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The choice of cobalt as an object of study is due to the fact that it is characterized by a low temperature
of polymorphic transformation. This makes it possible to use it as a model material for studying the effect
of crystallite sizes on the nature of these transitions and phase composition. Nanostructured samples of
cobalt were obtained by the method of intense plastic deformation by torsion. High quasi-hydrostatic pres-
sure in the working area up to 8 GPa was created on a Bridgman anvil-type installation. Anvils were made
of tungsten carbide. The method allows to obtain samples of high purity without pores and impurities. X-
ray diffraction studies were carried out on a DRON-7 diffractometer with cobalt radiation. X-ray analysis
was performed according to the Bragg-Brentano method. To conduct phase analysis, Ka lines were used at
a scan step of 0.04 degrees, and when analyzing the profile of diffraction lines and determining their width
—at 0.01 degrees. The absolute error in measuring the angular positions of diffraction maxima did not ex-
ceed + 0.020. The size of cobalt nanocrystallites reached about 25-50 nm. It is established that during low-
temperature annealing recovery occurs in the structure of cobalt. Annealing above 300 °C leads to the re-
crystallization of its structure. The nanocrystalline cobalt obtained by intense plastic torsion deformation
after heating above the phase transition temperature and cooling below this temperature retains the high-
temperature fcc structure. It is shown that the nature of the fec-hep transition delay can be associated with
changes in the size and strained state of crystallites forming nanocrystalline cobalt. All of the above con-
firms the relevance of our research.
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1. INTRODUCTION

Nanocrystalline (NC) materials are of great scien-
tific and practical interest because of their unusual
physical properties [1-6]. With the transition to the NC
state, the diffusion coefficient increases by several or-
ders of magnitude compared with other materials [7-
11], chemical activity increases, an abnormal Curie
temperature, saturation magnetization, elastic proper-
ties [12] are observed as well as the change in electrical
resistance and other characteristics of materials [13]. At
the same time, NC materials are not thermally stable.
When heated, relaxation processes develop in such ma-
terials leading to a gradual transition to a macro-
crystalline state and loss of physical properties due to
the NC structure [14, 15]. The results of recent studies
suggest that the special properties of NC materials are
caused not only by the large length of the internal inter-
faces, but also by the special non-equilibrium state of
the grain boundaries. Therefore, the understanding of
the behavior peculiarities of NC materials is closely
related to the understanding of the physical nature of
the non-equilibrium internal boundaries [16].

It is currently considered that the physical proper-
ties of NC materials are due to the large contribution of
grain boundaries and elastic stresses in the crystal
lattice [17]. For each material there is a characteristic
critical size of the structural unit, below which the
physical properties of the material vary radically. When
crystallite sizes are smaller than the critical size, dislo-
cations and vacancies are pushed out of the crystal
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volume into the grain boundary region. With a decrease
in crystallite size in a number of materials, a change in
the type of crystal lattice is observed. The lattice pa-
rameters with decreasing crystallite sizes for different
materials often change ambiguously. The change in
chemical and physical properties with the transition to
the NC state is largely explanatory [18]. However, the
nature of many phenomena occurring in NC materials
has not been studied enough. Therefore, the study of the
nature of processes in NC materials is of great scientific
and practical interest.

The interest in the problem of the stability of NC
materials obtained by severe plastic deformation (SPD)
is associated with their practical application. As a rule,
research in this area is aimed at stabilizing the struc-
ture of NC materials to higher temperatures. For ex-
ample, it is known that the NC structure can be stabi-
lized by adding a small amount of the corresponding
phase. It is well known that the thermal stability of NC
copper can be improved by adding a certain concentra-
tion of aluminum oxide Al2O3 [19].

This paper discusses the results of the study of
phase and structural transformations in NC cobalt
obtained by SPD. The choice of cobalt as an object of
research is due to the following reasons:

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

* Cobalt has a relatively low polymorphic transfor-
mation temperature (~ 427 °C) from a hexagonal close-
packed (hep) structure to a cubic face-centered structure
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(fce), therefore it is a convenient model object for study-
ing the influence of crystallite sizes and their strained
state on the nature of such transitions. NC cobalt has a
complex phase composition, exhibits anomalous mag-
netic properties and is characterized by thermal expan-
sion. All this together determines the relevance of the
research undertaken in this work.

Macro-crystalline cobalt at room temperature has an
hep structure. At temperatures of the order of (417-
427) °C, cobalt transforms from the hcp structure into
the fec structure. This transition is a diffusionless re-
versible martensitic-type phase transition. Depending
on the content of impurities, defect concentration, heat-
ing and cooling rates, degree of deformation and other
factors, this transition is characterized by a hysteresis,
the width of which reaches approximately 40 °C. It has
been established that one of the main factors affecting
the stability of phases and phase transition is the grain
size. At small grain sizes, the fcc phase of cobalt is sta-
ble, while at room temperatures, the hcp structure is
mainly formed in macro-crystalline materials. In sam-
ples with an inhomogeneous grain size distribution, a
mixture of fcc and hcp phases is formed. However, to
date, the influence of grain size and the associated lat-
tice micro-distortion on the stability of the cobalt phases
has not been studied enough. The study of the structure
and physical properties of NC cobalt obtained by SPD
torsion is also devoted to a small number of works.
When SPD, cobalt torsion forms a hep structure with a
grain size of about 100 nm.

2. EXPERIMENTAL TECHNIQUE

To obtain nanostructured cobalt samples in this
work, the method of SPD by torsion was used under
high quasi-hydrostatic pressure on a Bridgman anvil-
type installation. Unlike the powder compaction tech-
nique and the ball grinding method, this nanostructur-
ing method allows obtaining samples without pores and
impurities. The installation consists of two anvils
mounted on a hydraulic press. The press allows to cre-
ate pressure in the working area up to 8 GPa. Anvils
are made of tungsten carbide. The lower anvil is mova-
ble and can rotate around a vertical axis relative to the
upper one.

X-ray studies were performed on a DRON-7 diffrac-
tometer on Co-radiation using the Bragg-Brentano
method. Fe-filter was applied to suppress the KA-line. A
scintillation counter was used as a detector. Diffraction
patterns were taken at an anode voltage U =40 kV and
an anode current I =20 mA. To conduct phase analysis
Ka-lines were used. The survey was carried out by the
step method by dialing the number of pulses during the
exposure time ¢ =5 s. When conducting phase analysis,
the scanning step was 0.04 degrees, and when analyz-
ing the profile of diffraction lines and determining their
width — 0.01 degrees. The absolute error in measuring
the angular positions of the diffraction maxima did not
exceed + 0.02°. The basic hardware error in measuring
the pulse counting rate did not exceed 0.35 %. For phase
analysis, the following slits on the primary beam were
used: the horizontal slit — 8 mm, the vertical slit —
2 mm; on a diffracted beam: horizontal slit — 8 mm,
vertical slit — 0.1 mm. Soller's gaps on the primary and
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diffracted beam had a divergence of 1.5°.

In this study, the diffraction patterns were taken
from the flat surface of the sample at room temperature.
Samples obtained after plastic deformation by torsion
under pressure had the form of disks. Interplanar dis-
tances were determined by measuring the corresponding
diffraction angles using the Wolf-Bragg formula:

2dnkising = nA,

where A is the X-ray wavelength, 6 is the angle of re-
flection, dnr is the interplanar distance, n is the order
of reflection. The lattice parameters a and ¢ were de-
termined using a formula with known indexes of planes
(hkl) by the least squares method using a computer
program:

1 4 r
?:Q(hzﬁ'hk'f'kz)"'cfz.

3. RESULTS AND DISCUSSION

3.1 Annealing Temperature Influence on the
Cobalt Microstructure

To solve these problems, we carried out electron mi-
croscopic studies. Fig. 1a shows the microstructure of a
plastically deformed sample before annealing. It can be
seen that the microstructure of the sample after plastic
deformation is fairly uniform; the boundaries between
the crystallites are indistinct, blurred. The average
crystallite size is hardly determined and is about 25-
50 nm. The diffraction pattern of the sample consists of
a set of reflections closely spaced around the circumfer-
ence, which indicates a small crystallite size and the
size uniformity. The marked elongation of reflexes in
the azimuthal direction indicates a high level of inter-
nal stresses. After annealing at 300 °C, crystallite sizes
almost did not change, but the boundaries between
them became clearer (Fig. 1b). This indicates that a
partial recovery has occurred in the sample.

Fig. 1 - Cobalt microstructure after plastic deformation (a)
and annealing at temperatures of 300 °C (b), 400 °C (c) and
500 °C (d)
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Fig. 2 — Diffraction patterns of NC cobalt annealed at different temperatures

The diffraction pattern of the sample after annealing
at 300 °C has noticeably changed: the intensity of indi-
vidual reflexes has increased and the number of reflexes
on the rings has noticeably decreased. This indicates an
increase in the size of crystallites and a decrease in their
number in the irradiated volume. The elongation of
reflexes in the azimuthal direction indicates the preser-
vation of internal stresses in the crystallites. Thus, after
annealing at temperatures of about 300 °C, in the sam-
ple recovery takes place and recrystallization begins.
After annealing at 400 °C, the crystallite size increases
noticeably, the boundaries be-tween them remain
blurred (Fig. 1c). With an increase in the annealing
temperature, the intensity of individual reflexes contin-
ues to grow, indicating a continuation of the crystallite
sizes growth. After annealing at 500 °C, the process of
primary recrystallization in the sample is completed (see
Fig. 1d).

Therefore, according to the results of electron micro-

scopic studies of the structure of cobalt, we can draw the
following conclusions:

* In NC cobalt obtained by SPD torsion, crystallite
sizes are approximately 25-50 nm.

+ At annealing temperatures of up to ~ 300 °C, in NC
cobalt recovery is observed, and above 300 °C — recrys-
tallization occurs.

3.2 Determination of the Samples Phase
Composition

Nevertheless, according to the results of electron mi-
croscopic studies, it is difficult to judge the change in the
phase composition of the samples and the crystallite size
during annealing. Therefore, it is of interest to determine
the phase composition of the samples, the sizes of struc-
tural fragments and their changes in the annealing pro-
cess by using other, more informative methods. Based on
this, additional studies have been conducted on the influ-
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ence of SPD and annealing for the phase composition of
cobalt nanocrystals by measuring diffraction patterns.
Fig. 2 shows the diffraction patterns of NC cobalt ob-
tained by SPD torsion and samples annealed at different
temperatures. Diffraction patterns were obtained at room
temperature from the flat surface of the sample formed
as a result of SPD torsion. To eliminate the effects of
quenching, during annealing above the fcc-hep phase
transition temperature, samples up to 300 °C were cooled
with a furnace at a rate of ~ 100 deg/h and then in air. It
can be seen from the figure that plastically deformed
cobalt, like undeformed, has an hcp structure at room
temperature. Therefore, plastic deformation does not lead
to a change in the type of crystal lattice of cobalt. Fig. 2
also shows that the plastically deformed samples, an-
nealed at temperatures up to 450 °C, also have an hcp
structure. Depending on various factors, cobalt undergoes
an fce-hep phase transition during heating in the range of
422-440 °C, while cooling — in the range of 387-405 °C. It
follows from this that plastic deformation does not lead to
a noticeable decrease in the temperature of the polymor-
phic fee-hep transition of cobalt.

Further, the sample after annealing at 500 °C and
subsequent cooling to room temperature mainly consists
of the fcc phase. Thus, plastically deformed cobalt after
annealing above the temperature of the hcp-fece trans-
formation and subsequent cooling below this tempera-
ture retains the structure of the high-temperature fcc
phase. Plastic deformation prevents the transition of the
high-temperature fcc phase of cobalt to the low-
temperature hcp phase during its cooling. Samples an-
nealed at temperatures from 600 °C to 900 °C at room
temperature consist of a mixture of the low-temperature
hcp phase and the high-temperature fcc phase.

The nature of the fce-hep transition delay can be re-
lated to changes in the size and strained state of the
crystallites. During plastic deformation, the crystallite
sizes decrease, and strong distortions appear in the crys-
tal lattice. In the volume of crystallites, lattice distortions
can be caused by dislocations and point defects. In addi-
tion, during plastic deformation, a developed grain-
boundary region is formed with a strong defect structure,
which may still contain an amorphous phase. Lattice
distortions lead to a decrease in the packing density and
to an increase in the elastic energy compared with the
density and energy of the ideal lattice. The relative con-
tribution of distorted regions to the crystal energy in-
creases with decreasing crystallite size. Therefore, in
cobalt crystallites, whose dimensions are smaller than
the critical one, the formation of an fec structure with a
denser packing is more advantageous. Above the temper-
ature of the hep-fee transition, the cobalt-type nanocrys-
tals have an fce structure. During annealing, some crys-
tallites of the fcc phase grow to a critical size and, when
cooled below the fec-hep transition temperature, acquire
the hcp phase. Thus, according to the results of X-ray
phase analysis, the following conclusions can be made:

* plastically deformed cobalt at room temperature
retains its hcp structure;

* NC cobalt, obtained by SPD torsion, after heating
above the phase transition temperature and cooling
below this temperature, retains the high-temperature
fee structure. The NC structure of cobalt, obtained by
SPD, prevents the transition of the high-temperature
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fcc phase of cobalt to the low-temperature hcp phase
during its cooling.

3.3 Annealing Temperature Influence on the
Lattice Parameters

To confirm the above assumptions about the stability
of the hep and fec phases of NC cobalt, the lattice pa-
rameters of the cobalt nanocrystals were studied as a
function of the annealing temperature. It is known that
the characteristics of the lattice are structurally sensi-
tive parameters. Therefore, the study of the influence of
cobalt crystallite sizes on lattice periods is important for
understanding the structural changes occurring in the
material. At room temperature, the NC cobalt, according
to our data, has a hexagonal structure with the following
lattice parameters: a = 2.509 A and ¢=4.067 A. Fig. 3
and Fig. 4 show respectively the dependences of the
lattice parameters and the volume of the unit cell of the
hep NC cobalt on the annealing temperature. Within the
limits of measurement errors, the parameter a does not
change up to the annealing temperature 7= 200 °C. The
average value of the parameter a = 2.508 A in this tem-
perature range is higher than the parameter a for macro-
crystalline undeformed cobalt. At annealing tempera-
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2.504 —
' [ ' [ ' [
0 200 400 o /0N
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Fig. 3 — Dependence of the lattice parameters a and ¢ of NC
cobalt on annealing temperature
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tures above T'=200°C, the parameter a decreases to
a=2.506 A. This value of the parameter a almost coin-
cides with the lattice parameter for the macrocrystalline
undeformed cobalt a=2.505 A. At annealing tempera-
tures above T'= 250 °C, the lattice parameter a does not
change within the limits of measurement accuracy.

During plastic deformation, a crystallographic texture
forms in cobalt without changing the type of crystal lat-
tice. Often in metals with a hcp structure, during plastic
deformation, the basic planes are oriented predominantly
perpendicular to the direction of the applied load. In this
case, the parameter ¢ should decrease somewhat in com-
parison with the parameter ¢ of the undeformed sample,
and the parameter a should increase. During annealing,
the concentration of defects in the crystallites decreases,
and the lattice parameter a takes on a value close to the
parameter of the defect-free crystal.

After annealing at 7'= 100 °C, the lattice parameter ¢
increases to ¢ = 4.071 A. This value of the parameter c is
lower than the parameter ¢ for macrocrystalline unde-
formed cobalt with c¢=4.089 A. After annealing at a
temperature 7'=200 °C, a noticeable decrease in the
parameter c is observed. The parameter ¢ decrease corre-
lates with the parameter a and the volume of the unit
cell V (Fig. 4). These results confirm our assumptions
that, at a temperature 7~ 200 °C, active relaxation
processes begin, which lead to a decrease in the concen-
tration of lattice defects. The jump in the C(7) and V(1)
dependences at T'= 350 °C is associated with the begin-
ning of the recrystallization process. Because the rela-
tive change in volume after recovery is AV/V=10.20 %,
and the lattice parameters are Aa/a=0.12% and
Acle = 0.04 %.

To confirm our assumptions about the stability of the
hep and fec phases of NC cobalt, we studied the depend-
ence of the ratio of the parameters c/a on the annealing
temperature (Fig. 5). For non-annealed NC cobalt, the
ratio is c/a=1.621, which is noticeably less than the
value of this parameter for macrocrystalline undeformed
cobalt (c/a) MC = 1.632 and the theoretical value of this
parameter (c/a) T'=1.633, corresponding to the most
stable state of the hcp structure. Consequently, the hcp
phase of NC cobalt obtained by SPD torsion is less stable
than the hcp phase of macrocrystalline undeformed
cobalt. With an increase in the annealing temperature
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for NC cobalt, the ratio of the parameters (c/a) increases
to the value (c/a) = 1.6233. Consequently, the hep phase
of NC cobalt with increasing annealing temperature
becomes more stable.

For ideal hcp and fee structures, the packing densi-
ties are the same and the crystal energies are close. At
the same time, for NC cobalt obtained by SPD torsion,
the packing density is lower than for an ideal hcp struc-
ture. Therefore, the most close-packed fcc structure with
a lower crystal energy should be realized in NC cobalt.
During annealing of cobalt nanocrystals, the density of
defects in the material decreases, and the packing densi-
ty tends to the density of an ideal hcp structure. This
leads to a decrease in the elastic energy of the hcp lat-
tice, due to which the transition of the fcc structure into
the hep structure becomes more probable.

1.626 — c/a

,.~
1.624 — .
4 . / AN
o
1.622 —

1.620 —

1.618 . T . T . 0

o 200 400 600
T, °C

Fig. 5 — Dependence of the ratio ¢/a of NC cobalt on annealing
temperature

4. CONCLUSIONS

According to electron microscopic studies in NC co-
balt, obtained by SPD torsion, crystallite sizes do not
exceed 25-50 nm. If the low-temperature annealing of
NC cobalt to ~ 300 °C is accompanied by recovery, then
annealing above 300 °C leads to the recrystallization of
its structure. NC cobalt obtained by SPD torsion after
heating above the phase transition temperature and
cooling below this temperature retains the high-
temperature fec structure, which is prevented by the
NC cobalt structure obtained by SPD. The delay mech-
anism of the fec-hep transition can be associated with
changes in the size and strained state of crystallites.
During plastic deformation, crystallite sizes decrease,
and as a result, strong distortions arise in the volume
of the crystal lattice, which can be caused by SPD dis-
locations and point defects [26].

In addition, during plastic deformation of cobalt hcp
due to crystal lattice distortions, the packing density
decreases as compared to the packing density of an ideal
hep structure, which leads to an increase in the elastic
energy of the crystal. Due to the uniformity of the pack-
ing density and the proximity of the energy of the defect-
free lattice of hep and fece cobalt, the energy of the hep
cobalt lattice subjected to SPD torsion may be higher
than the energy of the fcc cobalt lattice, which may cause
a delay of the fec-hep transition.
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Brouiue inTeHcuBHOI utactTuaHOI qedopmarii
Ha a30Bi CIIiBBiIHONIEHHS HAHOKPHUCTAJIIB KOOAIBTY

L.A. Gabdrakhmanova?!, K.M. Mukashev?, A.D. Muradov2, F.F. Umarov3, G.Sh. Yar-MukhamedovaZ

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

Bubip xobasbTy sik 00’ €KTa TOCTIIKEHHS TIOSICHIOETHCSA THM, 10 BIH XapaKTePU3YEThC HU3BKOK TEMITepa-
TypoIo 1mosTiMopdHOro repeTBopeHHsI. Lle 1ae MOKIIMBICTS BUKOPHCTOBYBATH HOT'O SIK MOJEJIBHII MaTepiaJl It
BUBYEHHs BILUIMBY PO3MIPIB KPHCTAITIB HA XapakTep IMX IepexoriB Ta dasoswit ckiaan. HamocrpyrrypoBasi
3pasky K00aJbTy OyJIM OTPHIMAaHI METOZO0M 1HTEHCHBHOI ILTACTUYHOI fedopmartii po3rsaryBaHHs. Bucokuil kBa-
31-TIIPOCTATUIHUI THCK y pobodiit 30H1 10 8 I'Tla 6yB crBopenuit Ha ycraHoBii Bpimrmana sHa roBamii. Kosa-
ULy BUTOTOBJISLIIA 3 Kapbimy Bosbdgpamy. MeTos 103B0JIs€ OTPUMATH 3PA3KU BHCOKOI YHUCTOTH 0e3 IIop 1 JoMi-
moK. PenTreniBebki mudpakitiiiai gociimkeHHs mpoBomuymcsa Ha maudparromerpi DRON-7 3 xkob6aibToBUM
BUIIPOMIHIOBAHHAM. PeHTreHoJoriuHmit anasis mposoauim 3a MetonoMm Bperra-Bpewrano. s mposemesss
dasoBoro amamiasy BukopucToByBasm JiHil Ka mpm kporri ckanyBauus 0,04 rpamyca, a mpu aHaTis1 mpodiio
IndpakIiiHUX JIHIM Ta BUsHAYeHH] 1xX mmpuau — npu 0,01 rpagyca. AGcomoTHA MOXMOKa BUMIPIOBAHHS KY-
TOBUX MOJIOMKEHD MUQPPAKIINHAX MAKCUMyMIiB He IepesuinyBasia + 0,020. Poamip HaHOKPHCTAIITIB KOOAIBTY
caras 0ym3bKo 25-50 M. BeramoBieHo, 110 Ipy HU3BKOTEMITEPATYPHOMY BiAIaJIl BigOyBaeThCs BITHOBJICHHS B
CTPYKTYpi KoGaeTy. Bimmas surmie 300 °C mpu3BoAUTE 0 MEPEeKPUCTANII3alli] oro cTpyKTypu. HaHokpuerasi-
YHUHE KOOAJIBT, OTPUMAHUH [IPU IHTEHCUBHIN IJIACTUYHIN JiechopMariii po3TsryBaHHs IIICJIs HATPIBAHHS BUIIE
TeMIepaTypu (pasoBOro Mepexojy Ta OXOJIOIKEHHS HUIKYe Ifiel TeMIeparypu, 30epirae BUCOKOTEMIIePATYPHY
crpykrypy fee. [Tokasawo, 110 XxapakTep 3aTpUMKH ITepexoy fec-hep Moske OyTy MOB'sI3aHMiA 31 3MIHOIO PO3MIPY
Ta HANPYYKEHOT0 CTAHY KPUCTAJIITIB, 1[0 yTBOPIITH HAHOKPUCTAJIYHUI KOOAJIBT.

Knrouosi cinosa: Kobaner, [arencuBHa mractuyna nedopmarris, Harocrpyrrypa, Merton Bperra-Bpenraso,
Bigmas, Binaosnenns, Pexpucramisarisi, CTpyKTypHI [epeTBOPEHHS.
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