Rev.Adv.Mater.Sci. 11 (2006) 137-151

THE MODEL OF STRUCTURE REFINEMENT IN METALS
AT LARGE DEFORMATIONS AND FACTORS EFFECTING
GRAIN SIZES

F. Z. Utyashev' and G. |. Raab?

Institute for Metals Superplasticity Problems of the Russian Academy of Sciences, 39 Khalturin str.,
Ufa, Russia
2Institute of Physics of Advanced Materials, Ufa State Aviation Technical University, Ufa, Russia

Received: July 29, 2005; in revised form — November 28, 2005

Abstract. The increase in the curvature of sample’s bending and torsion at large cold deforma-
tion leads to the decrease in the sizes of the formed fragments and grains in pure metals, and to
the increase of angular misorientations of their boundaries. Bending results in the change of the
specific area of the deformation center surface AA,, i.e. the parameter responsible for an average
curvature of a sample and crystal lattice of grains. Extremely fine fragments are formed when the
above parameter increases during deformation to the value equal to the maximum tensor den-
sity of dislocations . This is provided by the increased value of the initial specific surface of the
deformation center A./V — the ratio between area and volume. The peculiar features of deforma-
tion center and structure refinement in quasi-monotonic and non-monotonic processes are
considered. It is shown that structure refinement is dependent not only on strain but also on the
field of angular velocities of fragments’ rotation in the deformation center.

1. INTRODUCTION

Processing ultra-fine grain (UFG) structure (grain
size being less than 1um) is the basis of one of the
approaches to produce metals and alloys with high
structural, functional and technological, e.g. super-
plastic, properties. In bulk materials, UFG struc-
ture can be processed using special techniques,
such as equal-channel angular (ECA) pressing, tor-
sion under pressure and a number of other ones
that have received the generalized name — meth-
ods of severe plastic deformation (SPD) [1].

Their peculiar feature is the accumulation of large
deformations in materials. For processing
nanocrystalline structure, deformation is performed
at the temperature below that of recrystallization

without intermediate annealing operations between
passes.

As known, the formation of micro-regions — frag-
ments that are generally divided by low-angle and/
or high-angle boundaries [2] — inevitably occurs in
metals at large deformations. In some cases, the
angular misorientations of fragment boundaries in-
crease slightly with strain, remaining within the val-
ues corresponding to sub-grains, while in other cases
the misorientations increase up to the values typi-
cal for grains. If the character of flow is close to
monotonic, i.e. it is quasi-monotonic, in the defor-
mation method used, a sub-grain structure is mainly
formed, while a granular structure is generated at
non-monotonic flow [3]. In the mentioned methods
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of SPD, the deformation character is non-monotonic;
the direction of material’s deformation is changed
so that, as a result, its shape, dimensions, and area
of outer surface remain close to the starting ones.

For the same materials, the sizes of minimum
refined fragments (sub-grains and /or grains) depend
on deformation technique, as well as on the defor-
mation mode and regimes (strain, strain rate, tem-
perature, hydrostatic pressure) and dimensions of
samples. The lower is homologous deformation tem-
perature and the higher are the strain and hydro-
static pressure, and the smaller are dimensions of
samples, the finer sizes are acquired by the mini-
mum refined fragments. The effect of strain rate on
refinement is ambiguous. An increase in strain rate
makes for the intensive division of initial grains into
fragments because of activation of twinning and slip-
ping of dislocations along crystallographic systems
that are usually unfavorable at low strain rates [4].
At the same time, high strain rates are capable to
warm-up the zones of deformation localization, lead-
ing to boundaries migration and growth of fragment
sizes.

In this study, we show that the sizes of refined
fragments in pure metals depend on such geomet-
ric parameters of the deformation center as the ra-
tio between the starting surface area and its volume
and on the variation of this value with deformation
(note that all other factors remain the same here).
As these parameters increase, an average size of
the refined fragments decreases approaching the
minimum value.

It should be pointed out that the sizes of refined
fragments in metallic materials generally depend on
their chemical composition and stacking fault en-
ergy (SFE). But, according to [5], surface impuri-
ties in pure metals during deformation do not affect
the structure evolution and sizes of refined grains
deep within samples at torsion under pressure. As
for the effect of the second factor, by comparing
[1,6] the sizes of grains in metals with different SFE,
refined using various SPD methods (e.g. Al, Fe(a),
Ni, Cu) we would like to note the following.

Though a considerable grain refinement is
achieved in the above metals after ECA pressing,
the attempts to produce a uniform nanocrystalline
structure were not successful. After torsion under
pressure of the same metals, there occurs more
profound refinement of grains up to sizes corre-
sponding to nano-meter range. These peculiar fea-
tures cannot be attributed to the difference in SFE,
cannot those be ascribed to the influence of the
accumulated strain values.
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The strain is brought to satiation in both meth-
ods of SPD, i.e. to such values, at which further
deformation increment does not lead to noticeable
refinement of grains.

It would be shown below that the depth of grain
refinement depends not only on the above geomet-
ric parameters closely associated with the used
deformation mode, but also on the rotation tensor,
that together with deformation tensor, determines
the distortion of a crystalline material in the defor-
mation center.

2. FRAGMENTATION AS RESPONSE
OF A CRYSTAL LATTICE TO
SAMPLE’ BENDING

Geometry of bending and mass transfer

A sample (billet) in some way or other undergoes
bending in many deformation methods. At ECA
pressing without backpressure, the deformation
center in the zone of channels intersection has usu-
ally a fan shape, and, in this case, sample’s bend-
ing is clearly pronounced. In this zone, it is seen
from the distortion of a grid of orthogonal hairlines
scribed in a sample’s longitudinal plane that the dis-
tances between transverse hairlines decrease when
bending radius is small, and increase when this ra-
dius is large. With increasing the bending radius,
longitudinal hairlines acquire the shape of circular
arches. Not counting typical distortions caused by
friction forces, such change in grid’s shape during
ECA pressing corresponds to the picture of its
change during pure bending.

In pure form, bending can be presented as an
operation of twisting a flat sample (of ¢ thickness)
around a rigid cylinder with radius R through bend
angle ¢ (Fig.1).

According to Polyani-Taylor principle, the grains
in a polycrystal change shape and sizes during de-
formation in the same manner as a sample, and,
hence, should acquire the curvature that more or
less corresponds to sample’s bending. It should be
noted that the change in longitudinal sizes of low-
angle fragments (sub-grains) generated during de-
formation is not in good agreement with this prin-
ciple [7]. At the same time, the change in longitudi-
nal sizes of banded structures, possessing low-
angle fragments, formed at straining € > 0.2-0.3 [8],
is usually in conformity with this principle.

At relatively small bends of a sample, its asso-
ciated curvature in crystal lattice of grains is pro-
duced by individual dislocations distributed in grains.
When the bending is large, the crystal lattice of grains
is fragmented into micro-regions — polygons [9]. In
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Fig. 1. The scheme of bending of a plate twisted at
cylinder with radius R, ¢ — bending angle, R_— the
local radius of AB elolvent in the point N.

this case, the bending angle is mainly compensated
by the sum of angular misorientations of boundaries
that divide them.

Atbending, changes occur in length values, sur-
face areas, and volumes™ of extended and com-
pressed portions of a sample. These values de-
crease from the side of a small radius, while from
the side of a large radius they increase. According
to [10], transverse stresses push out from sample’s
volume the dislocations of one sign and make the
dislocations of another sign to move to a neutral
line (plane). The direction of dislocation movement
corresponds to the family of evolvents, in particular,
to evolvent AB shown in Fig. 1.

The effect of bending curvature on the sizes and
misorientations of fragments
Let us assume that the crystal lattice of a grain is
divided into N identical fragments with an average
diameter d, during bending in the direction of the
family of evolvents.

Since N >>1, the number of segments — bound-
aries of fragments N, crossing an evolvent with length
L can be taken equal to:

N L
ey (1

The length of an evolvent will be:

* On the whole, for a sample the volume V = const.

_ R’
S

L (2)

The local radius of evolvent curvature is:

R, = Ro. (3)

Since the circumference Ris an evolute (the curve
of curvature centers’ location) of an evolvent, then
the triangle OMN is rectangular, hence:

R+t=R*+R:. (4)

where t is the current cross size (thickness) of a
sample.

Solving Eq.(3) with regard to ¢ and taking into
account Eq. (4), one will have:

o-[2L L) (5)
\r R

An average angle of boundary misorientation
between fragments that are transverse to evolvents
will be determined as:

%=y "L (6)

With respect to Egs. (2) and (5) and accounting
for the fact that R<<t for ECA pressing, one will
have:

0, = 2d.k,. (7)

where k_is an average curvature of an evolvent.

In a similar way, the average misorientation
angles of fragment boundaries that are transverse
to the longitudinal bending lines of a sample (circu-
lar arches) by which the mass transfer also occurs,
will be determined as:

0, = d.k, (8)

where k, is the curvature of longitudinal bending line.

It follows from Egs. (7) and (8) that the larger
sample’s bending, and, consequently, its curvature,
the smaller sizes and larger angular misorientations
are acquired by fragments.

Maximum values of local curvature of evolvents
and circular arches are typical for a zone with a
minimum radius of sample’s curvature. The forma-
tion of the finest fragments with larger misorientations
can be expected in this zone, while the fragments
formed in the zone with larger bending radius will
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have larger sizes and smaller angular misorienta-
tions.

It should be noted that the resulting curvature of
sample shape can be close to zero if the direction
and bending angle have been changed during defor-
mation. But, the value of the accumulated deforma-
tion in a sample increases in this case; adequately
increases the curvature of crystal lattice.

Thus, when bending is large, the change in the
grain shape and size results in the formation of
micro-regions — fragments, that, as known, are ob-
served during electron microscopy and X-ray inves-
tigations in a form of coherent scattering areas. Low-
angle fragment boundaries are arranged transversely
to curvature lines and compensate the bending angle
in the aggregate. The larger is the sample’s bend-
ing and, consequently, its curvature, the smaller are
sizes and larger angular misorientations are acquired
by fragments.

3. THE EFFECT OF SURFACE ON
FRAGMENTATION AND
FRAGMENTATION ON
DEFORMATION

The change in the surface area of deformation
center’

When a sample undergoes bending, a mass trans-
fer occurs between the areas of tension and com-
pression, and, consequently, the areas of their outer
surface change. The absolute change in the outer
surface area is caused by dislocations, which pen-
etrate into to the surface and go away from it:

|AA|= Nbl._, (9)

where N, band /_ are, respectively, number, Burgers
vector and average length of dislocations.

By dividing both parts of Eq. (9) by V — the de-
formed volume, one will receive:

AA =bp, (10)

where p is the scalar density of dislocations**, and
AA ~ the change in the surface specific area.

*The changes in the areas of surface irregularities of
all orders, from micro- to nano- values, are not taken
into account because in many respects they are deter-
mined by the quality of tooling surface that can be as-
sumed as constant.

** The initial density of dislocations is not taken into
account, since in a non-deformed metal this value is
low.
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According to [11], an average lattice curvature
at bending can be expressed through the density of
dislocations k = bp. Therefore:

(11)

It is known that bp>f3, where B is the tensor
density of dislocations. By definition, div3=0 [10].
Hence, the tensor density of dislocations in the
deformed volume can be changed only by making
dislocations to go out and to enter through its sur-
face.

At ECA pressing, sample’s bending is con-
strained and localized in a narrow (with regard to
the whole sample) volume — deformation center, the
surface of which incorporates outer (external) and
inner portions. Some factors are known that facili-
tate the generation of dislocation sources at the
outer surface of deformation center [11,12], espe-
cially at the direct action of pressure exerted by
tooling. The inner surface of deformation center, i.e.
the border that separates the regions, where defor-
mation is significant from the region where it is in-
significant or is totally absent, is also an active
source or discharge of dislocations [13,14]. That is
why, there are the outer and inner portions of defor-
mation center surface that exert influence on b; so,
Egs. (9-11) can be considered with respect to the
whole surface of the deformation center.

k, = AA,.

s

Extremely fine sizes of fragments
From Egs. (7) and (11) one will have:

0

d =—.
VY (12)

For low-angle boundaries of fragments 0_=b/h, where
h is the distance between dislocations in a wall.
The h value is limited by the fusion of dislocation
cores: h=(2-3)r.. In turn, r_=(2-3)b, where r_is the
radius of dislocations’ core. Hence, h=k ‘b, where
coefficient k_=4-9. Thus, an average fragment di-
ameter (ascribed to Burgers vector) can be deter-
mined as:

K

A

AA

s

L
b~ AA (13)

where coefficient K, =1/(2k b) characterizes an av-
erage curvature of dislocation boundary.

Minimum fragment sizes should, at least, be
several times larger than b. As for many metals b ~
(300-400)-10 m™, then K, = (1.4-4.1) 10° m™. Ac-
cording to various estimations, the maximum lat-
tice density of dislocationsis p,_ ~(10"-10"°) m?,
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because [B| <pb; then |B| _ < 4-10° m". Hence,
d, ./b=(0.4-1)10%0rd, = (40-100)b.

The obtained assessment is in agreement with
known experimental data on the sizes of low-angle
fragments — sub-grains and nano-grains produced

in metal powders at grinding in ball mills [8].

AA_parameter as the characteristic of material
curvature

The change in the specific area of deformation cen-
ter surface AA_is a macroscopic parameter; at the
same time it characterizes the micro- and meso-
scale level, i.e. the tensor density of dislocations.
Usually, the volume of averaging (Ax)®in tensor den-
sity of dislocations corresponds to the interval p*2
<< AX < dg [11], where dg is grain size. The lower
limit characterizes an average distance between
dislocations. The upper limit is restricted by grain
size, because dislocations do not cross a grain
boundary forming a system of loops or grids in them.
But, with the onset of fragmentation, starting with
strains ~ 0.2-0.3, and further with its development,
the initial grain boundaries and grains become prac-
tically indistinguishable in the formed fragmented
structure. Instead of them, banded structures of
various types are formed in the appropriate regions;
their length oftenly exceeds the sizes of initial grains.

Towards the onset of fragmentation, the scalar
density of dislocations practically reaches its maxi-
mum, and, further, does not increase with increas-
ing deformation [2]. At large deformations, the AA_
parameter characterizes not only the proper tensor
density of dislocations, but also its conventional
value that might have been reached in the absence
of the re-arrangement of dislocations into bound-
aries. But, since such re-arrangement does occur,
then AA_characterizes not the curvature of crystal
lattice caused by the distribution of individual dislo-
cations in it, but the curvature produced by their
complexes — dislocation walls.

In accordance with Polyani-Taylor principle, the
AA_parameter should be approximately equal to
sample’s curvature. If a sample is bent around a
cylinder with a small radius, then the AA_value could
exceed |B__ |, but such bend would not lead to the
growth of dislocation density, and, consequently, to
further division of fragments into smaller portions.
With d. =d, . = const the relationship (13) can be
fulfilled only due to the proportional growth of AA_
and misorientation angle 6_. In turn, it means the
increase in the density of stationary and mobile grain
boundary dislocations resulting in grain boundary
sliding. In other words, when lattice dislocations
move from one fragment to another within the bound-

aries dividing them, the dislocations of orientation
mismatch are formed; this statement support the
results reported in [2]. Sessile components of these
dislocations, with Burgers vector normal to bound-
ary plane, result in the increase of angular
misorientations of boundaries, while sliding compo-
nents, with Burgers vector coplanar to a boundary,
lead to the relative rotational displacements of frag-
ments.

Peculiar features of shear during fragmentation
If the crystal lattice of grains is bent continuously,
i.e. without formation of fragments, then a conflict
occurs. The shear of crystal lattice vy, with size d is
equaltoy, = pb d_=pd,. Alternatively, the shear of
grain’s crystal lattice can be expressed through its
curvature k equal to the tensor density of disloca-
tions:

v, =kd,. (14)

On the other hand, the curvature depends on
the bending radius k,= 1/R_. In particular, an aver-
age radius of sample’s bending at ECA pressing is
equal to R, ~ (d/2) tan(¢/2), where d_is the trans-
verse size of a sample, while f - the angle of chan-
nels’ intersection. Expressing the shear of grain’s
crystal lattice through the curvature of a sample
during ECA pressing, one will obtain:

d, )
yg=2?00t5. (15)

This expression satisfies the Polyani-Taylor prin-
ciple only if dg = d_ (one grain in the deformation
center). In this case it degenerates into a known
formula for determining the shear intensity at ECA
pressing:

Y, :ZCot(Z). (16)

Since polycrystalline metals are usually de-
formed, the grain sizes here are significantly smaller
than the sizes of deformation centers; so, the shear
in grains determined by Eq. (15) will be consider-
ably less than the macroscopic shear, which is not
in conformity with the mentioned principle. The con-
flict is resolved not only by the fact that a crystal
lattice of grains is fragmented into micro-regions at
bending, but also by that the boundaries separating
them become the zones of deformation localization.
Acquiring extremely fine sizes and shape close to
arounded one, the fragments are not further divided
into portions. The activity of dislocation slip in them
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decreases, formation of dense pile-ups of lattice
dislocation and their subsequent transformation into
boundaries are not observed. That is why, accord-
ing to Eq. (15), the shear in crystal lattices of frag-
ments or grains becomes small. Itis the inter-crys-
talline shear that becomes the main mechanism of
deformation, this being provided by the increase in
the area of boundary surfaces and their misorienta-
tions. In this case, the Polyani-Taylor principle is
fulfilled in a peculiar manner, in the same way as at
superplastic deformation (SPD’) via cooperative grain
boundary sliding (CGBS) in planes close to the di-
rection of operation of maximum shearing stresses
[15].

Thus, plastic deformation is inevitably accom-
panied by the change in the surface area of the de-
formation center. The absolute change of this area
is the sum of the absolute values of increasing and
decreasing surface portions as a result of discharge
and generation of dislocations in it. The value of the
AA_parameter corresponds to sample’s curvature
and tensor density of dislocations in the deforma-
tion center, and, consequently, to the curvature of
crystal lattice. At large deformations, the AA_pa-
rameter characterizes the curvature of crystal lat-
tice within the deformation center caused by angu-
lar misorientations of fragments’ boundaries. Mini-
mum sizes of fragments with the average values
being estimated as (40-100)b are formed in metals
if, due to deformation, the AA_parameter in defor-
mation center attains the value equal to maximum
tensor density. As the AA_parameter approaches
the value of maximum tensor density, the deforma-
tion mechanism changes. The shear in metals with
strongly fragmented structure, as well as at SPD’,
occurs rather along the boundaries of crystallites
than in crystallites.

4. DEFORMATION CENTER AND
GRAIN REFINEMENT IN
MONOTONIC AND
NON-MONOTONIC PROCESSES

Let us use the above established approximate equal-
ity of the AA_parameter to sample’s curvature and
crystal lattice for approximate evaluation of average
sizes of fragments and grains produced using vari-
ous deformation modes. For this purpose itis nec-
essary to establish: (i) the value of strain at which
fragmentation is completed; (ii) the dependence
between variation of the AA_parameter and strain;
(iii) average sizes of fragments and grains depend-
ing on AA_.
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Monotonic and quasi-monotonic deformations
The first task is convenient to be considered using
the above deformation modes as examples. Unlike
non-monotonic processes, the structure evolution
in such deformations is not veiled by variations in-
troduced by the change in the straining direction.
Rolling and drawing processes, including multi-pass
ones, are examples of quasi-monotonic* deforma-
tions [3,16]. The peculiar features of deformation
center in these methods are that it is developed in
the direction of material’s extension and its appro-
priate size exceeds the transverse size of a billet.
In tool’ groove, a billet undergoes equal bending in
opposite directions and acquires a relatively small
curvature, the layers close to billet’s axis moving in
a more uniform and rapid manner than outer layers.

These peculiar features of the deformation cen-
ter along with non-uniform distribution of values and
strain rates along billet’s cross section lead to the
fact, that in many metals, in particular, with cubic
lattice and not low SFE, starting with € ~ 0.3, the
formed fragments are combined into layers — banded
structures of various modifications, differing in trans-
verse sizes. The largest are the sizes of deforma-
tion bands filled with enlarged fragments (in the form
of cells or blocks), while the smallest are the sizes
of micro-bands. The formation of such banded struc-
tures in pure nickel after rolling is reported in [17],
see in Figs. 2a and 2b. Micro-bands are generated
in the zones of intense deformation localization,
while low-angle fragments in them have minimum
sizes. With increasing the number of passes and
accumulation of deformation, micro-bands fill out the
whole material volume. As a result, the uniform frag-
ments divided mainly by low-angle boundaries are
formed. The fraction of high-angle boundaries in such
a structure is relatively small, and, such structure
is essentially sub-granular.

In the recent work [8], we have derived the equa-
tion determining the change in the volume fraction
V.of the formed fragments with extremely smalll sizes
in the deformation center with volume V. This equa-
tion has the form

*In the strict sense, multi-pass processes are non-
monotonic because of non-holonomic relation be-
tween stress and deformation. But the deformation
character is close to a monotonic process at rolling
performed without widening and drawing with small
strains ~ (0.2-0.3) at passes.
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Fig. 2. Banded structures in the high purity nickel
(99.99%) after cold rolling with strain 0.53 (left) and
4.5 (right), GNB — geometrically needed boundaries
(boundaries between bands), IDB — random bound-
aries (boundaries of fragments within deformation
bands) [8].

D)
v TSl (17)

The curve plotted from this equation is in good
agreement with the experimental kinetic dependence
reported in [18], which shows that the fragmenta-
tion in iron is practically completed after subjecting
a wire to drawing with true strains ~ 3-4. As a re-
sult, fragments with size 0.1-0.3 mm are formed.
The sizes of fragments located in micro-bands (see
Fig. 2b) are also close to the mentioned values. In
principle, the acquired estimate of strain value suffi-
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cient for the completion of fragmentation can be gen-
eralized for the case of producing sub-granular —
granular structure. Such structure was produced in
many materials, in particular, in Al and its alloys
[19]. Mainly granular structure was formed when,
during ECA pressing up to 4 passes (Ze =4), the
orientation of samples, made from these materials,
was changed between passes; in doing so, a non-
monotonic process was realized. On the contrary,
mainly low-angle fragments — sub-granular struc-
ture were formed after pressing samples without
changing orientation, i.e. after less non-monotonic
deformation.

The second task will be also considered using
monotonic deformation; uniform extension of a cy-
lindrical billet can be considered as an example of
this process™. In this case, the problem solution is
facilitated because the area of the deformation cen-
ter coincides with the area of sample’s outer sur-
face. The change in the surface area depending on
true strain e for the indicated deformation is easily
derived from the expression reported by the present
authors in [8]:

€

. me? +e”*
M =(A) ———— 1],

m+1 (18)

where e — base of natural logarithm, € — true strain,
m — coefficient equal to L/R, L and R — length and
radius of a starting cylindrical sample, respectively,
A, —initial area of the deformation center of a cylin-
drical sample, equal to 2n R (L+ R).

Dividing both parts of Eq. (18) by V — the de-
formed volume with account that A /V = (2/R)[(1+m)/
m], and taking into account that at large deforma-
tions m>>1, one obtains:

AA; ~(2) 62—1
= : (19)

At drawing and rolling, large deformations are
usually accumulated in thin, including flat, samples.
That is why R can be set equal to half-thickness of
a flat sample — h/2. Hence, integrating the expres-
sion AA °= (4/h) [e?>—1] within the range from O to e
and accounting for m>>1, one obtains:

*Though this ideal process differs from rolling and
drawing by lesser local curvature of a billet in the defor-
mation center, nevertheless, this process, as well as
industrial processes, leads to uniform extension of a
billet.
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AA, = [AAcde = (2)(%2 —e- Zj. (20)

The third task. Eq. (20) was determined for the
special case — uniform extension of a cylindrical
sample (monotonic deformation). Nevertheless, it
is also true for the case of uniaxial non-monotonic
deformation. Thus, two-step uniform deformation of
a cylindrical sample, that includes extension fol-
lowed by compression of a sample for the same
strain value, will lead to a zero resultant change of
its dimensions and outer surface area. Meanwhile,
the accumulated deformation and the absolute value
of change in the area of outer surface will be equal
to the doubled amount of the corresponding values
at any of the considered stages. Moreover, Eq. (20)
can be used for the general case of plastic defor-
mation. Indeed, at any plastic deformation there oc-
curs the change in the area of deformation center.
Since divp=0, see above considerations, no dislo-
cation transformations, including duplication, reac-
tion, and annihilation of dislocations, within the vol-
ume of deformation center, will change the B,-,- value
(dislocations come into as loops, for which Zb=0,
and for any reaction of dislocations Zb=const) [11].
That is why there exists one-to-one correspondence
between strain and change in the area of deforma-
tion center surface. To a first approximation, it has
the form of the obtained relationship (20). Using this
relationship and the earlier derived dependence (12),

AA,

8001
6001
400

2001

148
U=

AV

Fig. 3. The dependence of changing of the specific
surface of deformation center — (parameter) AA_(in
mm-") with the initial specific surface A, /V (in mm™)
and true strain e.

F.Z. Utyashev and G.I. Raab

one can determine a tentative average size of frag-
ments and/or grains for any methods of large defor-
mations, accomplished at temperatures below re-
crystallization temperature.

The dependence (20) in Fig. 3 shows that AA_
value depends to a larger extenton A /V, rather than
on &. Thus, at €=3 (according to previous estima-
tions and experimental data, such deformation prac-
tically results in completion of fragmentation) for
samples with the starting h/2 = (1-10) mm, AA_
parameter will be = (10-1) mm™". Then, one will have
dg = (1-10) um. For samples with h/2 = (0.1-0.05)
mm the AA_parameter = (100-1000) mm~, hence
d,=(0.1-0.01) um. These estimations, at least, are
in qualitative agreement with the experimental data.
Thus, after cold multi-pass rolling of metallic foils,
their thickness decreases from ~ 0.1 mm to ~ 0.01
mm and even less [20]. In the order of magnitude,
the corresponding values of A./V will be ~1/h =10
mm-', and ~ 100 mm-", while dg >0.1 um.

Non-monotonic deformations — ECA pressing
At ECA pressing, the geometry of a deformation
center might have the shape of a fan or a equiconvex
lens [21]. For the case of a lens-like center, its size
along the lines of sample’s bending vary from the
values close to zero (at the vertex of the angle of
channels’ intersection) to ~0.1d_along the neutral
line, while for the fan-like center —from 0 to d ¢. For
the lens-like center A /V =2nR?%/ (nR? x 0.1d_) = 20/
d,, while for the fan-like center A./V =2/d_. The di-
ameter of typical rods subjected to ECA pressing
is d_~ 20 mm. The corresponding values of A,/ V,
for the cases of fan-like and lens-like shapes of de-
formation centers, are ~1 mm"and 0.1 mm*. Though
these values of A /V differ by an order of magnitude,
it follows from Fig. 3 that this does not lead to a
significant increase in the AA_value. That is why,
pressing of rods with backpressure (lens-like cen-
ter) and without it (fan-like center) does not result in
a considerable (differing by an order of magnitude)
difference in the sizes of the produced grains, even
if very large deformations are used. This conclusion
is confirmed experimentally. Thus, after subjecting
pure Cu (Xe=2) to pressing for two passes with
backpressure and without it, the values of dg were
0.4 um and 0.6 um, respectively; these grain sizes
decreased towards 0.19 um and 0.25 um after 16
passes (Xe=16) [22].

The maximum value of curvature is achieved in
sample’s surface layers adjacent to the vertex of
the angle of channels’ intersection. Due to techno-

*Formally, for an evolvent point that belongs also to a
circumference, the curvature is equal to infinity.
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logical reasons, this angle cannot be made sharp.
Instead of an angle, a blending with radius ~ 0.1
mm is formed. Hence, the local curvature of a sample
in this zone will be kK ~ 10 mm™. Maximum curva-
ture of an evolvent™ will be determined as k_ = 1/R9,
where ¢, in terms of the order of magnitude, will be
assumed to be equal to the angle of misorientation
of low angle boundary, i.e. ¢ ~ 0.1 rad. As the re-
sult, one will have k ~ 100 mm-*. Accordingly, the
transverse sizes of fragments in the examined
sample’s layers will be ~ 0.1 um. At farther and
farther distance from the specified surface, k and
k_ values decrease in proportion to sample’s thick-
ness, and the sizes of the refined fragments ac-
cordingly increase. For this reason, the efficiency
of grain refinement in sample’s layers far from the
vertex of the angle of intersection will be much lower.
As the finest fragments are formed in a strongly
curved zone of the deformation center, in order to
achieve more uniform refinement of grains during
ECA pressing, it is vital not only to change the route
of pressing through sample’s reorientation, but also
to use design and technological factors providing
the enhancement and equalization of sample’s cur-
vature in the deformation center, by, for example,
narrowing the channel from the side of external angle.
To increase the fraction of high-angle boundaries, it
is important to change the planes of sample’s bend-
ing, i.e. to have it strained according to a spatial
trajectory with larger curvature [3].

Non-monotonic deformations — torsion under
pressure

Torsion under pressure is characterized by two
stages. The first stage is torsion accompanied by
upsetting. As shown in [3], even at turning of a thin
(0.1 mm) disc for an quarter of turn, the deformation
on the diameter of 5 mm in this case reaches the
value of ~ 7, the average value for a sample being
e~ 3-4. So, itis of little wonder that grain refinement
was observed at this stage at relatively small turn-
ing angle [1]. The second stage is restricted torsion
that occurs without change of sizes and resulting
(visible) variation in the surface area of deformation
center, that being evidently due to the equality of
dislocations coming into the surface and leaving it.
Correlating the swirl angle © of disc’s upper base
relative to its lower base with the turning angle of
the generator g at the lateral surface, one will ob-
tain y = Arctg(®R/h). It follows from this equation
that the angular deformation v, close to the limit
n/2 for discs with a large relation R/h is achieved

* Uniformity is also provided by the changed position of
sample’s axis of symmetry that occurs during torsion.

even after turning for a rather small angle. For ex-
ample, for a disc with R =10 mm and thickness h =
0.2mmat Q~ 1.57 rads (quarter of turn), the value
v = 1.44 rads. Accordingly, Xe also increases with
radius. At the same time, the curvature k_= R/[R? +
(h/2mn)?] and torsion of disc’s screw line k, = h/2mn
/[R? + (h/21tn)?] (where nis the number of rotations)
are likely to increase at R — 0. Since the distortion
of crystal lattice is determined by the sum of defor-
mation and rotation tensors, this allows clarifica-
tion of the experimentally observed fact [23] of pro-
ducing more or less uniform UFG structure in nickel
along the disc radius*. A significant factor, that pro-
motes the formation of dispersed fragments during
torsion of thin discs, is the high value of the param-
eter A./V =1/h ~10-100 mm™. In combination with
high degrees of accumulated strain and better, as
compared with ECA pressing, conditions for ab-
stracting heat to the tooling for the case of torsion
under pressure, this leads to the formation of fine
grains of about 0.1 um in diameter and less. Let us
note that the involute of a screw line is the screw
line that contributes to the growth of the portion of
the produced granular fraction.

The presented interpretation of the influence of
curvature on the UFG structure formation during
deformation is in conformity with the comparative
data on the degree of grain refinement achieved
under various modes of severe plastic deformation,
reported by the present authors in [10]. These data
show that the larger value of the A /V parameter of a
sample, the finer grain size is produced in it at cold
deformation. Thus, the smallest powders (lamellas)
have A/V~B__, hence grains, d_~ 0.01 um, are
produced in them.

5. THE EFFECT OF DEFORMED
STATE ON STRUCTURE
REFINEMENT

Itis known that the deformed state (DS) of a sample
depends on the geometry of the deformation center
and affects the structural state (SS) acquired by a
metal. As stated above, the deformation of about 3-
4 is sufficient to refine structure to minimum sizes
of low-angle boundaries or grains, peculiar to a
method applied (rolling, drawing, ECA pressing) and
a given material. But usually, for producing uniform
UFG structure, a sample is subjected to large de-
formations. Thus, at ECA pressing, the number of
passes and accumulated deformation are to be
brought up to the values of 8-12 and more. A dis-
crepancy between the calculated and experimental
values is due to the non-uniform distribution of de-
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formation in a sample, and to the influence of rota-
tional deformation mode on structure formation.
Hence, it is necessary to note that the notions of
realization of simple and/or pure shear at ECA press-
ing leading to the formation of uniform structural state
in metals, reported in [21,24] do not agree with a
number of necessary conditions.

The uniformity of DS and, as a consequence, of
SS follows from the Polyani-Taylor principle. As
mentioned above, in accordance with this principle,
the grains in a polycrystal are deformed (change
their shape) in the same matter as a sample. To
provide the uniformity of DS and SS, the grains are
necessarily to change not only their shape (become
elongated, compressed, and bent), but also are to
be turned (rotated) in the same manner. In other
words, to produce uniform UFG structure, it is es-
sential that the equality of distortions is fulfilled at
macro- and micro- scale levels, both in deformation
and rotation tensors, and also their velocities. As
known, the first condition requires the presence of
5 active dislocations slip systems in grains. Usu-
ally, not more than 2-3 slip systems are activated.
The second condition, as reported in [2], is associ-
ated with the realization of reactive turns of grains
opposite to Taylor rotation. This is hindered by the
tightness of grains — presence of neighbors. As a
result, there appear discrepancies that are accu-
mulated in deformations of grains during deforma-
tion; in turn, they lead to fragmentation.

Usually, DS is estimated only by the first tensor
of distortion, i.e. deformation tensor, because its
components are responsible for changes in a mate-
rial shape. The value of accumulated (true) strain
is, finally, determined according to Odqvist, as:

t t

e=[edt=[[288 /3 o,

0 0

(21),

where £_and &ij are, respectively, the intensity and
components of strain rate deviator, t—time of defor-
mation.

It is generally supposed that if deformation, ac-
cumulated in different material points, is the same,
then, its DS is also uniform. This is more or less
valid for monotonic, or close to monotonic, defor-
mations. But, at large non-monotonic deformations,
structure formation in metals depends also on the
second tensor (on rotation velocity, in particular) that
usually is not taken into account.

Let us use the processes of rolling (quasi-mono-
tonic deformation) and ECA pressing (non-mono-
tonic deformation) as examples to consider to what
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extent the latter condition is realized in various meth-
ods, and how it affects the structure refinement.

Rolling

At rolling of a flat sample without widening, the
change in its shape can be considered as the re-
sult of summation (superposition) of the two practi-
cally equal and oppositely directed bends, occur-
ring under the simultaneous action of the upper and
lower rollers. Therefore, the resultant bend of a
sample in the deformation center is small. Conse-
quently, the cumulative moment, produced by ex-
ternal stresses, striving to initiate the reciprocal ro-
tation of the fragments formed in grains is small.
Rotation of fragments occurs under the action of
relatively small internal (moment) stresses [2], there-
fore, they are smallin value. It has been pointed out
above (see text and Fig. 2) that the fragments are
being joined into a family of bands, oriented in one
direction. The generation of bands is due to the com-
patibility of fragments’ deformation, located in one
band, and the difference in the flow rates in the di-
rection of drawing between fragments, located in
different bands. Sliding along the boundaries, that
separate the bands, compensates the difference in
the flow rates of bands that is responsible for their
generation. But, at rolling of thin samples, this slid-
ing is small because of a relatively minor difference
in the rates of bands’ movement. Therefore, the an-
gular misorientations of fragments’ boundaries in-
crease weakly. The deformation accumulated in
bands, determined according to Eq. (21), is ap-
proximately the same, and this results in the for-
mation, on the whole, of the uniform structure con-
sisting predominantly of low-angle fragments. Only
some boundaries of such fragments, namely, bound-
aries between micro-bands, have larger angular
misorientations as compared with their transverse
boundaries [17].

ECA pressing

At ECA pressing, a material acquires different de-
formed and structural states. The results of com-
puter computations of DS in sample’s material after
one pass of ECA pressing show that the values of
the accumulated deformation in the material points,
migrating in the deformation center along the arches
of different radii, are practically the same*. This is
due to the fact that integration of Eq. (21) is fulfilled

* The exception is a relatively narrow layer of material,
migrating from the side of external angle, in which the
accumulated deformation is approximately half less
than in the other portion of a sample, that is caused by
a strong retardation of material flow by channel walls.
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by the paths — arches with different length values.
But structure investigations of the deformed samples
have revealed considerable differences: at small ra-
dii of rotation, the refined fragments are significantly
larger in number and their sizes are finer that at
large radii.

It is not difficult to show that this has been due
to the non-uniform field of angular velocities in the
deformation center. Actually, in the cylindrical coor-
dinates of R and ¢ with the center in the vertex of an
angle of channels’ intersection, the velocity of ma-
terial points in the center may be expressed in the
form of two components: radial v and peripheral (tan-
gential) v, At inner boundaries of the deformation
center v, = 0, while v, being equal to the punch
speed. Due to the symmetry of deformation center
(friction is not taken into account here), maximum
value of v_corresponds to the angle ¢ __/2. Such
character of v, changing results in relative displace-
ments between the formed fragments and in the for-
mation of deformation boundaries (oriented by the
radius) that divide the fragments into bands, similar
to those that have been considered above for the
case of rolling.

Regarding the other component of velocity v, it
should be pointed out that, when punch velocity is
uniform, there are no reasons to surmise that its
value in the deformation center (but not the direc-
tion) changes depending on coordinates. The con-
dition of entirety conservation requires that the ma-
terial points should move along each arch with the
same velocity; that is why, it can be assumed that
v, = const. Hence, the change of the angular veloc-
ity gradQ =dw/dR:

dw v, 95
dR Rz ) ( )
It follows from this equation that for two neigh-
boring material points with their vicinities, located
at a small distance from the center of coordinates
(rotation), at, for example, R,~0.1 mm and R,=0.2
mm, the difference between w, and w, will be large.
While for the two points located at the same dis-
tance from each other, but far from this center, in,
for example, area R~10 mm, the difference will be
small. If the material points with their vicinities are
associated with the refined fragments, integrated
into banded structures, then it becomes obvious that
the transverse sizes of bands and the sizes of frag-
ments, confined in these bands, should differ sig-
nificantly according to radius. The difference occurs
because each band combines fragments rotating in
the deformation center as a unit, i.e. with the same
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angular velocity. The closer the formed fragments
are to the rotation center, the larger is the gradient
of angular velocities between the neighboring (by
radius) fragments, the lesser transverse fragments
are acquired by bands and fragments confined in
bands. Due to the significantly differing angular ve-
locities of rotation, the angular misorientations of
boundaries q should be changed in a different man-
ner, dividing fragments in the neighboring bands. As,
according to [2,8] 6 «< Aw, and since Aw «< 1/R?,
then it is evident, that the fragments formed in the
zone with a minimum radius will acquire large an-
gular misorientations.

Thus, at ECA pressing, the fragments form two
families of intersecting banded structures: radially
and tangentially directed, in conformity with the com-
ponents of field velocities and rotation of metal in
different areas of the deformation center. The bands,
located at a small distance from the rotation center,
will acquire the minimum transverse sizes. In the
same zone the fragments acquire lesser sizes and
large 6.

6. MAIN STAGES OF STRUCTURE
REFINEMENT AT LARGE
MONOTONIC AND
NON-MONOTONIC
DEFORMATIONS

The banded structures can be considered as defor-
mation channels emerging at a meso-scale level
(within one or several initial grains) that provide ex-
ternally induced directional displacement of crystal
lattice defects in a stress field. At large quasi-mono-
tonic deformations such channels retain more or
less stable positioning that corresponds to the di-
rection of material drawing under the action of ex-
ternal forces. At the same time, there also occurs
the intersection of individual bands connected with
local changes in internal stresses due to material
strengthening. But in this case, the number of inter-
sections of banded structures is considerably
smaller than at non-monotonic straining, in which
the intersection results from the changed direction
of external forces’ operation. Since longitudinal
boundaries of fragments that coincide with the bands’
boundaries have larger angular misorientations than
their transverse boundaries, one can assume that
the resultant formation of fragments with the in-
creased values of misorientation angles, i.e. grains
at a meso-scale at non-monotonic deformation, can
be attributable to the increased quantity of inter-
sections of micro-bands. But such a presentation
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of the process of refined grains formation requires a
more detailed consideration of structure evolution
at a micro-scale level: the interaction of crystal lat-
tice defects, in particular, dislocations and fragment
boundaries.

In the well-known model presentation of struc-
tural changes, occurring in metals at micro-scale
level during severe deformation [1], three specific
stages are distinguished. (1) First, a cellular struc-
ture is formed, in which cellular walls present the
intricately interlaced pileups of dislocations. (2)
Then, the thickness of cellular walls starts to de-
crease. In such a case some dislocations annihi-
late, but, on the whole, the dislocation density in-
creases. In cells’ walls there remain excessive dis-
locations of two types: with Burgers vector perpen-
dicular and lying (sliding) in the plane of boundaries.
(3) With further straining, the increased density of
dislocations with Burgers vector, perpendicular to a
boundary, leads to their increased misorientations
and transformation of cells into grains. At the same
time, the increased number of sliding dislocations
leads to the increase of the long-range fields of elastic
stresses.

Thus formed grain boundaries are strongly non-
equilibrium. There exist areas of considerable dis-
tortion of crystal lattice about these grain bound-
aries caused by the fields of elastic long-range
stresses, introduced grain boundary dislocations,
some of which (sliding grain boundary dislocations),
when moving, result in grain boundary sliding and
relative displacement of grains.

Judging from the results of numerous studies,
including the data reported by the authors of the
mentioned model [1], the presented structure evo-
lution should be supplemented by the stage of for-
mation of sub-grains. The cellular boundaries, iso-
lated by the intricately interlaced pileups of disloca-
tions, are not surfaces. The decrease in their wall
thickness due to the introduction of new lattice dis-
locations, the annihilation of dislocations of oppo-
site signs and rearrangement of single-valued and
oppositely directed dislocations, might result in the
degeneration of walls into a surface — low angle
boundary, and, consequently, cells into a sub-grain.
The probability of such structure evolution for mate-
rials possessing higher stacking fault energy is es-
pecially high. That is why, generally, the sequence
of stages of structure evolution at fragmentation
consists of the following stages: dislocation pile-
ups (DP) — cells (C) — sub-grains (SG) — grains
(G).

The above-stated model is in conformity with the
experiments. The grains with greatly differing sizes
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are formed during deformation of such metals as
Al, Cu, and Ni [1,25,26]. The presence of lattice
dislocations is not observed in grains with minimum
sizes, while separate chaotically located disloca-
tions or fragmented cellular or sub-grain structure
are observed in grains of larger sizes. These facts
indicate not only the presence of the stage of sub-
grain formation, but show also that the formation of
fine grains and sub-grains is a multi-cycle process.
With increasing deformation, the evolution of defects
according to the scheme DP - C - SG —» G is
repeated resulting in the division of coarser grains
into finer fragments. But this continues up to some
size that is typical for a given material and condi-
tions of its processing, on the attainment of which,
the intersection of dislocations becomes unlikely.
Further, the evolution develops on the way of increas-
ing misorientations 0 between low angle fragments.

The condition necessary for the increase of 6
can be expressed as:
Nb >N b

in""in out ~out’

(23)

where N, and b, are the number and Burgers vec-
tor of lattice dislocations (LD) getting into a bound-
ary, respectively,and N and b__are the same vari-
ables for the dislocations leaving a boundary. A power
W necessary for LD toenter a boundary should be

W = (fv)cosa > IW, + Ay,, (24)

where o — the angle between force vectors facting
on the dislocation and its velocity v; W, — the total
energy due to the forces impeding LD’s getting into
a boundary; Ay, —increments of boundary energy.

The surface area of a material A__ increases at
large monotonic and quasi-monotonic deformations.
This becomes possible due to a favorable texture
that provides coming out of a large flow of disloca-
tions to the surface. Therefore cosa = 1 for W suffi-
cient for dislocations to overcome the fragment
boundaries. Only a portion of mobile dislocations is
spent on the 6 increment between fragments. As a
result, a low-angle fragmented (sub-grain) structure
is predominantly formed.

There is no noticeable change of billet’s surface
area In the considered modes of non-monotonic
deformation. Larger portion of dislocations is spent
on the formation of grain boundaries, and not on the
increment of outer surface.

This is provided by the change in the direction of
the deforming force operation at non-monotonic de-
formation, due to which the value of Schmid factor
becomes low, and so the kinetic energy becomes
insufficient for overcoming the fragment boundaries.
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In such a situation the lattice dislocations trapped
by fragment boundaries will lead to the increase of
their angular misorientations, i.e. grains will be
formed.

7. THE EFFECT OF DEFORMATION
WARMING UP

It is well known that the larger portion of deforma-
tion energy transforms into heat. At severe defor-
mation, in the zone of its localization this might re-
sultin a considerable short-term heating of a metal.
In [18,19], it has been shown by high rate infrared
microscopy that the temperature in thin slip bands
increases by hundreds degrees, up to the melting
temperature, at angular deformation y> 1. Accord-
ing to the estimation reported in [20], the acceler-
ated diffusion migration of atoms might come to 10
nm for the time of cooling of such warmed-up band.
Since at ECA pressing the deformation center is
relatively narrow and mostly limited by the inner
surface, the cooling rate will depend on thermal con-
ductivity of a metal. If the deformation localizes along
the fragment boundaries, then, according to the
estimations reported in [21], the deformation warm-
ing-up, even in Cu, and, especially in Ti, is capable
to produce a noticeable migration of boundaries and
growth of grains. Obviously, it is one of the reasons
preventing the formation of nanocrystalline structure
in samples during ECA pressing.

As indicated earlier, at torsion under pressure of
thin discs, the conditions for heat diffusion are more
favorable due to the developed surface of contact
between material and tooling; the high pressure evi-
dently provides forcing out of adsorbing gases from
the contact zone.

8. DISCUSSION

Practically, any mode of plastic deformation, to
some extent or other, leads to bending and/or tor-
sion of a metal sample and, consequently, its crys-
tal lattice. At a meso-scale level, bending and tor-
sion are characterized by a curvature determined
by the tensor density of dislocations. The curvature
of crystal lattice increases proportionally to the in-
creasing scalar density of dislocations and Burgers
vector. At small deformations, the curvature local-
izes within more or less uniformly distributed dislo-
cation cores, while at large deformations — within
the boundaries of the formed fragments, and grows
in proportion to their quantity and misorientations.
At plastic deformation, a directed streamflow of
defects occurs in the stress field leading to the mi-

gration of atoms; this being inevitably accompanied
by the change of the surface area of the deforma-
tion center due to the discharge and generation of
dislocations in it. As shown in this paper, the abso-
lute change in the deformation center area normal-
ized to the corresponding volume, i.e. AA_param-
eter, corresponds to sample’s average curvature and
tensor density of dislocations, and, therefore, to the
crystal lattice curvature. At large deformations, the
AA_parameter characterizes the curvature of the
turn of fragmented lattice produced by angular
misorientations of fragment boundaries.

Minimum sizes of fragments, estimated in this
study by the size of about (40-100)b, are formed in
metals, if AA_ parameter resulting from the defor-
mation will reach the value equal to the maximum
tensor density of dislocations.

The refinement of fragments and their transfor-
mation into fine grains depends not only on the value
of accumulated strain, but also on relative turns of
fragments. The kinetic equation of fragmentation
shows that, in principle, the accumulated strain of
~ 3-4 is sufficient for fragmentation completion, if
the whole material volume acquires more or less
uniform distortion, i.e. the equality of the deforma-
tion tensor and, also, of the rotation tensor. The
uniform granular structure is formed at large values
of accumulated strains because of the non-unifor-
mity of distortion in metals under such methods of
severe plastic deformation as ECA pressing and
torsion under pressure. With increasing the num-
ber of pressing passes and turns at torsion, the
accumulation of the rotational component of distor-
tion occurs, that is important for forming a uniform
refined granular structure.

Besides, the change in the direction of the main
vectors of deformation and rotations in space, i.e.
non-monotony of deformation, is important to form
a uniform refined structure of granular type, that pro-
vides the uniform satiation of the boundaries of the
formed fragments by stationary grain boundary dis-
locations. The role of the deformation center sur-
face in refinement seems to be rather important too,
since it acts as a dislocation source, capable of
their efficient generation at fine values of fragments
and grains. This is in conformity with the observed
correlation between the sizes of refined fragments
and grains, and the ratio of the area of deformation
center surface to its volume.

The presented relationships, connecting the pa-
rameters of fragments, curvature and strain, do not
limit the possibility of increasing the density of crys-
tal structure (curvature) to a critical value, at which
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the crystalline state of metals become unstable. In
such case, the failure of metal will occur or it will
become amorphous. The first is retarded by a high
hydrostatic pressure, while the second — by the slid-
ing along the boundaries of grains and fragments
that increases at structure refinement.

At the same time, the amorphous state in met-
als is formed by its rolling to produce a very thin
cross-section. One can assume that at some thick-
ness values of samples, grain boundary sliding and
rotations become non-efficient mechanisms for re-
laxation of inner stresses that increase with strain-
ing. The similar situation occurs during deformation
of thin samples under superplasticity conditions: the
formation of bands of cooperative grain boundary
sliding in a fine grain material becomes difficult if
the number of grains in a sample’s cross section
approaches to 10 in order of magnitude. In this case,
the totality of grains, capable to form such bands,
sharply decreases, and, therefore, such samples
do not manifest high plastic properties [15]. It is
likely that the mentioned scale factor is also of im-
portance at large cold deformations of thin samples,
the surfaces of the deformation center of which are
rather developed and capable of being the active
sources of defects resulting in the amorphous state
of a metal.

9. CONCLUSION

1. At large plastic deformations, the sizes of refined
fragments and samples depend on the distor-
tion acquired by a metal in the deformation cen-
ter that is determined generally by the summa-
tion of the deformation and rotation tensors. To-
tal (accumulated) strains equal to, at least, 3-4
are necessary to refine a metal structure. If the
gradients of angular velocities of rotation of the
formed fragments in the deformation center are
small, the structure of sub-granular type is
formed, while at large gradients of angular ve-
locities, induced by outer forces the structure is
granular type.

2. The curvature acquired due to bending and tor-
sion is the complex parameter characterizing the
deformed (distortion) and structural states of a
metal. At the micro- and meso- scale levels, the
curvature-torsion are determined by the tensor
density of dislocations, and its average value cor-
responds to the macro-parameter AA, i.e. the
absolute change in the area of the deformation
center normalized to its volume. The misorien-
tation angles between the formed fragments are
in direct proportion, while their sizes are in in-
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verse proportion to the curvature. The accumu-
lated curvature-torsion should reach the values
corresponding to the maximum tensor density
of dislocations to form the extremely refined frag-
ments and grains, estimated in this paper by
the value (40-100)b. The dependence between
the macro-parameter of curvature AA_and the
value of accumulated strain is established.

3. The change in the surface area of the deforma-
tion center inevitably occurs at plastic deforma-
tion. Under conditions of cold deformation, this
surface plays an important role in structural
changes of a metal, being an efficient source
and discharge of crystal lattice defects. Large
values of the specific area of the deformation
center surface contribute to the formation of finer
fragments and grains.

4. At quasi-monotonic deformations, such as, for
example, drawing or rolling, the bends of samples
in the deformation center are inverse in direction
and equal in value; a sample and grains acquire
a minor resulting curvature in passes. Corre-
spondingly, minor turns are acquired by crystal
lattices of fragments. Significant increase in cur-
vature and corresponding decrease in fragment
sizes at such deformations are achieved due to
large values of the initial specific surface of the
deformation center, i.e. at reductions of samples
with small transverse sizes.

5. At ECA pressing, the specific surface and curva-
ture depend on the angle of channels’ intersec-
tion and, significantly, on sample’s transverse
sizes. That is why, the formed fragments have
rather different sizes (> 0.1 — 10 um) and angu-
lar misorientations at one-pass pressing of rela-
tively small samples (10-20 mm in diameter). It
is important to use the constructively techno-
logical factors contributing to the increase of
curvature and its uniform accumulation in the
cross-section of a sample to produce uniform
ultrafine grain structure.

6. At torsion under pressure of thin (~ 0.1 mm) metal
discs, the production of more or less UFG struc-
ture with grain sizes <0.1um is provided by a
large area of specific surface, curvature-torsion
of a sample in the central zone of the deforma-
tion center, and also spatial change in the posi-
tion of curvature centers during straining.
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