow process. At
the stresses near the ultimate strength, where the change
of the creep law is observed, the resistivity of metal
decreased during deformation. This can be due to the
redistribution of defects in the crystalline lattice,
enhancement of the stress relaxation process, and, as a
consequence, change in the mechanism of plastic
deformation

Studying the creep process we have determined and
calculated, by the formulae of the thermofluctuational
plastic deformation theory, the effective activation
volume Vg, the effective activation energy U, and the
total activation energy U,, which characterizes the value
of barriers controlling the plastic flow of niobium
during the creep. The activation parameters as a
function of the temperature and applied stress were
investigated.

The obtained values of the activation volume
(Verr ~ 9b%) and the total activation energy (U, ~ 0.3 eV)
at the test temperature 7= 77 K, and also the fact that
both these values decrease with the stress increasing
allow us to conclude that the dislocation motion is
controlled by the low-energy barriers, the concentration
of which increases with stress rise. Considering the
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activation volume value, these obstacles might be
Peierls-Nabarro barriers, as well as, points defects and
interstitial atoms, because the energy of dislocation
interaction with them is 0.2...0.5 eV [5].

Let us evaluate the impurity contribution into the
process of retardation of dislocations at this
temperature. The average distance between the points of
dislocation line pinning by the interstitial impurities,
obtained by the formula l,~bc?® (where ¢ is the
interstitial impurities concentration, b is the Burgers
vector) [5], is l,~5'10°cm. Using the relation
V = bdl ~ b’d (where V is the activation volume, d is the
barrier width) we can determine the length of
dislocation segment 1, taking the part in the elementary
slipping act. The calculation results show that
I~3-107cm.

The above estimates permit to conclude that the
activated motion of dislocations at T=77K is
controlled by the Peierls-Nabarro barriers and points
defects.

At 300 K the role of barriers with a higher energy
(Uo~1eV, Ve~30b% increase. This may be
dislocations, the contribution of which is determined by
their density and distribution, depending on the stress
applied. The observed decrease of Ve and U, with
stress increasing, confirms this assumption. The average
distance between dislocations in the grain is estimated
by the formula I, ~ Ng 2, (where Ny~ 2-10% cm? is the
dislocation density), the value obtained is I, ~ 7-10°° cm.
The length of the dislocation segment taking the part in
the elementary slipping act at this temperature is
| ~1.4-10%cm.

However, as it was shown above, the distance
between the points of dislocation pinning by the
interstitial impurities is I,~ 5-10"° cm. Consequently, the
plastic flow of niobium during the creep at 300 K is
controlled by the impurities and interaction between
dislocations.

The electron-microscopic study of the niobium
structure at different stages of the creep deformation has
shown that at the initial stages of deformation there is a
rather uniform dislocation distribution inside the grains
and an increased concentration of the last in the near-
boundary accommodation zones (Ng~ 2:10'°cm?)
(Fig. 1,a).
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Where deformation increasing up to the specimen
destruction, a sharp dependence of the defect structure
evolution on the crystalline orientation of grains
relatively to the axis of tensile is observed. In this case
the structure being formed differs by both the
dislocation density and the pattern of dislocation
distribution.

So, even a little deformation increase initiates, in
some grains, the build up of elongated dislocation
formations and power (Ng~9:10°cm?) dislocation
clusters near the grain boundaries and their joints (see
Fig. 1,b). At stresses close to the ultimate strength the
formed dislocation boundaries and their closed
configurations was observed.

Hence, during the step loading the structure
imperfection increases and at stresses close to the
ultimate strength of the material the structure comprises
a sufficient number of elements being characteristic for
highly distorted systems. The processes of their
formation under dislocation interaction enhancement are
strongly influenced by the dislocation mobility
increased due to the transverse slipping. The latter can
be, in this case, a main mechanism of stress relaxation.

A sufficient degree of transverse slipping, promoted
by the low deformation rate under creep, leads to the
activation of the processes of annihilation of unlike
dislocations and their polarization, i.e. to the collective
interaction and mobility of dislocation ensembles. It is
assumed that at stresses close to the ultimate strength
the collective effects become the predominant mode of
plastic deformation that at the macro level is revealed
by the variation of the character of the material plastic
flow.

In this connection, it is interesting to study the
peculiarities of the processes of highly distorted
structure self-organization during low-temperature creep
deformation. For this purpose the creep of niobium,
preliminary deformed by drawing by 80% at 77 K, has
been studied.

Investigations of the niobium structure after drawing
have shown that a part of the material volume is
occupied, besides the dislocation of a density
~(5...7):10" cm™, by the boundaries, of a dislocation-
disclination origin, stretched along the drawing

direction (Fig. 2,a). Inside of fragments one can see
many transverse boundaries and bend contours (close
clusters of like-sign dislocations). Disorientation of
fragments makes ~ 8...9.5%, and the distance between
themis ~0.12...0.3 um.

0,2 um

Fig. 2. TEM images of niobium after drawing to 80% at
77 K (a); after creep deformation (¢ ~ 1%) at 77 K (b)

For the material with a preliminary formed higher
distorted structure, the creep obeys a logarithmic law
only at stresses near the yield stress, and during the
further stress rise one observes the creep rate increasing
and transition to the power law. And the electrical
resistance of the sample is decreasing at all the
deformation stages.

According to the analysis of obtained activation
parameters and their dependencies on the stress at 77 K
we can conclude that, under conditions of a highly



distorted crystalline lattice, the value of barriers
controlling the plastic flow decreases (Veg~ 2b°
U,=0.1eV). This result gives us a reason to assume
that under these conditions the Peierls-Nabarro barriers
become main obstacles controlling the activated motion
of dislocations.

In concern with the values of activation parameters
of niobium after drawing, obtained at the test
temperature of 300 K (Vi ~ 9b°, U,=1eV), the main
contribution to the deformation made by the dislocation
interaction localized in little volumes.

Structural investigation of specimens after creep
deformation to ~ 1% (see Fig. 2,b) has shown, that the
defect structure of niobium predeformed by drawing
becomes instable, when the deformation conditions are
changing. Thus, the density of randomly distributed
dislocations sharply decreases, the dense elongated like-
sign dislocation formations are nucleated, creating a
rather large gradient of local internal stresses. The old
boundaries are broken and new boundaries with smaller
disorientation angles are formed. In the remained
boundaries the processes of dislocation redistribution
occur, being accompanied by some ordering, i.e. the
effects of deformation microlocalization are observed.

Now, let us analyze the data obtained. Realization of
the logarithmic creep law in the initial deformation
stages means that the deformation occurs due to the
individual dislocation mobility in the fragment-free
micro zones. However, this plasticity mode is
exhausting, that is evidenced by the decrease of the
material resistivity. In essence, the mechanism of
dislocation exhaustion is realized.

An increase in the creep rate with the stress and, as a
consequence, a transition from a logarithmic
dependence of the creep deformation to a power law,
indicates on the decreased level of the elastic-stressed
state in the lattice of drawing niobium, under the action
tensile stresses caused by the integral effect of
interaction between dislocations and their complexes.

At the microscopic level this process is followed by
the fracture of the initial fragmented structure and by
the formation of a new one, being less strained and
more resistant to the extension [6].

We can mention possible mechanisms of such a
structure transformation in the superposition of external
and internal stress fields.

One of causes of structure instability can be the
activation of new slip systems accompanied by the
multiplication of dislocations with different Burgers
vectors. The plane dislocation clusters formed lead to
curving and destroying of boundaries, oriented definite
way. For the most part, those boundaries are destroyed,
in which the angle of location plane is close to 90°
relatively to the axis of load application and the active
slip planes are adjacent to these boundaries at a small
angle [7].

Another cause of the boundary instability under
tensile deformation might be the variation of the
character of interaction between a part of ordered
boundaries and nonequilibrium long-range stresses
(clusters of like-sign dislocations, uncompensated
boundaries etc.) [8]. If the arising stresses exceed the
stresses of dislocation interaction at boundaries the

latter can be ruptured. In both cases the effects of
deformation microlocalization slow down the hardening
rate.

And, at last, the new structure being formed with
realization of translation and rotation modes under
conditions of intensive interdislocations interaction and
destructs the initial structure [9].

So, it should be noted, that the low-temperature
creep deformation of a metal in the structural-hardened
state of the lattice under the action of very low stresses
leads to the defect structure transformation resulting in
the distortion of the initial structure configuration and
formation of a more tension-resistant structure. It should
be noted that, on the whole, the defect structure
develops with a decrease in the total background of
internal stresses that is evidenced by the material
resistivity decreasing during deformation.

CONCLUSIONS

The changes in the structure, resistivity and plastic
deformation characteristics of the polycrystalline
niobium, annealed and also subjected to large plastic
deformation by low-temperature drawing, were studied
at 77 and 300 K. It is shown that during the low-
temperature creep of highly defect systems, the
dislocation exhaustion mechanism is working even at
stresses above the yield stress as the processes of linear
defect generation under these conditions are strongly
hindered.

The development of low-temperature creep
processes in the highly distorted fragmented structures
cannot be described by the classical representations. A
transition from the logarithmic creep to the power law
creep, characteristic for much higher temperatures is
observed, at same time the total level of internal stresses
being decreased. The variation of the law of plastic flow
in the given stage of niobium creep at low temperatures
does not depend on the method of highly distorted
structure formation. The formation of new structures,

which are steadier to tensile stresses, plays a
determining role.
REFERENCES
1. V.. Vladimirov, A.E. Romanov. Collective

deformation processes and localization of deformations.
Kiev: “Naukova dumka”, 1989, p. 101.

2. V.K. Aksenov, O.l. Volchok, E.V. Karaseva,
Ya.D. Starodubov. Characteristics of the low-
temperature Ni-Ti alloy after creep large plastic

deformations at 77 K // Low Temp. Phys. 2004, v. 30,
N 4, p. 458-462.

3. V.K. Aksenov, 0.1. Volchok, A.V. Mats,
Ya.D. Starodubov. Structure and mechanical properties
of vanadium after large deformations of the low-
temperature drawing // Low Temp. Phys. 1995, v. 21,
N 12, p. 1246-1253.

4. V.K. Aksenov, L.A.Gindin, V.P. Lebedev,
Ya.D. Starodubov. Structural and activation
characteristics of nickel creep in the temperature range
4.2-140 K // Low Temp. Phys. 1980, v. 6, N 1, p. 118-
129.

5. J. Friedel. Diclocations. M.: “Mir”, 1967, p. 643.



6. E.V.Karaseva. Influence of structural instability
at the creep characteristics of constructing materials //
Problems of Atomic Science and Technology. Series
“Physics of Radiation Effect and Radiation Materials
Science ”. 2015, N 5(99), p. 130-133.

7. T.Yu.Yakovleva. Localization of plastic
deformation and fatigue of metals. Kiev: “Naukova
dumka”, 2013, p. 236.

fracture of fragmented crystals // Problemy Prochnosti.
1985, N 3, p. 70-77 (in Russian).

9. E.V.Karaseva, A.\V.Matz, V.l. Sokolenko,
V.A. Frolov. Effect of structural instability on creep of
zirconium subjected to severe plastic deformation //
Problems of Atomic Science and Technology. Series
“Vacuum, Pure materials, Supreconductors”. 2014,
v. 89, N 1, p. 106-1009.

8. V.V.Rybin, A.A. Zisman. Structural
micromechanics of plastic deformation and viscous

Article received 13.02.2018

XAPAKTEPUCTHUKHU NNOJI3YYECTHU U 3BOJIIOIUA CTPYKTYPbI HUOBUSA
B UHTEPBAJIE TEMIIEPATYP 77...300 K

E.B. Kapacesa, A.B. May, B.H. Cokonenko

W3yueHBl HM3MEHEHMS CTPYKTYpPBI, 3JEKTPOCONPOTUBICHUS U XapakTepUCTUK mnoysydectd npu 77 u 300 K
OTOOKEHHOTO M IPEABApUTENHHO JAedopMUpoBaHHOTO BojodeHneM Ha 80% HuoOus. Ilokazano, 4to B mpolecce
HHU3KOTEMIICPATyPHOH ION3Y4YeCTH BBICOKOIE(EKTHBIX CHCTEM ACHCTBYET MEXaHU3M HCTOIICHHS IHUCIIOKAIN faxe
NP HANPSOKCHUSX, MPEBBINIAIOIINX MPeieNl TeKy4ecTH. Pa3sBHTHE MpoueccoB HU3KOTEMIIEPaTYpHOH MOJI3y4ecTH B
CHJIBHOMCKa)XCHHBIX ~ (DParMEHTHPOBAHHBIX ~ CTPYKTYypaX HE ONKMCHIBACTCS C IIOMOLIBIO  KJIIACCHYSCKUX
npencrasneHuid. Habmonaercs nepexo ot IorapuMuueckon moj3y4ecTH K CTIIEHHON, XapaKTepHOH I ropasio
OoJiee BBICOKHX TEMIIEpaTyp, Py 3TOM OOLIHMH ypOBEHb BHYTPESHHUX HANPSDKCHUH CHIDKaeTcs. 3MeHeHHe 3aKoHa
IJIaCTUYCCKOTO TCUCHHUA Ha ONPEACIICHHOM JTaIl€ MOJ3Yy4YCCTH HHOOHUS IIpy HU3KUX TEMIIECpaTypax HE 3aBUCHUT OT
cnocoba IOJy4eHHsT CHIBHOUCKKEHHOW CTPYKTyphl. OTIpenensionylo poib Hrpaet (GopMHpPOBaHHE HOBBIX
CTPYKTYp, MEHEe HalpsDKeHHBIX M 00Jiee YCTOMYMBBIX K W3MEHEHHSM I'€OMETPUH ACHUCTBYIONIMX HANpPSDKEHUH U
ckopoctu aehopMaIivu.

XAPAKTEPUCTHUKH IMTOB3YYOCTI I EBOJIIONIA CTPYKTYPH HIOBIIO
B IHTEPBAJII TEMIIEPATYP 77...300 K

€.B. Kapacvosa, O.B. Mauy, B.I. Cokonenko

BuBYEHO 3MiHM CTPYKTYpH, €JIEKTPOOIIOPY Ta XapakTepucTHKH nor3ydocti npu 77 1 300 K BigmaneHoro ta
monepeaHbo gaehopmoBanoro BosouiHHsM Ha 80% HIioOir0. I[lokasaHo, MmO Mg Yac HHU3BKOTEMIIEPATYPHOI
MOB3y4YOCTI BHUCOKOAC(HEKTHUX CHCTEM [i€ MEXaHi3M BHCHAaXKCHHS JHMCJIOKAIlid HAaBITh MNpU HAmIpyrax, II0
MEePEeBHUIIYIOTh MEXY TEKy4dOoCTi. PO3BHTOK IpoOIECiB HHM3bKOTEMIEPATypHOI MOB3Y4OCTi B JyXke CIHOTBOPEHHX
(parMeHTOBaHNX CTPYKTypax HE OINHUCYEThCS 32 JONOMOTOI0 KIACHYHHX ysBIeHb. CIIOCTEpiraeThCsi mepexin Bif
sorapu(MivHOI TTOB3y4OCTi IO CTENEHEBOI, XapaKTepHOI /Il OUIbII BUCOKMX TEMIEpaTyp, NPU IIbOMY 3arajbHHN
piBeHb BHYTPIIIHIX HANPYT 3HWKYETHCA. 3MiHA 3aKOHY IIACTUYHOI Tedii Ha MEBHIH cTajil moB3ydyocTi HIOOI0 Tpu
HU3BKHUX TEMIIEPaTypax He 3aJIeKUTh BiJ COCOOY OTPUMAHHS YK€ CIIOTBOPEHOI CTPYKTYpH. [ 0JIOBHUM YMHHHKOM
€ (GopMyBaHHS HOBUX CTPYKTYp, MEHII HAaNpy>XEHUX Ta OINbLI CTIMKMX O 3MiH TeOMeTpii IiI0unX HaIlpy>KeHb Ta
MIBUIKOCTI JeOpMyBaHHS.



