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It is shown that the boundaries of grains formed during severe plastic deformation of cobalt are high-
angle, nonequilibrium, adjacent to distorted regions of the crystal lattice. These distortions are caused by
the fields of elastic stresses introduced by grain boundary dislocations. The density of dislocations in the
bulk of nanocrystals reaches 1010 cm2. The large length of nonequilibrium boundaries and the high density
of defects play a decisive role in the formation of physical and mechanical properties and determine the low
thermal stability of nanocrystalline materials: grain growth begins at relatively low temperatures during
the recovery of the cobalt structure. This process develops smoothly up to 300 °C. A sharp change in these
properties occurs during recrystallization at 7'> 300 °C and then they practically do not change. Above
T > 400 °C, the cobalt structure became completely recrystallized and further coarsening of grains is ob-
served. In this case, the abnormal growth of perfect grains occurs due to the absorption of small imperfect
cells. As a result of the redistribution and annihilation of dislocations in the boundaries and in the volume
of grains, the processes of recrystallization occur according to the diffusion mechanism.
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1. INTRODUCTION

Nanocrystalline (NC) materials are of great scien-
tific and practical interest because of their unusual
physical properties [1-3]. With the transition to the NC
state, the diffusion coefficient increases by several or-
ders of magnitude compared with other materials [4-8].
At the same time, NC materials are not thermally sta-
ble. Upon heating, relaxation develops in such materi-
als, leading to a gradual transition to a coarse-
crystalline state and loss of physical properties due to
the NC structure. Recent research results suggest that
the special properties of NC materials are caused not
only by the large length of the internal interfaces, but
also by the special nonequilibrium state of the grain
boundaries. Therefore, an understanding of the behav-
ior of NC materials is closely related to an understand-
ing of the physical nature of the disequilibrium of in-
ternal interfaces. The development of the science of
nanomaterials made it possible to establish that sub-
stances in the nanostate acquire unique physical prop-
erties that are significantly different from those that
exhibit bulk materials. Also, modern science postulates
a direct relationship of the physicochemical character-
istics of various substances in the nanostate with some
parameters of their electronic structure. Currently, it is
believed that the physical properties of NC materials
are due to the large contribution of grain boundaries
and elastic stresses in the crystal lattice [9]. For each
material, there is a characteristic critical size of a
structural unit, below which the physical properties of
the material change radically. When crystallites are
smaller than critical, dislocations and vacancies are
pushed from the bulk of the crystal to the grain bound-
ary region.
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In this paper, we discuss the results of studies of
phase and structural transformations in cobalt nano-
crystals obtained through severe plastic deformation
(SPD). Deformation is a change in the size and shape of
a metal or alloy as a result of external stress. During
SPD, metal crystallites are deformed by shifting cer-
tain sections of the crystal lattice relative to others.
When the load is removed, the displaced part of the
crystallites does not return to its original place, the
deformation is preserved. The presence of slip lines in a
plastic deformed metal is detected visually during mi-
crostructural examination of the sample. The phenom-
enological result of distortion of the crystal lattice of a
metal during SPD is hardening, one of the manifesta-
tions of which is an increase in strength, which finds
practical application for hardening engineering parts.
However, it was found that fundamentally new proper-
ties in a metal appear only with a sufficient degree of
deformation. Therefore, based on this observation, a
method for improving the consumer properties of me-
tallic materials is called "severe plastic deformation".

The choice of cobalt as an object of study is due to
the following reasons.

* Cobalt can be obtained in the NC state by the
SPD method.

* Cobalt has a relatively low temperature of poly-
morphic transformation from a hexagonal close packed
(hep) structure to a cubic face-centered (fcc) structure
(~ 427 °C), therefore it is a convenient model object for
studying the effect of crystallite sizes and their stress
state on the nature of such transitions.

* NC cobalt has a complex phase composition, ex-
hibits anomalous magnetic properties and is character-
ized by thermal expansion. All this together determines
the relevance of the research undertaken in this work.
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2. METHODOLOGY FOR PREPARING
RESEARCH OBJECTS

To obtain nanostructured cobalt samples in this
work, we used the SPD method by torsion under high
quasi-hydrostatic pressure in a Bridgman type anvil
installation. This nanostructuring method allows one to
obtain samples devoid of pores and contaminants, in
contrast to the powder compaction technique and the
ball grinding method. The high-pressure torsion meth-
od is based on metal processing in a plant (Fig. 1),
which is often called the Bridgman anvil. The sample is
placed inside the cavity of the installation and subject-
ed to SPD by torsion under high pressure due to the
rotation of one of the strikers. A high degree of shear
deformation is achieved when the number of rotations
of the striker is N> 5, making it possible to obtain
nanofragmented metal with a grain size of 10-20 nm.
The practical value of the method is limited by the size
of the samples, which usually have a disk shape with a
diameter of up to 20 mm and a thickness of up to
1 mm. The practical side of this issue is described in
more detail in [10].

Pressure

|

Sample Fights

Fig. 1 — Bridgman anvil

3. X-RAY PHASE ANALYSIS OF RESEARCH
OBJECTS

X-ray studies were carried out on a DRON-7 diffrac-
tometer on Co-radiation by the Bragg-Brentano meth-
od. A Fe filter was used to suppress the Kjline. A scin-
tillation counter was used as a detector. Diffraction
patterns were recorded at an anode voltage U= 40 kV
and an anodic current /=20 mA. For phase analysis,
K, lines and Soller slits on the primary and diffracted
beams with a divergence of 1.5° were used.

In this work, the diffraction patterns were recorded
from the flat surface of the sample at room tempera-
ture. The samples had the form of disks obtained after
SPD by torsion under pressure. Interplanar distances
were determined by measuring the corresponding dif-
fraction angles of reflection of X-ray radiation accord-
ing to the Wulf-Bragg formula:

2dnrisind = mA, (€))

where A1 is the wavelength of X-ray radiation; 6 is the
diffraction angle of reflection of X-rays; dnri is the inter-
planar distance; m is the order of reflection.
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The lattice parameters a and ¢ were determined us-
ing the formula

1 4, o 2

?_ﬁ(h +hk+k )+07 )
with known plane indices (hkl) by the least squares
method using a computer program.

4. ASSESSMENT OF THE SIZE OF THE
STRUCTURAL CHARACTERISTICS
OF OBJECTS

Many practically important physical properties of
metals depend on the size of the coherent scattering
region (CSR) of X-rays and microdeformations in the
material. By varying the CSR size and the magnitude of
microdeformations, one can change the physical proper-
ties of metals and alloys. A decrease in CSR sizes to
1000 A or less and an increase in microstrains cause an
expansion of diffraction lines. In real crystals, the width
of diffraction lines is determined by both the CSR sizes
and microstrains. Then the resulting broadening of the
diffraction line is equal to the sum of broadenings due to
microstrains and CSR sizes [11, 12]:

A

= 3
L Lcos® ®

Therefore, the contribution of microstrains and CSR
sizes to the broadening of X-ray lines varies depending
on the diffraction angle 26. The study of the depend-
ence of the broadening on tgé and 1/cosf showed that
for the initial NC cobalt the dependences

W.=4¢-tg0

B 1
W= f(cos@}

can be considered linear. Hence, CSR sizes and micro-
strains make comparable contributions to X-ray line
broadening (Fig. 2).

To confirm the above assumptions, microstrains in
the sample were determined by different methods
(Fig. 3a). They represent averaged microstrains in the
sample over all crystallographic planes, for which max-
ima are observed in the diffractograms. The values of
microstrain determined by different methods differ
only for the annealing temperature range below 300 °C.
This is due to the fact that at annealing temperatures
above 300 °C, the crystallite sizes increase and their
contribution to the broadening of X-ray lines decreases.
Therefore, in this temperature range, the width of X-
ray lines is mainly determined by microstrains in the
sample, and all the methods used give close values of &
In order to clarify the values of microstrain, taking into
account the contribution of CSR sizes, they were calcu-
lated by the formula obtained as a result of transform-

ing the ratio (3):
( L : «9]
o= cost) 1)

4tg0

and
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Fig. 2 — Dependence of the CSR sizes of cobalt nanocrystals
on the annealing temperature determined from the lines:
a) (100), 20= 48°; b) (002), 20= 52°

The calculations used the L values determined
from line (112) and took into account their dependence
on the annealing temperature (Fig. 3a). As can be
seen, the values of microstrain calculated by relation
(3) have intermediate values. The values of mi-
crostrain calculated by relation (4) for line (103) and
determined from the Williamson-Hall curves differ
significantly at annealing temperatures above 300 °C,
in contrast to microstrains determined for line (112)
(Fig. 3b). A possible reason for this is that line (112)
for the hcp modification of cobalt (d/n =1.069 A) and
line (113) for the fcc modification of cobalt
(d/n =1.067 A) are superimposed. This makes it diffi-
cult to separate them, which leads to additional calcu-
lation errors. Thus, in the region of small diffraction
angles 6, the CSR sizes make the main contribution to
the broadening of X-ray lines of NC cobalt, while in the
region of large angles @ the contributions of the CSR
sizes and microstrains are comparable.
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Fig. 3 — Temperature dependence of microdeformation in NC
cobalt during annealing determined by different methods

5. MICROHARDNESS OF NC COBALT

In this work, the microhardness was determined by
the Vickers method by indenting a tetrahedral diamond
pyramid with an apex angle of 136° into the metal. Mi-
crohardness was measured on an HVS-1000B device
according to the standard method. The microhardness
at each point was found from the results of averaging
three measurements. The microhardness of a material
is determined by its nature, the concentration of point
defects and dislocations, as well as their mobility
[13, 14]. The microhardness was measured in the center
of the sample, at the edge of the disk, and at a distance
equal to half the radius. Fig. 4 shows the microhardness
of different parts of the sample depending on the an-
nealing temperature. It is seen that at annealing tem-
peratures up to ~ 200 °C, the CSR sizes and microhard-
ness HV change only slightly, which is a consequence of
the return process in the sample material. At annealing
temperatures above ~ 200 °C, the microhardness in the
center of the sample gradually decreases, which is asso-
ciated with an increase in the crystallite size. In this
temperature range, the microhardness at the edge of
the disk and at a distance equal to half the radius first
increases and then sharply decreases.
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Fig. 4 — The temperature dependence of the microhardness of
cobalt nanocrystals upon annealing in different places of the
sample: 1 —in the center of the sample; 2 — at a distance from
the center equal to half the radius; 3 — at the edge of the sample

The CSR of the X-rays is the smallest region in the
form of mosaic blocks, in which there are no distortions
of the crystal lattice, more precisely, the disorientation
of the crystallographic planes of the same name does
not exceed ~ 1°+2°. It is known that neighboring blocks
are separated by edge dislocations. Therefore, the
smaller the block sizes (CSR), the greater the bounda-
ries between the blocks inside the grains, therefore, the
higher the density of dislocations. With increasing den-
sity of dislocations, hardness increases. Therefore, the
increase in microhardness can be explained by a de-
crease in the CSR size. Fig. 5a shows the dependence of
the average microhardness on the average CSR size of
NC cobalt in the coordinates HV — f(L-1/2). It can be
seen that this dependence HV = f(L-1/2) consists of two
branches. With a decrease in the CSR size to
L~1000 A, the microhardness grows approximately
linearly, which can be explained by an increase in the
dislocation density. This region corresponds to the re-
gion of recrystallization in the structure of NC cobalt.

As the CSR size decreases below L ~ 1000 A, the
microhardness HV decreases. This region corresponds
to the region of return, and the decrease in microhard-
ness with decreasing crystallite size is probably due to
a decrease in the resistance of the material to grain
boundary sliding. According to another model, a de-
crease in microhardness in NC materials with a de-
crease in crystallite size is explained by the initiation of
the mechanism of vacancy creep, controlled by grain
boundary diffusion of vacancies [15]. This point of view
is confirmed by the results of studying the dislocation
density as a function of the annealing temperature.
The dislocation density was calculated by the formula:

w2,

P=Gzcl8d ®)
where W is the physical line broadening, b is the Burg-
ers vector, which is approximately equal to the lattice
parameter of 2.5 A. It was found that in the region of
NC return up to 300 °C, cobalt has a sufficiently high
dislocation density, which after annealing in this tem-
perature range up to 300 °C decreases by only one or-
der of magnitude (Fig. 5b). The reason for this process
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can be a decrease in the diffusion rate and an increase
in microhardness. Therefore, in this region, a weak
increase in the crystallite size is accompanied by an
increase in microhardness. Subsequently, in the region
of recrystallization of cobalt whiskers in the tempera-
ture range of 300-350 °C, the dislocation density de-
creases by two orders of magnitude. With an increase
in the annealing temperature, the crystallite size
grows, the dislocation density decreases, their mobility
increases and the microhardness decreases. Then, the
different behavior of the microhardness in the center of
the sample and outside it, depending on the annealing
temperature, is probably explained by the significantly
lower diffusion rate at the center of the sample than at
the edge of the disk. Consequently, the degree of de-
formation and dislocation density increase with the
distance from the center of the sample.
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Fig. 5 — Dependence of the average microhardness of cobalt
nanocrystals on the CSR size in the HV — L-1/2 coordinates (a)
and the temperature dependence of the dislocation density in
the hcp phase of cobalt nanocrystals upon annealing (b)

6. TEMPERATURE DEPENDENCE OF THE
WIDTH OF THE DIFFRACTION LINES OF
COBALT

Earlier it was found that plastically deformed sam-
ples have broad diffraction lines [16]. Upon annealing,
the diffraction lines narrow and the K, doublet is re-
solved. This indicates the relaxation of crystal lattice
defects introduced by plastic deformation and the
growth of crystallites [17]. In this regard, the tempera-
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ture dependence of the half-width of X-ray lines upon
annealing (the annealing time at each temperature is
40 min) is of considerable interest, shown in Fig. 6a for
the (002) line. For other lines of NC cobalt, similar de-
pendences are observed. This dependence can be divid-
ed into two characteristic regions 1 and 2. Obviously,
these regions correspond to the processes of return and
recrystallization that occur in the structure of cobalt
whiskers by the diffusion mechanism. Therefore, the
temperature ranges of changes in the dependence of
the width of X-ray lines actually coincide with similar
data on changes in the average microhardness and dis-
location density (see Fig. 6).
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Fig. 6 — Dependences of the width W (a) and AW (b) in coordi-
nates In(AW) = f(1/T) on the annealing temperature for the
diffraction line (002) of cobalt nanocrystals

The temperature dependence of the half-width of
the (002) line in the coordinates In(AW) — (1/7) is shown
in Fig. 6b, whence it can be seen that the dependence
In(AW) = f(1/T) i1s indeed described by two straight
lines. Similar dependences are observed for other X-ray
lines. The two characteristic regions 1 and 2 identified
here with a linear dependence In(AW) = f(1/7T) indicate
two different processes that occur during annealing in
plastically deformed cobalt in different temperature
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ranges associated with the phenomena of relaxation of
defects in the metal structure.

It is known that during annealing of plastically de-
formed metals and alloys, a return is usually observed
at the initial stage, then recrystallization [18]. In this
case, during annealing of plastically deformed cobalt in
the temperature range up to ~ 300 °C, it was found
that the change in the average crystallite size does not
exceed 25-50 nm. Therefore, the low-temperature
branch 1 of the dependence In(AW) = f(1/T) describes a
decrease in the diffraction line width as a result of the
return. At annealing temperatures above T ~ 300 °C,
the dependence In(AW) = f(1/T) is described by another
straight line 2, which corresponds to recrystallization
in the metal structure. The nature of the linear de-
pendence In(AW) = f(1/T) is of particular interest, since
we are not aware of similar data from the literature.

7. CONCLUSIONS

Upon annealing of NC cobalt, a similar evolution of
the nanostructure is observed. Moreover, the regulari-
ties of these processes practically do not depend on the
type of crystal lattice, the packing defect energy, which
is characteristic of the "usual" processes of recovery
and recrystallization. Their influence is overlapped by
the intensity of plastic deformation. Three stages of
evolution of the Co nanostructure upon heating, ob-
tained by SPD by the torsion method, have been estab-
lished. At the first stage of heating, called return, in
the grain body and at the boundaries, the structure is
ordered, which leads to a decrease in the density of
point defects and grain boundary dislocations and, as a
consequence, partial relaxation of elastic stresses in the
grains, as well as redistribution and annihilation of
dislocations in the grain body and on borders. At the
second stage, a sharp decrease in the concentration of
dislocation defects begins as a result of the migration of
nonequilibrium boundaries. The process, called recrys-
tallization by the researchers of the behavior of nano-
crystals upon annealing, begins at the third stage of
evolution, and differs from "ordinary" recrystallization
— the nucleation and growth of new grains with high-
angle boundaries. In this case, the anomalous growth
of perfect grains occurs due to the absorption of small
imperfect cells. But in both cases, the processes of re-
turn and recrystallization occur according to the diffu-
sion mechanism.

The new scientific results obtained in this work allow
a deeper understanding of the nature of processes occur-
ring in NDT materials and can be used in the develop-
ment and creation of new NDT materials, control of their
quality, and also identification of new areas of their use.
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EBosonia HaHOKpHCTAJIIYHOL CTPYKTY P KOOAJIBTY HMpPU Bimmasi
L.A. Gabdrakhmanova!, K.M. Mukashev?, F.F. Umarov3, A.D. Muradov2, G.Sh. Yar-MukhamedovaZ

L Bashkir State University, Ufa, Bashkortostan, Russia
2 Al-Farabi Kazakh National University, Almaty, Kazakhstan
3 Kazakh-British Technical University, Almaty, Kazakhstan

Tlorasano, 110 MeKi 3epeH, YTBOPEHUX B Pe3yJIbTaTl CHJIBHOI ILTACTHIHOI JedopMariii Ko0aJIbTy, € BUCOKO-
KyTOBUMM, HEPIBHOBAKHUMU, IIPUJIETTIUMU JI0 PO3YIOPSIKOBAHUX 00JIacTel KpUCTAIIYHOI permiTiu. Take po-
3YIMOPSAKYBAHHS CIPUYNHEHO OJISIMY IPYKHUX HAPYKEeHb, BBEIEHUMH JIMCJIOKAIISIMU Mesx 3epeH. ['yeruua
IHCJIOKAITN B 00'eMi HaHOKpHCTamB gocarae 1010 em2. Benmka moB:xrHA HEPIBHOBAKHUX MEJK TA BHCOKA TyC-
TuHA AedeKTIB BIOIrpaloTh BUPIIIAILHY POJIb ¥ (DOPMYBaHHI (PISMYHMX 1 MEXaHIYHUX BJIACTHUBOCTEH Ta BU3HA-
Yai0Th HU3BKY TEPMOCTIMKICTh HAHOKPHUCTAIIYHUX MATEPIaIiB: PICT 3epHA HOUNHAETHCA IPY BIJHOCHO HU3BKUX
TeMIlepaTypax IIiJ[ 4ac BiIHOBJIEHHS CTPYKTypu KobasbTy. Lleit mportec miasuo possusaerbes 110 300 °C. Piska
3MiHA 3a3HAYEHUX BJIACTHBOCTEM BIMOyBAeThCA Mif dac pexpucramsarti mpu 7> 300 °C, 1 masi BIaCTHBOCTI
HpaKTUIHO He 3MiHITECA. [Ipm 1> 400 °C cTpyKTypa Ko0aJIbTy MOBHICTIO PEKPHCTAJI3YEThCA 1 crocrepira-
€ThCSI TIOJAJIBIIE YKPYIIHEHHS 3epeH. ¥ I[bOMY BHUIIAJKY aHOMAJIBHIH PICT JOCKOHAJINX 3ePEH BIIOyBaeThCs 3a-
BIISIKY TIOTVIMHAHHIO JPIOHUX eJIeMeHTIB. ¥ Pe3ysIbTaTri MepeposIoily Ta aHITIIAI JUCIOKAINN B MeKax Ta B
00'eMi 3epeH MpollecH PeKPUCTAI3AIN] BiI0yBAIOTHECA ¥ BIATIOBIIHOCTI 3 JUQY3IAHAM MEeXaHI3MOM.

Kmiouosi cinosa: Hanoxkpucramm, dudysia, Picr sepua, edbextu, ducnorarii, Pexpucrasmisarisa, Exepria
aKTUBAIIl.
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