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place through a simple shear. The shear is uniform over the sample’s thickness and shear strain in each point of the
sample is directly proportional to the distance r from the axis of anvils rotation:

 ~  r

(1)

Experiments and numerical simulations in recent years show that the actual plastic flow during HPT may differ
significantly from this simple scheme. For example, calculations by finite element modeling (FEM) show the
inhomogeneity of the stress-strain state over the sample thickness [2]. In [3] dead metal zones were found at the
edge of the sample. Double-swirl flow pattern in a plane perpendicular to the rotation axis was experimentally
recorded in [4]. Recent studies show that vortices in the sample´s tangential direction may occur in the layered
materials after the HPT processing [5]. These results indicate that the plastic flow during HPT may be of a rather
complex nature, which must be considered when applying the process.
In the present study, we identified possible modes of HPT and defined conditions when they are realized. It is
shown that depending on mechanical properties and structure of a material, deformation during HPT may occur in
both laminar and turbulent flows of different space-time modes.
2. Laminar flow of the material during HPT
The set-up for the HPT process is shown in Fig. 1.

Fig. 1. Schematic geometry of HPT.

In this section, we examine the laminar flow of the material during HPT, which is characterized by the following
velocity field: vr=0, vz=0, v= v (r,z,), where r , z ,  are the cylindrical coordinates (see Fig. 1) and  is the angle
of the anvils rotation. First, we consider the conditions under which stationary flow takes place, i.e. it does not
depend on . In other words, we determine the conditions when  is not included in the equation for plastic flow.
For stationary flow vr=0, vz=0, v= v (r,z). It follows from last expressions that von Mises strain rate eM  eM r , z 
and the von Mises strain is
t







eM  eM dt  eM
0

0

d






eM r , z 


in this case, where t is the time and  is the angular velocity of the anvils rotation.
It follows from the associative law for the plastic flow that

(2)
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eij  ij   ij
~
eM


(3)

where  is the hydrostatic stress, and  is the equivalent stress.
According to Eq. (3), the stress tensor components can be calculated as a product of two separate functions, i.e.,

 ij  , r , z      ij* r , z 

(4)

where    and σij* r , z  are functions of  and r , z  respectively.
If Eq. (4) is not true, then the left part of Eq. (3) depends on , and the right part does not depend, which is not
possible. From the Eq. (4) one can get:

     * r , z 

(5)

The von Mises plasticity condition is:

 S

(6)

where  S eM ,eM  is the flow stress of the deforming material.
Taking into account Eqs. (2) and (5), we obtain the following expression:



   * r , z    S 




eM ,eM 


(7)

Rotation angle  is excluded in this expression if the function  S eM ,eM  is homogeneous by its first term, i.e.

 S eM ,eM   eMn f eM 

(8)

where f eM  is a function of the strain rate. In this case we obtain from the Eq. (8):
n

  n
 eM f eM 
 

   * r , z   

(9)

and when    ~  n , then we can reduce  in both parts of the relation.
Based on the analysis, we conclude that power strain hardening law is a necessary condition for stationary plastic
flow during HPT. It is shown that this condition is also sufficient for the stationary state of HPT [6].
It was shown in [7] that the power law strain hardening is associated with the development of a self-similar
microstructure in materials during plastic deformation and corresponds to experimental observations in a certain
range of von Mises strains. As the deformation exceeds this range, then both the microstructure and the strain
hardening of the material reach a saturation level, and the power law is no longer valid. The saturation of work
hardening during HPT should lead to the strain localization in a thin layer of the sample in case the strain rate
hardening is absent [7]. We will show by means of FEM numerical simulations that the strain rate hardening may in
this case stabilize the plastic flow during HPT and prevent strain localization.
All calculations were done in the DEFORM – 2D/3D software using a 2D axisymmetric torsion model [8]. Two
stress–strain curves from [6] obtained from experimental stress–strain curve of the Fe powder processed by HPT [9]
were used for our calculations. The curves were modified to take into account the strain rate hardening:
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 eM 

 a 

 s MPa   740eM0.18 

b

(10)

 eM 

 a 

 s MPa   1050  463  exp  0.39eM  

b

(11)

where a and b are the parameters of the strain rate hardening.
The first term in Eq. (11) is an approximation of the experimental stress–strain curve of the Fe powder obtained
in [9] under the condition of HPT. The first term in the Eq. (10) is the power law, which approximates this curve for
the strain values 1  eM  5 .
To illustrate the effect of stain rate hardening on the plastic flow at HPT, we have carried out five numerical
experiments. Conditions of the experiments are summarized in Table 1. In all experiments a  0.05s 1 , the sample
diameter was 10 mm, and its thickness was 1 mm. The strain rate value in (10) and (11) was normalized in
accordance with the average strain rate value for the HPT conditions in [6].
Table 1. Parameters for the stress–strain curves in FEM simulations.
Experiment

1

2

3

4

5

Strain-Stress curve

Eq. 10

Eq. 11

Eq. 11

Eq. 11

Eq. 11

Parameter b

-

0

0.005

0.05

0.5

Results of the numerical calculations are shown in Fig. 2.

Fig. 2. Maps of the von Mises strain rate in the ( r , z ) plane (FEM simulation) at the anvils rotation angle   0.5 (a) and   3.5 (b); the
numbering in figure corresponds to the Table 1.

As it can be seen in Fig. 2a, for small rotation angles , i.e. before the work hardening reaches the saturation
level, the power-law in Eq. (10) is valid, the sample is deformed practically according to Eq. (1). For larger values
of  and small values of strain rate sensitivity b, deformation is localized around the geometrical shear plane
(Fig. 2b, cases 2, 3). But when the strain rate sensitivity of the material is large enough (similar to superplastic flow
i.e.  0.3 , Fig. 2b case 5), the sample is deformed according to Eq. (1). The intermediate case when b  0.05
(Fig. 2b, case 4) is rather interesting because the strain localization is not very pronounced and shear strain is
distributed almost according to Eq. (1). Ultrafine-grained materials processed by HPT usually have strain rate
sensitivity coefficient in the range 0.01  0.1 [10, 11], which shows that Eq. (1) still can be applied as a rough
estimate for the shear strain at HPT.
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3. Turbulent flow of the material during HPT
Recent studies on a layered material subjected to the HPT deformation revealed the formation of vortices forming
perpendicular to the radial direction of samples [5]. The vortices looked very similar to those observed during the
turbulent flow of liquids or gases. This kind of behavior was observed earlier in other processes of plastic shear,
such as the friction test [12] or the scratch test with a diamond indenter [13].
In [5, 12, 13] the formation of vortices during the plastic shear was associated with the development of KelvinHelmholtz instability [14]. This instability appears at the interface between two fluids moving relative to each other.
We propose a different explanation to this phenomenon.
From the physical point of view, the Kelvin-Helmholtz instability is associated with the pressure increase in a
moving medium in the location of the expansion of its flow. This pressure difference leads to the stability loss at the
interface between two liquids followed by the formation of vortices [14]. For the instability to form, the stresses in
the medium due to inertial forces must be of the same order of magnitude as the stresses caused by internal forces.
Inertial stresses are proportional to 2 [14], where  and  are the density and flow velocity of the medium,
respectively.
The magnitude of the internal stresses in a plastically deformed solid body is of the order of its yield stress YS. In
this case, the ratio of inertial stress to the internal stress can be assessed as YS. For instance, for copper
=8900kg/m3, YS=300MPa; and for the flow rates which are typical during HPT =1mm/sec, we obtain ~10-11, i.e.
the inertial stresses during the HPT process can be neglected. This means that the physical mechanism leading to the
Kelvin-Helmholtz instability in liquids is not valid for slow deforming metals. Despite the similarity of the
appearance, random vortices in solids and liquids have different physical nature.
In [15] the formation of vortices in a material plastically deformed through simple shear is associated with the
local blocking of the shear deformation. Based on FEM numerical modeling, it will be shown that the local blocking
of shear in the sample leads to twists and turns of the obstacles. We regard it as the physical reason for the turbulent
flow during shear straining.
Layer 1 of plastic material is located between two dies, moving in opposite directions; see Fig. 3a and Fig. 3b.
The distance between the dies does not change, and friction forces between the dies and the material are sufficient to
prevent any slippage. In the layer 1, there is an obstacle 2, locally blocking shear. The obstacle has the shape of a
cylinder with its axis oriented perpendicular to the plane of the figure (Fig. 3a) or of a thin lamella (Fig. 3b). We
assume that the yield stress of the obstacle is ten times higher than that of the material in the layer 1.

Fig.3 Simple shear blocked locally by an obstacle: a, b – schemes for the simulations; c, d – velocity fields.

The results of the FEM model (see Fig. 3c and Fig. 3d) indicate that the local blocking of shear indeed causes
twists and turns of the obstacles, which leads to the formation of vortices at sufficiently large shear strain. Different
types of the material non-uniformity can serve as obstacle during the HPT deformation. In particular, in the case of
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layered materials, the layers with higher strength and hardness can serve as such obstacles. These shear lock points
gradually transform into a chain of vortices as a result of the twists and turns of the obstacles.
Practical application of these effects is possible for the production of bulk composite billets with a vortex
architecture by the High Pressure Torsion Extrusion process [16].
4. Summary
Based on the presented above analysis, the following conclusions can be made:
 Depending on the structure and properties of the material under the deformation, the plastic flow during HPT
may be either laminar or turbulent. Stationary laminar plastic flow requires the power law function of work
hardening.
 If the strain rate hardening is absent and the work hardening levels off, then the deformation will be localized in
the thin layer of the sample close to the geometrical shear plane. When the strain rate sensitivity coefficient of the
material is high enough, then strain localization will not take place.
 The physical reason for turbulence is a local blocking of simple shear in some areas of the sample. The latter may
be due the presence of inclusions in a material with higher strength and hardness.
It should also be noted that these conclusions are based on the results of numerical simulation. Further
investigations on experimental validation of these effects are the subject of our future work.
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