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Based on the peculiarities of plastic deformation mechanics and physical mesomechanics, 
the processes are considered and technological schemes for their realization are proposed 
to ensure the formation of ultrafine-grained structure in axisymmetric products of large 
sizes. Deformation of coarse-grained materials in temperature-velocity conditions of su-
perplastic deformation and methods of severe plastic deformation are taken as methods of 
preparation of such a structure. All of these deformations include large strain, and they are 
carried out at low hydraulic press speeds, but at different temperatures: in the mode of 
superplasticity at hot temperatures, and in the mode of severe plastic deformation at warm 
or cold temperature deformation. The first mode allows grains to be refined to microcrys-
talline sizes of 1–10 microns, and such a material acquires the ability to deform in a state 
of superplasticity, i.e., in tension with low resistance to deformation and high elongation. 
The second mode (severe plastic deformation) refines grains to submicro- (1÷0.1 µm) and 
nanosizes (less than 0.1 µm), thus giving metal materials record structural strength, as well 
as the possibility to use processing in extended temperature-velocity conditions of super-
plastic deformation in comparison with microcrystalline structure. 

Keywords: Ultrafine-grained structure; Superplastic deformation; Severe plastic deformation; Shear and rotational deformations; 
Torsion with upset or tension 

 
 
 

1. INTRODUCTION 

The continuing interest of engineering and technical spe-
cialists in ultrafine-grained (UFG) materials is due to their 
high physical, mechanical and technological properties, 
which allow to ensure the scientific and technological de-
velopment of aircraft engine building, as well as health 
care [1,2]. In the recent past, UFG materials included met-
als and alloys with grain sizes of no more than 10 microns, 
demonstrating high superplastic properties under certain 
temperature-velocity conditions [3,4]. Later, in order to 
expand the temperature-velocity conditions of superplas-
tic deformation, interest arose in obtaining materials with 
smaller equiaxed grains with sizes less than 1 micron. To 
obtain such materials, severy plastic deformation (SPD) 
methods were proposed and developed [5,6]. As a result, 
materials with submicro- and nanometric grains were ob-
tained, which made it possible to reduce the temperature 

and increase the rate of superplastic deformation. Moreo-
ver, a number of physical properties of such materials, 
which were previously considered independent of grain 
size, have significantly changed. For this reason, UFG ma-
terials usually include materials with a grain size of less 
than 1 micron. 

This work considers the production and properties of 
alloys with an average grain size from 10 microns and up 
to several nanosizes, i.e. to sizes less than 0.1 micron, 
since their development is associated with very labor- 
intensive methods for accumulating final, i.e., large and 
extremely large uniform deformations, especially in work-
pieces with significant dimensions, ≥ 100 mm. It should 
be noted that in continuum mechanics [7] finite defor-
mations of solids include deformations with a degree of 
≥ 1, leading to a radical change in their properties. Since 
in this discipline the structure of metallic materials is as-
sumed to be continuous, we usually mean only the shape-
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changing (shear) component of deformation taken into ac-
count in the calculations. In the physics of strength and 
plasticity [8,9], along with the shear component, the crys-
tal structure of metallic materials is also influenced by the 
rotational component, which is especially important in the 
technological processes of manufacturing large-sized 
UFG semi-finished products. For this reason, such pro-
cesses can be classified as methods that provide extremely 
large deformations. 

Traditionally, as already noted, SPD methods are car-
ried out under conditions of warm (semi-hot) or cold de-
formation. Under these conditions, starting from degrees 
of deformation above 0.2÷0.3 after the formation of a cel-
lular structure, mesodefects appear in metals and alloys—
collective forms of dislocations known as partial disclina-
tions [10,11]. The movements of these defects along dense 
accumulations of dislocations, which are imperfect low-
angle cell boundaries that permanently appear during de-
formation, lead to the formation of various mesobands. In-
cluding the thinnest of them—deformation microbands. 
Multiple intersections of microbands, as well as shear mi-
crobands replacing them [12], due to the non-monotonic 
nature of deformation during SPD, lead to the formation 
of a network of grain boundaries of submicro- (less than 
1 μm) and nanometric (~ 0.1 μm) sizes. 

It is advisable to obtain a microcrystalline UFG struc-
ture with an average grain size (1÷10 µm) by deforming 
coarse-grained materials under temperature and speed 
conditions characteristic of superplasticity [13]. This pro-
cess is known as deformation in the superplastic defor-
mation regime [14]. For massive workpieces made of het-
erophase, low-plasticity and difficult-to-deform materials, 
it is usually carried out by means of all-round volumetric 
forging or by multi-transition fractional upsetting [1]. The 
formation of UFG structure in heat-resistant alloys based 
on nickel and titanium used in the fabrication of disks for 
gas turbine engines (GTE) under superplastic deformation 
conditions is of great interest. However, forging and frac-
tional upsetting processes are extremely labor intensive 
and have low metal utilization rates (MURs) due to crack-
ing. An exception for these alloys is the “gatorising” press-
ing process used in a number of Western companies, 
which makes it possible to obtain rods with a diameter of 
300 mm with a uniform microcrystalline structure and gas 
turbine engine disks with a diameter of over 500 millime-
ters or more [15,16]. The implementation of such a pro-
cess in Russia is hampered by the lack of powerful (over 
18,000 tons) horizontal hydraulic presses and expensive 
vacuum-stamping complexes [17]. 

The purpose of this work is to determine the conditions 
of deformation and propose process flow diagrams for the 

                                                           
1 In metal forming, this method is known as torsional upsetting. 
2 From the standpoint of deformation mechanics, these processes are largely described by identical equations. 

production of UFG semi-finished products in the form of 
disks and rods of large diameters, for a minimum number 
of operations and high material utilization factor, using de-
formation in the SPD and superplasticity modes. To de-
scribe the features of structure formation during SPD, the 
article discusses commonly used methods: high pressure 
torsion (HPT) and equal-channel angular pressing 
(ECAP). Currently, they are used mainly in laboratories to 
obtain UFG structures in small disks and rods with a di-
ameter of ~ 10÷25 mm. In the case of deformation in the 
superplasticity regime, we use data on structure formation 
occurring during the rolling out of gas turbine engine disks 
of large diameters 600–800 mm from coarse-grained bil-
lets of heat-resistant alloys [13]. Due to the lack of equip-
ment in industrial workshops with mills for rolling out 
disks and rods, this process is used only in experimental 
productions. As an alternative to the “gatorising” process, 
we will substantiate the production of UFG structure in 
large-sized disks and rods using the processes of upsetting 
with torsion and stretching with torsion, both in the super-
plastic deformation regime and SPD. 

2. FEATURES OF THE MECHANICS OF LARGE 
STRAINS AND MESOMECHANICS OF 
STRUCTURAL FORMATION 

2.1. Mechanical features 

To analyze large plastic deformations, it is necessary to 
use finite strain tensors [18]. However, analysis of the 
deformed state using such tensors significantly compli-
cates the solution of the problem due to the need to take 
into account not only the first partial derivatives of the 
displacement components, but also their products. 
Therefore, we will limit ourselves to the definition of a 
scalar quantity: the accumulated true (logarithmic) de-
formation with certain vector properties that evaluate the 
history of deformation. Let us consider the indicated ap-
proach using the example of torsion under pressure1. 
Such deformation can be realized in two versions: as tor-
sion with settlement and as torsion with tension2. The 
difference between them is the direction of the pressure 
generated by the axial force. In the case of upsetting, it 
leads to the production of a gas turbine engine disk if an 
isothermal stamp is used [19] and pressure is created, up-
setting the workpiece with simultaneous plastic torsion. 
In the case of tension with torsion, such deformation 
leads to the production of a cylindrical rod based on a 
device that implements, for example, the method [20]. In 
this method, torsion and axial pressure of variable sign 
(first tensile and then compressive) are carried out in the 
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local zone of the rod—an artificially created neck—
which, as the grains are refined, is sequentially moved 
along the length of the rod [13,20]. 

Returning to the deformation tensor, we note that if we 
differentiate it with respect to time, excluding high-order 
derivatives, we obtain the deformation rate tensor ijξ : 

{ }
/ 2 0 0
0 / 2 / 2 ,
0 / 2 /

ij

v L
v L r L

r L v L

− 
 = − ωξ  
 ω 

 (1) 

where /v dL dt=  is the linear speed of movement of the 
active tool, /d dtω = ϕ  is the angular speed of rotation (ϕ 
is the angular polar coordinate, t is time), L and r are cur-
rent length and radius of the sample, respectively. 

The intensity of the strain rate eξ  is determined as the 
square root of the absolute value of the second invariant 
of this tensor: 
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We calculate the accumulated true deformation ε (de-
gree of deformation) using the Smirnov-Alyaev equation 
[21], integrating the deformation rate along the defor-
mation trajectory: 

1/2( ) .e ij ijdt dtε = ξ = ξ ξ∫ ∫  (3) 

Solving this equation under pressure torsion leads to a 
cumbersome equation that includes contributions from 
shear and rotational components: 
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where 0/a vt Lε =  and 0 /r vθ = ω ; 0L  and 0r  are initial val-
ues of the radius and length of the sample, respectively. 
Parameter aε  is the axial deformation due to the action of 
an axial force. Parameter θ represents the ratio of the cir-
cumferential velocity to the linear axial velocity for the 
external points of the sample at the initial moment of de-
formation, i.e., relative magnitude of the rotational com-
ponent of deformation. 

It is convenient to evaluate the contributions of the 
shear and rotational components to the accumulated defor-
mation and their relationships during torsion under the 
pressure of the disk using the concept of the deformation 
trajectory. Since in a closed die the disk thins slightly and 

does not change in diameter, we introduce a two-dimen-
sional coordinate system: with component 1e , showing the 
degree of axial deformation (thinning) and with compo-
nent 2e , showing the degree of rotational deformation 
(twisting). We obtain 

2 2 2
1 2( ) ( ) ( ) ,d e d e d e= +  (5) 

where 1 /d e dL L= , 2 / ( 3)d e rd L= ϕ . 
Next, we introduce the vector  

1 2e e= +e i j , (6) 

where 1 0ln( / )e L L= , 2 ( / ( 3))e r L d= ϕ∫ . 
The total deformation ε is determined by the length of 

the vector 2 2 1/2
1 2( )e e+ . Fig. 1 shows three variants of the de-

formation trajectory obtained at different ratios 1 2/k e e= . 

It can be seen that an increase in k leads to a significant 
increase in the rotational component in comparison with 
the shear component. Setting the ratio k between the con-
tributions of the rotational and shear components of the 
deformations makes it possible to determine the condi-
tions that provide, during upsetting with torsion, a techno-
logically advantageous amount of deformation for the for-
mation of UFG structure in disks of large diameters. Note 
that in an isothermal die, in order to ensure a uniform tem-
perature field in the deformation zone, it is advisable to 
reduce the proportion of the shear component (i.e., reduce 
the height of the workpiece and, accordingly, the height of 
the working area of the die, which is difficult to insulate 
from heat loss) and increase the proportion of the rota-
tional component. 

2.2. Mechanics and mesomechanics of rolling 

A detailed description of the rolling process, if necessary, 
can be found in monographs [1,13]. Here, as a general idea 
of the process, Fig. 2 shows a diagram of the workpiece 
rolling and the macro- and microstructure of the rolled 
disk. 

Fig. 1. Deformation trajectories at values k = 1 (lower curve), 
k = 2 (middle curve) and k = 3 (upper curve). 
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At the top of the diagram (Fig. 2) there is a titanium 
disk blank, rolled out by two pairs of rollers (4–7), com-
pressing the rim of the blank and moving along its radius. 
At the bottom of the diagram, macro- and microstructures 
are shown in the disk hub, where the original lamellar 
coarse-grained structure was preserved, and in the disk 
web, where a globular UFG structure was formed. The 
structure in the rim is not shown, it, like in the hub, is 
worked out insignificantly. 

According to the scheme, a workpiece with a coarse-
grained lamellar structure is rotated by quills and de-
formed by one or, to increase productivity, two pairs of 
rollers moving along the radius. At the same time, at each 
revolution, the rollers compress the rim of the workpiece 
reducing its thickness and, thereby, forming the disk 
blade. 

For definiteness, we indicate a twofold decrease in the 
thickness of the rim, for example from 60 to 30 mm, and 
an increase in the radius of the disk from 200 to 400 mm. 
The trajectory of movement of the rollers relative to the 
workpiece, along which the center of the deformation cen-
ter shifts, is an Archimedes spiral L R= ϕ. 

To analyze the accumulated deformation in the disk 
surface, we use the concept of J. Lagrange in relation to 
the study of the movement of material points (MPs) of a 
continuous medium [7]. The essence of this concept is that 
MPs during plastic deformation necessarily move along 
physical trajectories specified by the tool, which, in fact, 
leads to a change in the shape of the solid body. The role 
of MPs in a crystalline body, according to J. Friedel [22], 
is played by edge dislocations. Let us set the position of 
the MP by the radius vector R. Then the speed of the MP 
moving along the physical trajectory of mass transfer can 
be expressed by the equation: 

,d d dL dL V
dt dL dt dt

= = = =
R RV τ τ  (7) 

where τ  is unit vector directed tangentially to the trajec-
tory of the particle, L is trajectory length and V is velocity 
vector. 

From this we obtain that the degree of deformation is 
determined by the sum of integrals that take into account 
the contribution of the shear component, i.e. radial dis-
placement and rotational components. 

0

t V dL dR Rddt
L L R

ϕ + ϕ
ε = = =

ϕ∫ ∫ ∫  

dR d
R

ϕ
= +

ϕ∫ ∫ . (8) 

To solve equation (8), it is convenient to use the Ar-
chimedes spiral equation in polar coordinates: 

,
2

R
a

ϕ
=

π
 (9) 

where a is the spiral pitch equal to the radial displacement 
of the rollers per revolution. 

Then / (2 )R a= ϕ π , 2 / (2 )L R a= ϕ = ϕ π . From this 
we obtain that each of the contributions in equation (8) is 
equal to 0.69, and the total degree of logarithmic defor-
mation will be ≈ 1.4. 

Systematic studies of structural changes observed in 
many coarse-grained alloys during their deformation un-
der temperature-speed conditions of superplasticity, i.e., 
usually at a homologous temperature above 0.5 mT  and 
strain rates of 10–3÷10–2 c–1, lead to the development of 
dynamic recrystallization [1,13]. In areas where, as a re-
sult of upsetting or stamping, a relative deformation of 

Fig. 2. Scheme of rolling out the workpiece and the macro- and microstructure of the rolled disk. 
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over 60÷70% a microcrystalline structure is formed. To 
form such a structure throughout the entire volume of a 
large-sized workpiece, comprehensive forging is used. 
For example, such forging was carried out for a work-
piece made of titanium alloy VT6 [23] with a consistent 
decrease in temperature from 950 °C to 500 °C and with 
limited relative deformation (≈ 50%) in the transitions. 
As a result, we obtained a homogeneous UFG structure 
with a grain size of ∼ 0.5 μm in a massive rod with a di-
ameter of ∼ 150 mm and a length of 200 mm. This pub-
lication does not indicate the amount of deformation 
spent on grain refinement, however, it is not difficult to 
estimate. Even with a relatively limited number of tran-
sitions ∼ 10÷20, depending on the weight of the work-
piece, a significant amount of shear strain is required—
over 7÷14 units. Such large deformations, the difficulty 
of automating all-round forging and, accordingly, the ex-
tremely high labor intensity of manual labor limit the use 
of this process in industry. 

For all SPD methods, as in forging, the non-monotonic-
ity of the deformation process is important. From the stand-
point of mesomechanics, structure formation in this case is 
quite logically explained by the permanent evolution of the 
formation and movement of linear defects—partial discli-
nations. In monotonic processes, these defects form the 
boundaries of stripes directed towards the drawing of the 
workpiece, and in non-monotonic processes, the direction 
of the stripes changes in accordance with the change in the 
orientation of the strain tensor. During monotonic fractional 
rolling of nickel, it was shown [24] that the boundaries of 
stripes of different thicknesses are formed as low-angle 
boundaries in the direction of elongation of the workpiece, 
and are called geometrically necessary boundaries. Within 
the stripes, low-angle cell boundaries, called random, are 
observed. As the true strain accumulated to 4.5, the thick-
ness of the stripes decreased to 1÷2 µm, while only a small 
part of the microstripes acquired high-angle misorienta-
tions, and the random cell boundaries remained the same 
low-angle. In works [10,25], where other monotonic defor-
mation processes were used, in particular, drawing, the 
boundaries of stripes in various metals formed by the move-
ments of partial disclinations are called boundaries of de-
formation origin. These boundaries, like the boundaries of 
the stripes after rolling, acquired a morphology close to rec-
tilinear and are directed along the drawing of the material. 
In addition, during deformation, microstripes fragment into 
sections whose length is an order of magnitude greater than 
their thickness, which, according to [26], is due to the effect 
of transverse disturbances on various laminar formations 
that arise in metals. 

                                                           
3 By definition in continuum mechanics MP is an infinitesimal quantity. In a crystalline material, we take the atom as a 
material point. 

In modern studies devoted to structure formation in met-
als and alloys during SPD by torsion under pressure [27,28], 
stripe structures are called fragmentation stripes. In contrast 
to elongated fragments with low-angle boundaries that arise 
during monotonic deformation, non-monotonic torsion un-
der pressure leads to the formation of equiaxed grains (sub-
microcrystallites) 0.1÷1 μm in size with high-angle bound-
aries. The authors characterized the mechanism of structure 
refinement as dislocation-disclination reorientation of the 
crystal lattice. 

Thus, from the above-mentioned publications it fol-
lows that the refinement of the structure under large and 
ultra-large plastic deformation is largely due to the evolu-
tion of mesodefects, which depends on the kinematics of 
the material flow in the deformation zone. 

3. ROLE OF FLOW KINEMATICS IN 
STRUCTURE FORMATION 

During monotonic deformations, in particular during lon-
gitudinal rolling, the flow of the metal is determined by 
the total effect of the rolls on the angular velocity of rota-
tion of MPs3 in the deformation zone. With a certain 
change in the radius of rotation between atoms located in 
adjacent planes of the crystal lattice, a jump in the angular 
velocity ∆ω occurs, leading to misorientation of the planes 
by an angle tϕ = ∆ω , where t is the time the MPs (atoms) 
are in the deformation zone. As a result, the distance be-
tween atoms becomes greater than the lattice parameter, 
which, in fact, leads to the formation of a stripe boundary. 
The flow of metal is divided into a family of stripes, the 
thickness and peripheral speed of which increase towards 
the longitudinal axis of the workpiece, at which the differ-
ence in the moments and speeds of the impact of the rolls 
on the workpiece is leveled to zero. Since large defor-
mation in a thin-walled workpiece accumulates as a result 
of many passes with small degrees of deformation, and 
also due to the fact that the angular velocity of the work-
piece in the deformation zone is determined by the differ-
ence in the speeds of the rollers bending the workpiece in 
opposite directions, then during rolling as a whole weakly 
curved laminar stripes are formed, separated in the longi-
tudinal direction, as already noted, along the length into 
parts—fragments. 

Compared to monotonic deformation, the kinematics 
of material flow during non-monotonic deformation of the 
material in SPD methods is more complex [29,30]. It is 
convenient to first consider it using the example of ECAP 
of a rod with a square cross-section, then highlight the fea-
tures of the flow of material in a thin disk during HPT. 
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The ECAP process is usually depicted as a simple 
shear that occurs when a rod passes through the bisector 
of the angle of intersection of the channels. However, with 
such a simplification, an unrealistically singular increase 
in the rate of deformation ξ of the material will appear on 
the bisector line: /V L∆ = ξ →∞, since the thickness of 
the bisector L = 0. A plausible change in the transfer speed 
of the workpiece along the channel does not occur ab-
ruptly on the bisector, but gradually along the arcs of ma-
terial movement in a sufficiently large sector. The for-
mation of such a sector is due to the appearance of a 
stagnation zone—a part torn off from the workpiece, stuck 
in the widened angle of intersection of the channels. In a 
device with orthogonal intersection of channels, this sector 
has a shape in longitudinal section close to one-fourth of a 
circle. The narrow part of the sector is limited by a small arc 
with a small radius of crushing the sharp apex of the angle 
of intersection of the channels, and the widened part of the 
sector is limited by a large arc outlined by a radius equal to 
the distance between the walls of the channels. As a result, 
of a sequential rotation of the flow velocity of MPs, directed 
tangentially to the arcs, a family of stripes appears in the 
source, the thickness of which increases with increasing arc 
radius, Fig. 3. The rotation speed of MPs (“atoms”) in each 
stripe, as well as during rolling, is constant in magnitude 
and equal to the speed of the punch. 

At the same time, bending of the stripes in the defor-
mation zone leads to mass transfer of material from the 
compression zone to the tension zone, i.e. from the border 
of a stripe of smaller radius to the border of a stripe of 
large radius. Such mass transfer during bending of a metal 
stripe, as noted earlier [22], leads to the movement of edge 
dislocations in the direction of minimal trajectories, which 
are involutes. 

The flow of MPs in the workpiece stripes along the 
channel axis occurs with one portable (in the deformation 
zone) peripheral speed equal to the speed of the punch. At 

the same time, from the analysis of the kinematics of the 
flow rate of mass transfer of MPs along involutes, it follows 
that in addition to the peripheral speed in the stripes, trans-
verse speed and the corresponding shear, shape-changing 
and rotational components of the workpiece deformation 
arise [8]. 

Graphs of the dependence of these components on the 
angle of intersection of the channels in the ECAP device are 
shown in Fig. 4. It can be seen that graph 1′, constructed 
using the well-known formula (2 / 3)cot ( / 2)ε = ω  [31] is 
close to the shear strain value. Meanwhile, the value of the 
rotational deformation is almost twice as large as the con-
tribution of the shear component, and the contribution of the 
sum of the two components is 3 times greater. 

The presence of a rotational component of deformation 
makes it possible to explain the increase in misorientations 
of low-angle stripe boundaries during ECAP and other 
SPD methods. Indeed, when stripe structures are born as 
low-angle boundaries of dislocation origin, angular miso-
rientations increase with the accumulation of deformation. 

 

Stagnation zone 

(a) 

(b) 

Fig. 3. Formation of curved microstripes with cells inside in the deformation zone during ECAP and coarsening of the macrostructure 
in the cross section with increasing radius of rotation R in the zone of formation of thickened stripes. 

Fig. 4. Dependence of the total deformation (curve 3), its rota-
tional (2) and shear (1) components on the angle of intersection 
of channels during ECAP. Curve 1′, constructed according to 
formula [31], is shown for comparison. 
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In accordance with modern concepts, this occurs due to 
their capture (adsorption) of lattice dislocations. 

From the fact of the formation of small grains with pre-
dominantly high-angle boundaries after SPD, it follows 
that the nature of low-angle boundaries of deformation 
origin, which are the product of mesodefect movements, 
is fundamentally different from that of low-angle cell 
boundaries. 

In the absence of movements along imperfect cell 
boundaries, they only improve without changing their 
low-angle misorientations [32]. 

The radius of bending (rotation) of stripe boundaries 
plays an important role in structure formation during 
ECAP. With its increase, the thickness of the microstripes, 
the number and sizes of the low-angle cells contained in 
them increase, which leads to the formation of a heteroge-
neous structure in the cross section of the rod after one 
pass. For this reason, ECAP uses multi-pass pressing, with 
the workpiece rotated 90 degrees around the longitudinal 
axis before each pass. This leads to multiple intersections 
of microstripes boundaries and the formation of a fine net-
work of grain boundaries in almost the entire cross section 
of the rod. In the case of ECAP of thick rods ∼ 60 mm, 
grain refinement in the rod is not achieved. In this regard, 
it is important to use the scheme given in Ref. [13], in 
which ECAP is combined with torsion of the rod in the 
deformation zone. 

The deformation pattern of a thin disk during HPT in 
a closed die, like the ECAP of a rod, can be classified as a 
flat deformation pattern. The disk is first loaded with pres-
sure, it acquires a minimum thickness, a developed contact 
patch with the striker is created, and then it is subjected to 
torsion [2]. The generatrix of the lateral surface of the disk 
is twisted along a stepped helical line (Fig. 5), which is 
divided into horizontal sections along which microstripes 
slide. Such microstripes are observed in chordal (trans-
verse) sections of the disk. 

Following the principle of ensuring compatibility of de-
formation, the velocity field in the plane normal to the axis 
of the disk can be taken to be the same as the velocity field 
in the longitudinal section of the channels during ECAP 
with the difference that during HPT the rotation of the 

stripes is not carried out at an angle / 2n≤ π  rad, where n is 
the number of passes during ECAP, but continuously by 
2πn radians, where n is the number of revolutions. Based on 
the number of revolutions, the value of the rotational com-
ponent of deformation during HPT will be determined by 
the value 2 / 0.5 4n nπ π = . Thus, with HPT, a greater num-
ber of deformation microstripes and their intersections are 
formed than with ECAP due to the subsequent formation of 
shear microstripes and a finer network of grain boundaries. 

4. INFLUENCE OF ENERGY-POWER 
PARAMETERS OF HPT ON STRUCTURE 
FORMATION 

The axial force zP  and moment M for the considered de-
formation schemes by torsion under pressure will be de-
termined under the assumption that the workpiece material 
is isotropic incompressible, the process is isothermal and 
homogeneous in the case of upsetting, and in the case of 
tension, the deformation is localized in a neck artificially 
created by rollers, which is sequentially moved along the 
rod. At the end of torsion in the neck, the rod is com-
pressed to its original dimensions in order to return to the 
original diameter. Full processing is completed after a se-
ries of deformations of the journals and the return of the 
diameter of the rod along the entire length. 

The power balance of the work of internal and external 
forces during combined deformation has the form: 

.in e eV V
N H dV dV Pv M= τ = σ ξ = + ω∫∫∫ ∫∫∫  (10) 

Here inN  is the power from internal forces, eσ  is stress in-
tensity, eξ  is intensity of strain rate, P is axial force (up-
setting or tensile force), v is strain rate during upsetting or 
extension, M is torque, ω is angular velocity of torsion. 
For given v and ω, as well as in the general case in the 
presence of external hydrostatic pressure 0p , it is possible 
to determine P and M. If we use the hypothesis about the 
proportionality of the deviators of strain rates and stresses 

iS , then the stress deviator has the form similar to the de-
viator of strain rates: 

0 0
0 .
0
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S
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=  
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Then the same relationships exist between the stress 
components as between the velocity deviator components, 
i.e., / 2rr zzS S Sϕϕ= = −  and, since / /z zz z zzS Sϕ ϕ= ξ ξ  

( / 2 ) / ( / ) / 2r l v l r v= ω = ω , then ( / 2 )z zzS r v Sϕ = ω . 
Hence, the stress intensity: 

2 2

2

3 3 1 .
2 2 3e ij ij zz

rS S S
v
ω

σ = = +  (12) Fig. 5. Scheme of disk torsion and formation of thin (≤ 0.1 μm)  
microstripe layers, sliding along the boundaries which leads to a 
stepped helix shape. 
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The equations of motion of a continuous medium in a 
cylindrical coordinate system under isothermal defor-
mation (without taking into account inertia and accelera-
tion, as well as without changing the density of the mate-
rial) are reduced to the equilibrium equations: 

( )/ 0 ,rr rr rrd dz rσ = ⇒ σ = σ  

( )/ 0 ,z z zd dz rϕ ϕ ϕσ = ⇒ σ = σ  

( ) / 0 .zz zz zzd dz rσ = ⇒ σ = σ  (13) 

The components of the stress tensor are found using 
mixed boundary conditions in which the axial v and angu-
lar ω velocities of movement of the end sections of the 
deformable rod are specified. In addition, we accept the 
force condition: 

0.rr r R=
σ =  (14) 

Hence, for stretching with torsion, 

0,rr ϕϕσ = σ =   
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and for compression with torsion 

0,rr ϕϕσ = σ =   
2 2
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.
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e
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r
V

σ
σ = −

ω
+
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The magnitude of the axial force for tension (compres-
sion) with torsion, without taking into account the influence 
of non-deformable parts of the rod, to the left and right of 
the neck, as well as in the case of upsetting with torsion, 
without taking into account contact friction forces: 

/2

2 2
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Z zzS

r
Р dS dr
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V

π σ
= σ =

ω
+

∫∫ ∫  (17) 

where the integration region S is the cross-sectional area of a 
rod with diameter d. The integrand in Eq. (17) is the law of 
tool pressure distribution on the end surface of the workpiece. 

Applying the mean value theorem to (14), we obtain: 
2
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 .
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In the case of closed upset with torsion: 
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∫∫  (19) 

where 0p  is the positive hydrostatic pressure created by the 
contact pressure acting on the lateral surface of the matrix. 

Substituting the deformation rate (2) and the axial force 
(18) into Eq. (10), we obtain the formula for the moment: 

4

2 2
2

.
48 16

3

e d
М

dV

πσ ω
≈

ω
+

 (20) 

With low sensitivity of the intensity of metal stresses 
to the rate of deformation, the pressure distribution during 
upsetting with torsion of the disk along the contact surface, 
even in the absence of friction forces, is uneven. It is max-
imum in the center of the workpiece, and decreases to-
wards the edge of the end surface of the disk according to 
a quadratic dependence on the radius. For this reason, with 
an increase in the diameter of the disk, to ensure uniform 
settlement, it is necessary to significantly increase the 
pressure of the strikers, so that at the periphery of the end 
surface the pressure becomes greater than the material re-
sistance sσ . Since increasing pressure reduces tool life, it 
is important to evaluate the factors that reduce axial force. 

4.1. Possibility of reducing axial force during HPT 

The magnitude of the reduction in axial force during up-
setting with torsion, according to literature data [14], var-
ies by an order of magnitude—from 2 to 20 times. Such a 
significant spread in the force of upsetting during torsion 
is due not only to the conditions of deformation and 
strength properties of the workpiece material, but also to 
the conditions of torque transfer from the tool to the work-
piece. If the moment is transmitted due to friction between 
the workpiece and the tool, then a reduction in the force 
during upsetting with torsion is achieved due to the “re-
versal” of the vector of contact friction forces between the 
striker and the end of the workpiece. 

In vector form, the friction force f on the contact sur-
face is equal to the sum of the radial and tangential com-
ponents: 

.r τ= +f f f  (21) 

The radial component rf  is a reactive force that pre-
vents an increase in the end surface area of the workpiece. 
In the limit, it should be reduced to zero; accordingly, the 
friction coefficient in the radial direction should be as 
small as possible. The tangential component τf  is an active 
friction force; it is necessary to transmit the torsional mo-
ment of the workpiece. Therefore, for reliable transmis-
sion of torsional torque without sliding, the friction coef-
ficient in the circumferential direction must be maximum. 
Thus, if we ensure a minimum friction coefficient in the 
radial direction and a maximum in the circumferential di-
rection, then during upsetting with torsion we will ensure 
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a reduction in the axial force and the amount of pressure 
on the workpiece and the strikers. 

The results of experiments and calculations show that 
a decrease in the magnitude of the deforming force is also 
observed when the rod is stretched with torsion, in which 
plastic torsion of the rod is carried out by means of grip-
pers. The reason for the reduction in force in this case is 
due to overcoming the internal friction of the workpiece. 
Since the rod is subjected to torsion and tension, the stress 
intensity required for deformation can be represented as 
the sum of the stresses induced by the torsional moment 
and axial force. The torque activates the generation of lat-
tice dislocations by dislocation sources. Then the role of 
the axial force is reduced only to the creation of stresses 
necessary for dislocations to overcome internal friction 
(Peierls forces) as they slide in a direction that ensures 
elongation of the rod. Thus, the combination of moment 
and axial force helps to reduce the latter, which is espe-
cially important for reducing contact stresses on the tool 
surface during torsional upsetting. 

5. DESIGN AND TECHNOLOGICAL 
VARIATIONS FOR THE MANUFACTURE OF 
LARGE RODS AND DISCS WITH UFG 
STRUCTURE USING SUPERPLASTIC 
DEFORMATION AND SPD 

Of significant importance for practice is the implementa-
tion of SPD methods, which make it possible to obtain 
UFG structure and high properties in bulk products with 
dimensions of tens and hundreds of millimeters. These 
methods are combined deformations with the simultane-
ous use of torsion with upsetting or tension. 

5.1. Production of UFG rods 

A sample with a diameter of 100 mm and a length of 
700 mm was made from a hot-forged heat-resistant titanium 
alloy VT9 with a coarse-grained plate structure (Fig. 6) and 

subjected to combined deformation. The sample was in-
stalled in the furnace of an experimental rolling mill 
SRD800 [1,13], which allows such deformation in the 
neck area, was heated to 950 °C and the sample neck was 
twisted by 2160 degrees (6 revolutions) at a speed of 
0.6 rpm with simultaneous stretching by 15 mm, 

100e sσ = σ =  MPa. 
The calculated values of the axial force and moment 

according to formulas (18), (20) are 21.7 kN and 
3.13 N·m, respectively. Metallographic studies showed 
that a globular structure with a grain size of less than 
10 microns was formed in the alloy. 

For the technological implementation of torsion with 
tension, a “running neck” method was proposed [20], the 
diagram of which is shown in Fig. 7. According to this 
method, in the heated part of the original rod, an artificial 
neck is made with the help of rollers, with a diameter 20–
25% less than the original diameter of the rod. In it, the 
material was simultaneously subjected to plastic torsion 
and tension by means of end grips. After the end of the 
grain refinement stage in the neck, the roller is returned to 
its original position, and at the same time the tensile force 
is reversed to the compression force. 

In this case, the divergence of the rollers is synchro-
nized in a way that the surface of the workpiece is rolled 
until it reaches its original diameter to eliminate macro-
irregularities. Next, the carriage with rollers and a local 
induction heater is moved to a new adjacent position and 
the above steps are repeated again. Thus, by sequentially 
moving the deformation zone in the neck, a multi-meter 
rod with a large-diameter UFG structure is obtained. To 
increase durability, the temperature of the rolls is main-
tained 50–100 degrees below the heating temperature of 
the workpiece. 

5.2. Torsion under pressure 

For this SPD method, an isothermal stamp for upsetting 
with torsion was proposed [19]; see Fig. 8 where 1 and 2 are 

 

(a) (b) (c) 

Fig. 6. A sample of two-phase heat-resistant titanium alloy VT9 and its macrotemplate: (a) after tension with torsion; (b) the initial 
lamellar structure of the sample; (c) homogeneous ultra-fine-grained structure in the zone of localization of combined deformation. 
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the upper and lower die plates, 3 is disk, 4 is upper striker, 
5 is lower striker, 6 is thermal insulation, 7 is induction 
heater, 8 is engraving of the lower striker, 9 is engraving of 
the upper striker, 10, 11 are bearings. 12, 13 is worm gear, 
14, 15 are grooves on the die engravings for transmitting 
torque and using lubricant in the radial direction. 

The work principle of the stamp is as follows. A heated 
and lubricated workpiece with the original coarse-grained 
structure (hot-deformed, powdered or cast) is installed on 
the lower striker of a preheated die. The upper striker is 
lowered and inserted into the workpiece to the extent of 
the profile of radially directed grooves on the surface of 
the strikers. The grooves are designed in such a way that 
in the radial direction they reduce the coefficient of fric-
tion due to the use of lubricant, and in the circumferential 
direction they create a vertical step that ensures the trans-
mission of torque to the workpiece without sliding. The 
radial component rf  of the friction force on the vertical 
steps and horizontal elements of the strikers is a reactive 
force that prevents an increase in the end surface area of 
the workpiece. Ideally, it should be reduced to zero due to 

the optimal geometric shape of the grooves and effective 
lubrication. 

After additional heating of the workpiece to the defor-
mation temperature, which compensates for its cooling 
when transferred from the electric furnace to the die, the 
workpiece is upset with simultaneous torsion in the tem-
perature-speed regime of superplastic deformation. The 
deformation operation is completed when the specified 
thickness of the workpiece is reached and a stationary 
value of the torsion moment of the lower striker is estab-
lished. This mode arises as a result of the formation of a 
UFG structure, as a result of which a constant minimum 
value of the flow stress of the workpiece material is 
achieved. Then reverse torsion of the lower striker is per-
formed to separate the disk from the surface of the strikers. 
Next, the upper striker is raised, and the disk with the UFG 
structure is removed from the die area by a manipulator. 

6. DISCUSSION OF RESULTS 

Non-monotonic deformation is essential in the preparation 
of UFG structure, both in the case of deformation of 
coarse-grained material in the regime of superplastic de-
formation and in the case of SPD. Such deformation pro-
vides a periodic change in the orientation of the strain ten-
sor, for example, during all-round forging or multi-
transition ECAP. It is more technologically advanced to 
carry out such a rotation continuously by torsion of the 
workpiece during its shear deformation. While insignifi-
cantly affecting the shape change of the sample, the rota-
tional component leads to a refinement of the microstruc-
ture. In the case of deformation in the regime of 
superplastic deformation of a coarse-grained material, 
plastic torsion creates many recrystallization centers—
sections of boundaries with large curvature, the migration 
of which leads to the formation of small grains. In this 
case, a small strain rate kinetically corresponds to the ki-
netics of mass transfer of alloying elements that ensure the 
formation of a stable two-phase UFG structure under de-
formation conditions. Such structures in heat-resistant 
nickel alloys are microduplex and globular microstruc-
tures in titanium heat-resistant alloys [1,13]. 

In the case of SPD, non-monotonic torsional defor-
mation leads to the formation and intersection of bounda-
ries of deformation origin and the formation of a fine net-
work of grain boundaries. From the viewpoint of physical 
mesomechanics, such boundaries are those of disclination 
origin. Their interaction with lattice dislocations ensures 
the growth of their misorientations to high-angle ones, 
which leads to the formation of a submicro- and nanomet-
ric structure. 

The use of isothermal devices for realization of com-
pression with torsion or tension with torsion is advisable 

Fig. 7. Scheme for manufacturing rods with UFG structure using 
the “running torsion neck” method 
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from a practical point of view. All industrial metallurgical 
semi-finished products of large sizes, including structural 
heat-resistant alloys, as well as magnesium alloys, are in-
itially produced in the form of castings and coarse-grained 
forgings, extrusions and rolled products. Direct milling of 
such materials by SPD methods is difficult, because it 
would be necessary to refine the grains in a coarse-grained 
structure by 107 ÷ 108 times. Under isothermal conditions 
of deformation in the regime of superplastic deformation, 
small strain rates provide kinetically coordinated rates of 
hardening and softening necessary for dynamic recrystal-
lization in coarse-grained materials and necessary for 
phase transformations. Therefore, it is advisable, in the 
mode of superplastic deformation of heterophase magne-
sium alloys, first, to form a microcrystalline structure with 
a uniform distribution of chemical, phase and grain struc-
ture. Then, at the second phase of the operation, after tem-
perature reduction to the conditions of warm deformation, 
continue grain refinement to the submicro- and even na-
nometric level of the structure, where it will be necessary 
to reduce the grain size only by 102 ÷ 103 times. 

7. CONCLUSION 

Based on the analysis of mechanics and physical mesome-
chanics under large deformation of coarse-grained materi-
als in the temperature-speed regime of superplastic defor-
mation and under SPD conditions, methods of combined 
torsional deformation with axial deformation-tension or 
compression are proposed, which make it possible to ob-
tain UFG rods and disks of large diameters with micro-
metric, submicrometric and nanometric grain sizes. 
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Аннотация. На основе особенностей механики пластической деформации и физической мезомеханики рассмотрены про-
цессы и предложены технологические схемы их реализации, обеспечивающие формирование ультрамелкозернистой струк-
туры в осесимметричных изделиях больших размеров. В качестве методов подготовки такой структуры взята деформация 
крупнозернистых материалов в температурно-скоростных условиях сверхпластической деформации и методы интенсивной 
пластической деформации. Все эти деформации являются большими, их осуществляют с невысокими гидропрессовыми ско-
ростями, но при разных температурах: в режиме сверхпластичности при горячей, а в режиме интенсивной пластической де-
формации при теплой или холодной температуре деформации. Первый режим позволяет измельчать зерна до микрокристал-
лических размеров 1–10 мкм, и такой материал приобретает возможность уже деформироваться в состоянии 
сверхпластичности, т.е. при растяжении с небольшим сопротивлением деформации и с большим удлинением. Второй режим, 
т.е. интенсивная пластическая деформация, измельчает зерна до субмикро- (1÷0.1 мкм) и наноразмеров менее 0.1 мкм, при-
давая, тем самым, металлическим материалам рекордную конструкционную прочность, а также возможность использовать 
обработку в расширенных температурно-скоростные условиях сверхпластической деформации в сравнении с микрокристал-
лической структурой. 

Ключевые слова: ультрамелкозернистая структура; свехпластическая деформация; интенсивная пластическая деформация; 
сдвиговая и ротационная деформации; кручение с осадкой или с растяжением 


