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A B S T R A C T

Introduction. The use of equal-channel angular pressing (ECAP) of metal powder makes it possible to obtain 
practically non-porous blanks with high hardness, with a high level of accumulated deformation and with the forma-
tion of an ultra-fine-grained structure. A relevant issue for the study of the semi-continuous ECAP process remains a 
reliable assessment of the energy-power parameters of the process and the prediction of the porosity of compressed 
materials. This, in turn, is due to the need to develop sufficiently accurate, reliable and simple mathematical models 
for practical application. The purpose of the work is to develop an analytical model of the process of equal-channel 
angular pressing of porous material. Powdered screening of spongy titanium of the TG-100 brand was selected as a 
model of the material for the study. The object of the study is the process of semi-continuous equal-channel angular 
pressing of axisymmetric porous briquette of titanium sponge in the channel of the mold. It is assumed that the ECAP 
uses a punch to create back pressure. For the solution, a process scheme, a statically permissible load scheme on a 
layer of intense deformation and a kinematically permissible flow scheme of a plastically compressible medium in 
a layer are determined. A system of equations is constructed in accordance with the accepted schemes. The equa-
tion power balance is applied. The analytical equation is solved by the method of successive approximations. Finite 
element simulation of the porous titanium ECAP process was carried out at the angles of intersection of the mold 
channels at 45°, 50°, 55° and 60°. Results and Discussion. The porosity of the blank is determined at different stages 
of the ECAP process. A diagram of the change in pressure on the punch using the analytical solution and finite ele-
ment simulation is obtained. It is revealed that the results of the analytical solution are consistent with the data of the 
finite element simulation. The highest stress level occurs in the process of equal-channel angular pressing at α = 45°, 
however, the distribution of relative density over the cross section is most uniform. The maximum value of the pres-
sure on the working punch decreases with an increase in the angle α. Rational technological parameters of pressing 
porous blanks should provide the maximum permissible pressure on the deforming tool. From this condition, in each 
specific ECAP process, it is possible to determine the optimal angle value from the analytical solution.
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Introduction

The essence of the severe plastic deformation (SPD) process is pressure shaping, carried out at 
temperatures below the recrystallization threshold of the deformed material, with a high level of cumulative 
deformation and leading to the formation of ultrafine-grained structures in metals. Quite a few methods 
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of SPD are known: high-pressure torsion [1], pack rolling [2], all-round forging [3], cyclic extrusion and 
compression, also called “hourglass pressing” [4], equal-channel angular pressing [5] and others. A detailed 
review of SPD methods was performed by R.Z. Valieev et al. [6] and V.M. Segal [7]. The desire to improve 
the performance of SPD processes has stimulated the development of various methods of continuous 
pressing. The methods of continuous pressing, which have found the widest application in industry, include 
conformal (forming of long-rolled metal by the method of continuous extrusion), Linex [8], and combined 
rolling-pressing [8–9]. The work of V.M. Segal [10] considered the theoretical aspects of the process that 
combines the methods of equal-channel angular pressing and conformals.

SPD of powder and porous materials realizes a complex stress-strain state characterized by joint triaxial 
compression and shear [11]. The process of consolidation from pure aluminum powder by the method of 
equal-channel angular pressing with torsion is described in [5], where it is shown that reiteration of SPD 
makes it possible to accumulate structural changes in the material. This contributes to a more efficient 
closure of large structural defects, and also increases the number and size of areas of mechanical adhesion of 
particles due to the initiating effect of shear deformation. It was shown in [12] that SPD for porous titanium 
and a porous titanium-magnesium composite makes it possible to obtain an ultrafine-grained structure and 
good contact between particles.

Of particular interest is the method of equal-channel angular pressing (ECAP) of powder and porous 
materials. It was shown in [13] that the use of ECAP of a metal powder makes it possible to obtain practically 
pore-free blanks with high hardness even after a single pressing. However, a particularly important advantage 
of ECAP is the possibility of consolidating powder and porous materials at lower temperatures compared 
to the temperature required in traditional powder metallurgy methods [14].

At the same time, it is of great practical interest to obtain semi-finished products from powdered raw 
materials of hard-to-deform and low-plastic alloys and metals, such as titanium, with uniform properties and 
minimal porosity. The reduction in the cost of titanium powder products directly depends on the reduction 
in the cost of production methods and pressure shaping of titanium powders. Of great interest are methods 
for the production of titanium powder, close in its physical and mechanical properties and morphology of 
individual particles to titanium sponge obtained by the traditional Kroll method. International Titanium 
Powder, L.C.C. (Cristal US Inc., USA) has developed a process for obtaining titanium powder (Armstrong 
process), suitable for the manufacture of essential components by powder metallurgy. Chen et al. [15] 
studied the process of cold compaction of Armstrong powders of the Ti-6Al-4V system. According to the 
data given in [16], this technology makes it possible to reduce the cost of manufacturing finished titanium 
products by at least two times. The authors of [17] presented an electrochemical method (Cambridge 
process) for the direct reduction of solid TiO2. The Rapid Plasma Quenching Process (Idaho Titanium 
Technologies, USA) is based on the use of high-temperature plasma energy and makes it possible to reduce 
the cost of high-quality titanium powders’ production [18]. In [19], a method for obtaining cheap titanium 
powder from a titanium sponge using the technology of self-propagating high-temperature synthesis (SHS) 
is proposed. The use of severe plastic deformation methods for these materials will make it possible to 
obtain high-density blanks without the use of traditional energy- and labor-intensive titanium production 
technology.

It is worth noting that finely divided titanium sponge and powder compositions based on it are promising 
materials for the manufacturing powdered titanium products, which require high corrosion resistance, low 
weight and satisfactory strength properties at a low cost of raw materials. NORSK Titanium (Norway) has 
received two patents for the production of welding wire directly from titanium sponge (Patent WO2011049465, 
Patent WO2012127426). In [20], the effect of combined treatment, including hydrogenation/hydrogen 
removal and rolling, on the structure and mechanical properties of sponge titanium plates pressed by a 
shock wave was studied. The authors of [21] showed the possibility of using a porous material based on 
titanium sponge granules in the production of implants for osseointegration. In [22], the process of uniaxial 
pressing of titanium sponge powder was investigated. In [23–25], the effect of hydrogen doping on the 
properties of briquettes made of sponge titanium by pressing was investigated.
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A variety of technologies for obtaining semi-finished products and rheological features of powdered 
titanium leads to the need for preliminary calculations to develop specific technical devices for its 
implementation. Reliable estimation of the energy-power parameters of the process and prediction of the 
porosity of pressed materials remains an important issue for the study of the ECAP semicontinuous process 
up to now. This in turn is associated with the need to develop sufficiently accurate, reliable, and simple for 
practical application mathematical models.

The work aims to develop a model of the process of semicontinuous ECAP of titanium-containing raw 
materials to improve the technological processes of manufacturing blanks and products.

To achieve this aim, it is necessary to determine the scheme of ECAP, a statistically admissible loading 
scheme for a severely deformed layer, and a kinematically admissible flow scheme for a plastically 
compressible medium in the layer, construct a system of equations, and compare the solution obtained with 
the developed system of equations with the finite element solution.

Materials and methods

The object of the study is the process of semicontinuous ECAP of an axisymmetric porous briquette  
(ϑb – initial porosity) of titanium sponge in the channel of the mold, which has an input part 6 and, crossing 
it at an angle 2α, output part 5 (fig. 1). The length of the briquette in the inlet and outlet parts of the channel 
at the current time are L1 and L2, respectively; Lb – the original length of the briquette, dl – the movement 
of the working plunger 1; D – the diameter of the channel. Plunger 1 creates pressure P1 on the briquette. 
The device also contains a plunger 2 to create counter-pressure (pressure P2 that prevents the flow of the 
deformed material from the mold channel). Plunger 2 is used in the first pressing cycle. In the second and 
subsequent cycles, the backpressure creates the discard 4 of the previous cycle. The flow of the deformed 
material in the mold channel is prevented by frictional 
forces on the surface of the extruded blank.

Angular pressing provides severe plastic shear 
deformations in a thin layer located in the vicinity of 
section A–B (fig. 1) and separating the inlet I and outlet II 
parts of the mold channel. In this case, as a result of triaxial 
compression and intense shear deformation in layer A–B, 
the porosity of the titanium sponge decreases. In the input 
part 6 of the mold, the deformable material experiences a 
stressed state, similar to the usual pressing of a plastically 
compressible mass in a closed mold [26, 27].

Powdered sponge titanium of the TG-100 grade 
(composition complies with GOST 17747-79) (fig. 2) 
without additional processing (sieving, secondary fine 
dividing, purification, etc.) was used as a material for the 
study. It was assumed that the titanium sponge material 
was pre-compacted by double-sided pressing to briquettes 
with a relative porosity of ϑb = 0.4. The briquette material 
was considered to be homogeneous from the statistical 
viewpoint.

Results and discussion

Each ECAP cycle has two stages. In the first stage, the 
material to be processed in part II of the mold channel is 
not deformed; in part I, uniaxial compression of the porous 
mass takes place. Movement dl of plunger 1 leads to the 

Fig. 1. Scheme of equal-channel angular pressing: 
1 – punch creating working pressure; 2 – punch for back 
pressure; 3 – part of the extruded blank; 4 – pressed 
part of the blank; 5, 6 – parts of the a pressing tool with 

output II and input I channels
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                          a                                                                               b
Fig. 2. Titanium sponge (a); particle morphology (b)

occurrence and growth of the pressing force P1, which reaches a certain maximum value *
1P  corresponding 

to the general flow of the deformed material in the mold channel. The action of contact friction in the mold 
leads to a decrease in pressure in the compressible particles as they move along the flow lines. In this case, 
the greatest pressure is experienced by particles located in the immediate vicinity of the working plunger; 
porosity reduction is possible according to the applied forces. In the second stage of the process, the pressed 
material flows out of the mold channel. In the section A-B, separating parts 6 and 5 of the mold, there is  
a force 2

nP  that creates a counter-pressure to the flow of the plastic compressible medium (fig. 3, a).

                                           a                                                                                  b
Fig. 3. A statically permissible scheme of loading on a layer of severe deformation (a) and  

a kinematically permissible flow scheme of a plastically compressible medium in a layer A–B (b)

The force PAB is determined by the equilibrium conditions of the forces acting on the compressible 
material in the mold channel:

	 = + πτ2 2 2        ,AB cP P DL 	 (1)

where P2 is the force that creates counter-pressure; Τc2 is a sliding friction stress on the mold surface; L2 is 
the discard length; D is the channel diameter.
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The power balance equation was applied to determine the power parameters of the second stage of the 
ECAP process:

	 − =π τ + τ +1 1 2 2 1 1 1 2 2 2      (     )     |  ,c cPV P V D LV L V W AB 	 (2)

where V1, V2 are flow velocities of plastically compressible mass from mold channels I and II; W | AB is 
a power dissipation in the severe deformation layer (layer thickness Δh→0).

The physical equations of a representative element of the volume of a plastically compressible medium 
[28–30] have the form:

	 ϑ  s =s+ ξ − ξδ 
 

( ) 1
       2    

3ij ij ij
T
H

 	 (3)

where σij, ξij are components of the stress tensor and deformation rate tensor; s ia an average normal stress; 
ξ is a volume strain rate; T is a shear stress intensity; H is a shear strain rate intensity; δij is a Kronecker 
symbol.

The yield strengths in shear τ*
s  and isostatic compression *

sp , depending on the relative porosity of the 
deformable medium, are given by the relations:

	 τ = =τ − ϑ* 2/3(        1 )s sT ;  =−s=− τ ϑ* 2
        ln

3
s sp ,	 (4)

where τs is a shear yield strength of titanium particles; ϑ is a relative porosity of the titanium sponge volume 
element.

The dependencies ττ τ = ϑ* /     ( )s s f   and τ = ϑ* /     ( )s s pp f   are shown in fig. 4.

Consider the stage of the ECAP process in which 
briquette compression is carried out similar to the 
compression of a porous mass in a closed mold, 
using the results of [31]. For the first approximation, 
it is assumed that external friction can be neglected; 
the motion of plunger 2 is given; the pressure on 
the plunger is determined from the power balance 
equation (2); at the initial moment of pressing, the 
porosity of the briquette material is equal to ϑb.

The boundary conditions in the cylindrical 
coordinate system (r, ϕ, z) have the following form:  
srz|r = R = 0, R = D/2; νr|r = 0 = νr|r = R = 0, νz|z = 
0 = 0, νz|z = L1 = V1 = dl/dt. For these conditions, 
the kinematically permissible velocity field is nr = 
0 ,  
nz = V1 ∙ z/L1; components of the strain rate tensor: 
ξij = 0, except ξzz = –V1/L1; the rate of volume 
change in part I of the mold channel ξ = ξij. The 
degree of shear deformation Λ  and the degree of 
volumetric deformation ε are of the form:

	
   

Λ = ε =   
   

1

1

2
, ln

3
b

b

L L
L L

ln .	 (5)

The values of the relative porosity ϑ1 of the compressible medium in part I of the mold channel are the 
function of the movement dl of the working plunger:

Fig. 4. Dependence of the yield strength of the compress-
ible medium on porosity ϑ: 

for isostatic compression τ = ϑ* /     ( )s s pp f  (1); for shear 

ττ τ = ϑ* /     ( )s s f  (2)
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− ϑ

ϑ = −
−1
1

1 .
1 /

b

bdl L
	 (6)

Moving the tool in the first stage of the ECAP process is only possible when the pore volume is reduced. 
At the same time, *

sp  and the relative density of the compressible porous mass increase.
The dependence of the porosity ϑ on a load = τ

    /z sp p  of the plastic flow of the compressible medium 
is represented as follows:

	 −ϑ = + 3/2 1(1 )p .	 (7)

Solving equations (6) and (7) made it possible to determine the change in the porosity of the titanium 
sponge and specific pressure as a function of plunger movement (fig. 5).

                                          a                                                                                     b
Fig. 5. Change in the porosity ϑ of the compressible medium (a) and the specific pressure p  (b) on the working 

plunger displacement dl/Lb.

Fig. 6. Dependence of the plastic flow load p  and side 
pressure bp  on the a pressing tool on the porosity ϑ   

of the compacted medium: 
1 – ϑ( )p ; 2 – ϑ( )bp

Physical equations (3), and (4) were used to 
calculate the lateral pressure on the mold. The 
equation for calculating the lateral pressure has the 
following form

           = = − + ϑ − ϑ
τ

 2/31
( 1 2 ln ).

3s

b
b

p
p           (8)

The calculation results of ϑ ( )p  and ϑ ( )bp  are 

shown in fig. 6.
Consider the stage of the ECAP process, in which 

the blank in the mold channel moves as a rigid plastic 
body. In this case, the deformation of the plastically 
compressible medium shape and volume changes is 
localized in the severe deformation layer (layer A-B). 
The layer thickness is Δh →0; the layer material is 
in a uniformly deformed state, which in the local 
coordinate system (n, τ, ς) can be represented by 
linear functions.
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Following the kinematically admissible scheme of the flow of a plastically compressible medium for 
layer A-B, taking into account the boundary conditions, the velocity field is represented in the form:

	 τ ς= − α = + α =1 2 1 2[ ] sin , [ ] cos , [ ] 0nV V V V V V V 	 (9)

where [ ]iV  is a spike of the velocity vector of material particles moving through the severe deformation 
layer.

The velocities V1
n, V2

n (fig. 3b) are connected by the condition of mass conservation:

	
− ϑ

= =
− ϑ

1
1 1 2 2 2 1

2
,;

1
ñ ñ

1
n nV V V V 	 (10)

where r1, r2 is the density of the pressed material in parts II and I of the mold channel; ϑ1, ϑ2 is the porosity 
of the pressed material.

In the case of a plastically compressible medium, the system of equations also includes the continuity 
condition, which in [32] is reintegrated along the trajectory of the representative element of the volume. 
It follows from the mass conservation condition (10) that the intersection of the plastically compressible 
medium layer A-B leads to a change in the relative porosity of the medium. Taking into account the mass 
conservation condition and the continuity condition, the density of the extruded material from the mold 
channel is determined as: 

	
−

=
+

1 2
2 1

1 2

2
ñ ñ exp

V V

V V
. 	 (11)

Assuming that the relative density ρ of the compacted material is known from the analysis of the first 
stage of the ECAP process, the dissipation power of the severe deformation layer is calculated:

	 ( )
→

= + sξ
0

AB
dh

W AB TH S dhlim . 	 (12)

The intensity of the shear deformation rate H and the deformation rate of change in the volume ξ of the 
A-B layer are determined by the following relations:

τ = + ξ = 
 

1/2
2 21 4 [ ]

[ ] [ ] ;
3

n
n V

H V V
dh dh

.

The power balance equation (2), in which the value W | AB is calculated using equation (12), is applied 
to determine the energy-power parameters of the second stage of ECAP. Dividing the dissipative functions 
of the power balance equation by the values τs, V1, πD2/4 equation (2) results in a dimensionless form: 

	
( ) ( )

 − r + χ   = χ + + χ + + α − − χ    − χ  − − r  
 

2
1 2

1 2 1 2 2/3

ln 14 1 2
4 cot( ) 1

3 1 3 1 (1 )

L L
p p k k

D D
	 (13)

τ τ
= =

τ τ
1 2

1 2* *
,c c

s c

k k ; χ = 2

1

V
V

where	 1 2,k k  are coefficients in the Siebel friction law; χ = r r1 2/  is the parameter characterizing the 
compaction of the compressible medium in the A-B layer.

Equation (13) is solved by the method of successive approximations. It is assumed that the density of the 
extruded blank is calculated for the previous stage of the studied process. The system of equations (1)–(13) 
makes it possible to unambiguously predict a set of technological parameters from cycle to cycle, which are 
necessary for the analysis and improvement of the ECAP process.

A series of computational experiments were performed to determine the effect of the angle a on the 
extrusion pressure 1p  and the relative density of the extruded blank. 
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Calculations were performed for the following source data: ϑb = 0.4; L1/D = 4, L2/D = 2; k1 = k2 = 0.2;  
χ = 0.8; π/16 ≤ α ≤ π/2. The values of density ρ and porosity ϑ of a plastically compressible blank at varying 
specific pressures 1p

 on the working plunger were determined using formulas (4), and (6). As a result, the 
dependence of pressing pressure 1 α( )p  and blank porosity ϑ(α) on the angle α (fig. 7) was determined.

                                             a                                                                                                 b
Fig. 7. The dependence of the pressing pressure 1( )áp  (a) and porosity of the workpiece ϑ( )á  (b) on the angle a

Numerical simulation of the ECAP process requires the use of a porous material plastic flow model 
included in modern CAD software. The simulation results significantly depend on the choice of both the 
material model itself and the methods of its identification. The Gurson model of plasticity of porous metal 
was used in this paper to describe the rheological behavior of the porous material [33]. The peculiarity 
of this model, implemented in the Simulia/Abaqus FEA software package, is the ability to describe the 
processes of both compaction and decompaction of powder materials in a wide range of stress-strain state 
changes. In this case, such a formulation of the problem makes it possible to identify areas of the deformable 
porous blank with a high level of tensile stresses during ECAP, and, therefore, potentially dangerous for the 
formation of surface cracks and material fracture. The following shows the application of the methodology 
for identifying porous titanium sponge blank plastic flow model.

Simulation modeling of the ECAP process was performed by the finite element method. The problem 
was solved in the volumetric formulation, but half of the section was used due to symmetry. For modeling, 
the Explicit CAE calculation module of the Abaqus system was used. A model of porous metal plasticity 
based on Gurson’s theory of porous metal plasticity was used. The initial relative density was 0.6. The tool 
was set as absolutely rigid. The contact interaction between the blank and the tool was described by the 
Amanton-Coulomb friction condition, friction coefficient µ = 0.1. It is assumed that the tangential stresses 
at the contact surface of the blank and tool are limited to τs = 30 MPa. 

Simulation using the finite element method makes it possible to estimate many parameters. In this case, 
it was limited to analyzing of the distribution of stress intensity σi and relative porosity ϑ, which is shown 
in figs. 8 and 9. 

Fig. 8 shows the stress intensity distribution in the thin layer located in the vicinity of the section 
separating the inlet I and outlet II parts of the mold channel. It can be seen that the highest level of stress 
occurs during equal-channel angle pressing at α = 45°. The ratio of maximum stress intensity values between 
ECAP schemes with angles of 45 and 60° is 1.57. 

The distribution of relative density across the section is most uniform when the angle α is 45° (fig. 
9, a). At α = 50° porosity is detected only at the end of the blank, even though there is a counter-pressure. 
In other cases, there is decompaction in the contact zone of the blank with the surface of the mold channel. 
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                                    a                                                                  b

Fig. 8. The distribution of the yield stress σi at the steady stage of the process:
a = 45° (a); b = 50° (b); α = 55° (c); a = 60° (d)

                                    с                                                                 d

Fig. 9. Distribution of relative porosity ϑ at the steady stage  
of the process:

a = 45° (a); b = 50° (b); a = 55° (c); a = 60° (d)

                                    a                                                                  b

                                    с                                                                 d
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Fig. 10. The dependence of the pressing force 1p   
on the movement dl of the punch: 

a = 45° (1); b = 50° (2); a = 55° (3); a = 60° (4)

In this case, the increase in the value of the relative 
porosity ϑ does not exceed 0.05. There is also 
considerable heterogeneity in the end region of the 
blanks.

The plot of pressure changes on the working 
plunger is shown in fig. 10.

The analytical calculations are performed 
following the results of the mathematical model, and 
the results of the numerical solution are obtained by 
computer simulation using the finite element method. 
The figure shows the satisfactory convergence of 
the solution results. The plot shows the variation of 
the compacting pressure at the main stages of the 
process. In the transition from the initial to the final 
stages of the ECAP process, the compacting pressure 
takes the maximum value. As the angle a increases, 
the maximum pressure on the working plunger 
decreases. During the transition from the initial stage 
of the ECAP process to the final stage, the pressing 

pressure takes on a maximum value [34–35]. As the angle a increases, the maximum pressure value on the 
working plunger decreases. Rational technological parameters of pressing porous blanks should provide the 
maximum permissible pressures on the deforming tool. From this condition, the optimal value of the angle 
in each specific ECAP process is determined 2a. 

Conclusions

To optimize technological processes of manufacturing blanks and products from powders and 
porous materials, a sufficiently reliable and simple for practical use mathematical model of the process 
of semicontinuous ECAP of a plastically compressible medium is developed. The material properties of 
porous briquettes made by compacting titanium sponge in a closed mold were taken as a model material of 
initial blanks for the implementation of the studied process. The main stages of ECAP are considered: the 
initial stage of the process, in which the porous deformable material experiences compression in a closed 
mold; the stage characterized by intense plastic deformation localized by changing the mold channel angle; 
the final stage in which the deformable material is compressed to a nearly compact state and flows out of 
the mold channel as a solid body. The mathematical model makes it possible to determine the energy-power 
parameters of the ECAP process. In addition to the analytical solution, a finite-element simulation of the 
ECAP of porous material for a more detailed prediction of porosity along the blank cross section is given. 
A satisfactory correspondence of the results of calculating the energy-power parameters of the process is 
shown. The possibility of describing the processes of both compaction and decompaction of materials at 
the macro level in a wide range of volume plastic deformation will make it possible to more accurately 
determine the areas of the deformed porous blank subject to high tensile stresses during ECAP, which are 
potentially dangerous in terms of surface cracks formation and material fracture.
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