Letters on materials 7 (4), 2017 pp. 359-362 www.lettersonmaterials.com

DOI: 10.22226/2410-3535-2017-4-359-362 PACS 71.20.Be, 62.20.F, 81.40.Gh, 68.60.Dv

Effect of microcrystallites formed by deformation on the growth
and orientation of grains during recrystallization of iron
L. M. Voronova', M. V. Degtyarev, T.I. Chashchukhina, D. V. Shinyavskii, T. M. Gapontseva
"highpress@imp.uran.ru
M. N. Mikheev Institute of Metal Physics, Ural Branch of RAS, ul. S. Kovalevskoi, 18, Yekaterinburg, 620990, Russia

Changes of an ultradispersed structure in deformed iron after annealing have been studied. Ultradispersed structures of two
different types, cellular and submicrocrystalline (SMC) ones, have been formed in iron by high pressure torsion deformation.
The effect of the deformation structure type on the temperature of recrystallization onset, the size of recrystallized grains, and
the recrystallization texture has been explored. A comparison of recrystallization of the initial cellular and SMC structures
should be made to determine the role of microcrystallites. The recrystallization temperature of iron with an SMC structure
is 200 to 250°C lower than that of iron with a cellular structure because of the presence of microcrystallites, which are ready
recrystallization nuclei. The recrystallization (annealing at 750°C, 1h) of the cellular structure results in the formation of a
coarse-grained structure with an average recrystallized grain size that is by an order of magnitude larger than that after the
same annealing of the SMC structure (5 and 180 um, respectively). The significantly different feature of the SMC structure in
contrast to the cellular one is the annealing-assisted formation of a <110> recrystallization texture in it, whereas the annealing
of iron with the cellular structure does not cause the formation of a recrystallization macrotexture. An increase in the sharpness

of the recrystallization texture correlates with a decrease in the average grain-boundary misorientation angle.
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1. Introduction

The formation of a structure providing desired properties
is often associated with the transition of a material into a
thermodynamically nonequilibrium structural state. A
subsequent treatment and a use of the material will cause
changes, reducing the free energy of the system. If the
formed structure is optimum, these changes will deteriorate
properties of the material. Therefore, the problem of the
thermal stability of a formed microstructure is of importance.
Severe plastic deformation results in the formation of an
ultradispersed structure with a high density of defects. This
structure possesses a large stored energy and is metastable
[1-4].

The structure of iron during severe plastic deformation,
in particular, in Bridgman anvils, develops stage-by-stage
[5,6]. Firstly, the structure of a cellular type is formed; then
individual microcrystallites (regions surrounded by high-
angle boundaries [7]) appear with increasing true strain,
resulting in the formation of a mixed structure; and finally, the
material transits into a submicrocrystalline state. The sizes of
structural elements are from a few tenths to hundredths of a
micron, that is, all types of structure belong to the submicron
scale, but differ in types of boundaries and texture.

The evolution of the structure and the mechanical
properties of both pure iron and armco iron during shear
under pressure have been studied in many works [5, 8-12].
But only in a few of them the change of the crystallographic
texture is analyzed [5, 10, 12]. According to X-ray studies
in pure iron, most of the elements at the stage of the mixed

structure has been established to possess an {101} orientation,
whereas the material at the stage of the SMC structure transits
into a textureless state [5]. Data received by means of electron
back-scatter diffraction (EBSD) give an evidence that the
final texture obtained by HPT is {110} being parallel to the
disc [12].

The structure and texture formed during deformation is
known to have a considerable influence on the development
of recrystallization [2]. The microcrystallites, which are ready
nuclei, ensure recrystallization of an SMC structure without
incubation period and at rather low temperatures (less than
0.35T ) [13-15].

However, the effect of annealing on the texture of iron
produced by severe plastic deformation was not investigated.
In [13, 14], for SMC Armco-iron, two temperature intervals
were established at which slow and rapid grain growth occurs.
At the stage of slow grain growth, the effect of triple junction
drag on grain boundaries motion plays an important role
[14]. It is known [2] that the presence of a texture can also
suppresses the growth of grain. Therefore, an analysis of
texture evolution during annealing of SMC iron is important
for studying its thermal stability. Similar investigations of fcc
metals are currently underway [16], while data for bcc metals
are not available in the literature.

A comparison of recrystallization of the initial cellular
and SMC structures should be made to determine the
features of recrystallization of the SMC structure and the
role of microcrystallites in this process. The aim of the work
is to study the effect of recrystallization on the parameters
of the cellular and the SMC structures in iron (grain size,
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preferential grain orientation, distribution of misorientation
angles, mean misorientation angle). Particular attention is
paid to the analysis of microtexture formed during annealing.

2. Methodology

Iron (99.97% Fe, 0.003% C, and <0.3% other impurities)
prepared by zone melting was used for the investigation.
Samples to be deformed were in the shape of disks with a
diameter of 5 mm and a thickness of 0.3 mm. Deformation
was performed at a pressure of 6 GPa in Bridgman anvils.
The structure of a cellular type was obtained by upsetting
in the anvils. The true strain determined from the change
in the sample thickness is e=1.4. An SMC structure formed
after 5 revolutions of the anvil during high pressure torsion.
The true strain was calculated taking into account the
shear components of the deformation and upsetting, which
depended on a distance to the sample center. The calculation
method is described in detail in [5]. The true strain at a
distance of 1.5 mm from the center of a sample was e=8. The
deformed samples were annealed at temperatures of 350 to
750°C for 1 h. The annealing was carried out in a vacuum of
107 Pa to prevent oxidation of the samples. The iron structure
after deformation and annealing was examined by scanning
and transmission electron microscopy (SEM and TEM)
using QUANTA 200 Philips, and JEM 200CX, respectively.
The size of recrystallized grains was determined by an
intercept method using SEM data, and by direct measuring
using TEM data. The orientation of recrystallized grains was
estimated from electron back scattering diffraction (EBSD)
data.

3. Results and discussion
Fig. 1 demonstrates the microstructure of the samples after

deformation. Transmission electron microscopy shows both
individual dislocations and pile-ups of dislocations inside

Fig. 1. (a, b) Cellular and (c, d) SMC structures in iron: (a, c) bright-
field image and (b, d) dark-field image in a (110)_ reflection.

cells with low-angle boundaries in the cellular structure.
Angle misorientation changes gradually from one cell to
another, resulting in a nonuniform dark-field contrast. The
electron diffraction pattern is characterized by azimuthally
spread reflections (Figs. 1a, 1b) due to a gradual increase
in the misorientation angle between one cell and the other.
The cell size varies in the wide range, with an average size of
0.9 pm. The SMC structure (Fig. 1c, 1d) is characterized by
high size uniformity and the average microcrystallite size of
0.15 um. Extinction contours are observed in the volume of
microcrystallites, which testify to the elastic deformation of
the crystal lattice. A dark-field contrast at microcrystallite
boundaries sharply changes, which indicates a discrete
change in the misorientation angle at a boundary. Reflections
in the electron diffraction pattern are point in shape and
they form a nearly ring diffraction pattern.

In iron with the cellular structure, recrystallization begins
at 450°C. Annealing for 1 h results in the recrystallization
of about 70% of material. At this temperature, thermally-
activated formation of recrystallization centers takes place,
which is in a good agreement with literature data [17]. The
average recrystallized grain size is 15 pm (Table 1), whereas
some grains achieve 75 um in size (Fig. 2a). The arrows on
the Fig. 2a show the regions, which contain mainly low-
angle boundaries, according to EBSD data. Obviously, this is
a subgrain structure formed during recovery. A rather large
fraction of low-angle boundaries in the subgrain structure
determines the average grain-boundary misorientation angle
(33°) which is lower than that in the random ensemble of
grains (40°) [18]. An increase in the annealing temperature
causes a growth of the average grain size together with the
average grain-boundary angle, the last reaches the value of
39° (Table 1). Direct pole figures obtained by EBSD method
are shown in Fig. 3. The figure suggests no regularity of a
texture change after annealing: a weakly pronounced <001>
axial texture is formed at 450 and 650°C, whereas there is
no texture after annealing at 550°C, and a <111> texture is

0,5 um

Fig. 2. Iron microstructure after deformation and annealing: (a)
cellular structure after annealing at 450°C for 1 h; (b, d) SMC
structure after annealing at 350°C for 1 h; (c, ¢) SMC structure after
annealing at 450°C for 1 h; (a-c) SEM; and (d, e) TEM.
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Fig. 3. Pole figures constructed by the EBSD analysis of the cellular iron structure after annealing at (a) 450°C for 1 h; (b) 550°C for 1 h; and

(¢c) 750°C for 1 h.

Table 1. The parameters of the structure of iron after deformation and
annealing, according to different methods of structural studying.

Structure T an., TEM SEM

type °C d, um K d, um K o,°
350 1.3 0.6 1.0 0.9 35
450 0.5 0.6 1.2 0.8 36

SMC
650 — — 2 1.5 30
750 — — 5 1.2 25
450 — — 15 14 33
550 — — 70 1.1 37

cellular

650 — — 120 1.1 33
750 — — 180 1.5 39

observed after annealing at 750°C. The maximum pole density
is less or equal to 8 rel. units. It should be noted that this
method provides the information from a quite local region,
therefore, no regularity of the texture change upon annealing
indicates that there is no a recrystallization macrotexture
over the entire sample.

In iron with an SMC structure, recrystallization begins
at a temperature well below 450°C. In [19] it was shown that
the deformation-induced formation of ready recrystallization
nuclei (microcrystallites) allows obtaining a completely
recrystallized structure in iron at 200°C, but prolonged
periods of annealing time are required to complete the
recrystallization. Figs. 2b and 2d demonstrate that annealing
at 350°C for 1 h results in the formation of a uniform-in-size
grain structure. The TEM examination shows that annealing
at 450°C for 1 h causes the formation of grains with a large
number of defects, in their volume, and fine recrystallization
nuclei (Fig. 2e) which were not observed after 1-h annealing at
350°C (Fig. 2d). These observations allow us to conclude that
the annealing of iron with an SMC structure at 450°C leads
to thermally-activated formation of new recrystallization
centers. As a result, the average grain size becomes half in
size (Table 1). These recrystallization nuclei are not observed
by the SEM method, therefore at this scale level the structure
after annealing at 350 and 450°C differs little (Figs. 2b, 2c,
Table 1). The average grain size is about 1 um.

Annealing of iron with an SMC structure in the
temperature range 550 to 750°C leads to an increase in the

Fig. 4. SEM images of the (a, b) SMC and (c) cellular iron structures
after annealing at (a) 650°C and (b, ¢) 750°C.

average size of the recrystallized grain to 5 um (Table 1,
Figs. 4a,4b). According to SEM, the variation coeflicient of the
linear grain sizes increases sharply with increasing annealing
temperature. It should be noted that in this case the sizes were
obtained using EBSD analysis, which takes into account the
sizes of grains and subgrains with small misorientation angles.
Low-angle boundaries are observed inside the recrystallized
grains after annealing at temperatures of 650 to 750°C, which
can decrease the average misorientation angle ® between the
structural elements (Table 1).

It should be noted that a result of the recrystallization
of the cellular structure in this temperature range is the
formation of a coarse-grained structure, the average grain
size of which increases to 180 pum after annealing at 750°C
(Fig. 4c, Table 1). This means that the recrystallized grain is
an order of magnitude coarser than that of the annealed SMC
structure, under the same annealing conditions.

In contrast to the cellular structure, a distinct feature
of the SMC structure is the annealing-induced formation
of <110> texture. The EBSD analysis showed that after
annealing at 350°C, the fraction of the area occupied by
grains with an orientation of the (110) type is <40%. After
annealing at 750°C, the large fraction of the recrystallized
grains (~80%) has this orientation. The pole figures shown
in Fig. 5 demonstrate an increase in the texture sharpness
when the annealing temperature is increased. As a result,
the average misorientation angle decreases with increasing
annealing temperature (Table 1).
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Fig. 5. Pole figures constructed by the EBSD analysis of the SMC iron structure after annealing at (a) 350°C and (b) 650°C.

4. Conclusions

1. The recrystallization annealing of deformed iron
allows one to reveal significant differences in the behavior of
ultradispersed structures of various types, namely, a cellular
structure with small-angle gradual misorientations and an
SMC structure with discrete high-angle misorientations
of microcrystallites. Nevertheless, both structures had no
preferential orientation.

2. The recrystallization temperature of iron with an
SMC structure is 200 to 250°C lower than that of iron with
a cellular structure because of microcrystallites, which are
ready recrystallization nuclei. After annealing of the SMC
structure at 750°C for 1 h, the average recrystallized grain size
was 5 um, whereas that of the cellular structure was 180 pm.

3. A significantly different feature of the SMC
structure in contrast to the cellular one is the annealing-
assisted formation of a <110> recrystallization texture in it,
whereas the annealing of iron with the cellular structure does
not cause the formation of a recrystallization macrotexture.
An increase in the sharpness of the recrystallization texture
correlates with a decrease in the average grain-boundary
misorientation angle.
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