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Abstract
By analyzing the problem of high pressure torsion (HPT) in the rigid plastic formulation, we show that the power hardening law of

plastically deformed materials leads to self-similarity of HPT, admitting a simple mathematical description of the process. The anal-

ysis shows that the main parameters of HPT are proportional to βq, with β being the angle of the anvil rotation. The meaning of the

parameter q is: q = 0 for velocity and strain rate, q = 1 for shear strain and von Mises strain, q = n for stress, pressure and torque (n

is the exponent of a power hardening law). We conclude that if the hardening law is a power law in a rotation interval β, self-simi-

lar regimes can emerge in HPT if the friction with the lateral wall of the die is not too high. In these intervals a simple mathemat-

ical description can be applied based on self-similarity. Outside these ranges, the plasticity problem still has to be solved for each

value of β. The results obtained have important practical implications for the proper design and analysis of HPT experiments.
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Introduction
High pressure torsion (HPT) is a severe plastic deformation

process, which is widely used for producing nanocrystalline

metals and alloys [1-3]. The generally accepted theory of HPT

is based on the assumptions of uniformity of simple shear defor-

mation along the height of the specimen and that there is no

slippage between the sample and the anvils. This theory gives a

simple expression for the shear strain

(1)

where β is the torsion angle of the anvil, r is the radial position

and H is the height of the disc.

However, a number of recent experiments and numerical simu-

lations show that the true plastic flow during HPT can differ
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significantly from the theoretical predictions given by the

simple scheme above. In particular, in [4,5] a problem of

coupled phase transformations and plastic flows under torsion at

high pressure in a rotational diamond anvil cell was investigat-

ed. It has been shown that not only the stress, but the strain state

of the sample are strongly dependent on the rheological proper-

ties of the material. In addition, it has been shown that the

assumption of no slippage between the sample and the anvils is

too simple in some cases, and leads to significant errors in the

description of phase transformations. A correct approach to take

into account the slippage in finite element simulations has been

developed in [4,5]. A simple analytical model taking into

account the slippage has been offered in [6]. It leads to an equa-

tion similar to Equation 1 for shear strain with a factor decreas-

ing the angle of rotation of the sample due to slippage. The

same result was obtained experimentally in [7].

The effect of the elasticity of the anvils on the geometry of the

sample and the distribution of the shear strain has been investi-

gated in [8-10]. In particular, it was shown in [10] that the sam-

ples are further deformed during unloading of the anvils and

this produces a peak in the strain in the central region of the

disc.

Finite element modeling is used in [11,12] to show variations of

the stress–strain state along the height of the specimen. In par-

ticular strong shear strain localization near the contact surface

between sample and anvil was quantified in [12]. In [13] a dead

zone is found along the border of the specimen. A double-swirl

pattern in the plane perpendicular to the torsion axis is experi-

mentally shown in [14].

The above results point out the fact that plastic flow during

HPT may have a fairly complex behavior, which should be

taken into account when investigating materials obtained by this

method. Thus, the following question can be raised: Under what

conditions can HPT be modeled in a simple manner?

We will call an HPT process simple if the shear strain in every

point of the specimen is a linear function of the torsion angle of

the anvil, i.e.,

(2)

where Φ(r,z) is a differentiable function of r and z, and z is the

coordinate along the specimen axis as shown below in Figure 1.

This relationship generalizes Equation 1 by inheriting its main

property: the separation between the dependency on β and the

dependency on r and z. According to Equation 2, once we have

Φ(r,z), we have a tool for calculating γ at every point of the

specimen, for any value of the torsion angle. This is exactly

what makes HPT simple. If, on the other hand, one cannot sepa-

rate the β-dependence from the dependence on the coordinates,

i.e., γ = Γ(r,z,β), then, in order to compute γ, one has to solve a

plasticity problem for every angle β. This is what makes the

process complex in terms of its mathematical description.

The question what makes a complex physical process simple to

describe emerges naturally, and the answer often has to do with

the self-similarity of the process [15]. Self-similarity makes a

complex process simple to describe because the process just

repeats itself at different scales of time or space. For example,

the self-similarity of powerful blast waves has allowed

G. I. Taylor to predict damage from nuclear explosions even

before such damage was observed for the first time. These

results were obtained at the beginning of 1941 but were declas-

sified only in 1950 [16]. Many other examples of simple de-

scriptions of complex processes based on their self-similarity

are given in [15].

In this work we investigate plastic flow during constrained

HPT. We show that, within the rigid plastic framework, the

problem we are considering has a self-similar solution if the

deformed material satisfies a power hardening law. In this case,

the shear strain is a linear function of the torsion angle of the

anvil and can be described by Equation 2. We analyze different

properties of self-similar regimes of HPT, and show that the

self-similarity of HPT at the macro-level is connected to the

self-similarity of the structure of the material at the micro-level

hypothesized in [17].

Model
1 Rigid plastic flow formulation for HPT
Figure 1 schematically shows the constrained HPT process [2].

Figure 1: Schematic geometry of the constrained HPT process (the
notation is defined in the main text).
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Within the rigid plastic flow framework [18], the definition of

the stress–strain state (SSS) during HPT is reduced to solving a

set of equations in the cylindrical coordinate system, r, φ, z (see

Figure 1), including (a) the equilibrium equations obtained from

div(σ) = 0:

(3)

(b) the relations between the components of the strain rate

tensor and the velocity vector:

(4)

(c) the von Mises plasticity condition:

(5)

(d) the associated flow rule:

(6)

and (e) the constant volume condition:

(7)

where σij and  with i = r,φ,z; j = r,φ,z are the components of

the stress and strain rate tensors respectively; νi with i = r,φ,z

are the components of the velocity vector; σ = 1/3·σij·δij is the

hydrostatic stress,

is the equivalent stress,  is the von Mises

strain rate, and σs(eM) is the flow stress of the material that

depends on the von Mises strain:

(8)

The set of Equations 3–7 is solved under the following bound-

ary conditions:

(9)

where m is the friction coefficient and ω is the torsion rate of

the anvil.

Under the terms of Equation 9 we believe there is no slippage in

the contact between the sample and the surface planes of the

anvils. According to the experiments in [7] this can always be

achieved by applying a sufficiently high pressure. In subsection

2, we will show that under certain conditions, the HPT problem

has a self-similar solution both with and without slippage.

The torsion angle β does not explicitly appear in Equations 3–7

but the problem is time-dependent because the flow stress σs

depends on the von Mises strain eM, which in turn increases

with β according to Equation 8.

The global solution of Equations 4–9 has the following form:

(10)

where x is the position vector.

2 A self-similar solution of the rigid plastic
flow problem for HPT
Let y = f(x,t) describe the spatial distribution of a quantity y as a

function of time t, where x is the spatial coordinate. The process

is called self-similar, if the spatial distribution of y at any time t

can be obtained from a reference solution at time t0 by a simple

similarity transformation:

(11)

where T(t) is time-dependent.

Thus, the spatial distribution of y varies with time while

remaining always geometrically similar to itself. This defini-

tion generalizes the concept of similarity in geometry where
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two figures are called similar if one can be obtained from the

other by uniformly scaling along all dimensions [15].

It can be shown [15] that a self-similar process satisfies the

following scaling law:

(12)

where k is a parameter.

This scaling law suggests that a self-similar solution to the HPT

problem should have the following form:

(13)

where g and q are parameters to be defined, and  and

 represent a solution to the problem for a given torsion

angle β0.

In the following it will be shown that, under certain conditions,

the relationships in Equation 13 satisfy the set of Equations 3–7

and the boundary conditions in Equation 9, i.e., the HPT prob-

lem has a self-similar solution.

We look for a self-similar velocity field in the following form:

(14)

It can be readily seen that such a velocity field automatically

satisfies the condition of constant volume (Equation 7) and also

the boundary conditions (Equation 9) for vr and vz. According

to Equation 9, when z = 0, the value of vφ does not depend on β.

This implies that q = 0, i.e., a self-similar velocity field under

HPT should not depend on the torsion angle of the anvil. In this

case, the components of the strain-rate tensor have the

following form:

(15)

(16)

(17)

Under these conditions the von Mises strain rate is defined by:

(18)

Inserting this expression into Equation 8 it can be seen that if

HPT is self-similar, the von Mises strain in every point of the

specimen is a linear function of the torsion angle β:

(19)

Now we determine the components of the stress tensor for

self-similar flow. They should satisfy the set of equilibrium

equations (Equation 3), the von Mises plasticity condition

(Equation 5) and the associated flow rule (Equation 6). The

latter, with Equations 15–17, gives:

(20)

(21)

(22)

(23)

It can be readily seen that the right hand sides of Equation 22

and Equation 23 scale with β only when the material hardens

according to a power law (where von Mises strain is a linear

function of β in Equation 19):

(24)

where A and n are parameters. Inserting Equation 24 and Equa-

tion 19 into Equation 22 and Equation 23, we get:
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(25)

(26)

where

(27)

(28)

Comparing Equation 25 and Equation 26 with Equation 13, we

obtain: g = n.

According to Equation 20 and Equation 21, and using the

torsional symmetry (derivatives with respect to φ are 0), Equa-

tion 3a and Equation 3c have the following form:

(29)

Thus, according to Equation 20, the normal stresses do not

depend on the coordinates. We obtain:

(30)

where P is the pressure applied in HPT.

By virtue of the torsional symmetry and using Equation 25 and

Equation 26, Equation 3c becomes:

(31)

Inserting this into Equation 27 and Equation 28, and after some

algebraic manipulations, a second order partial differential

equation is obtained:

(32)

where

Equation 32 is a steady-state diffusion equation [19], where u

represents the concentration, and the function Φ, which depends

on the absolute value of the gradient of the concentration and on

the radius r, serves as the diffusion coefficient. According to

Equation 9, the boundary conditions for Equation 32 are the

following:

(33)

(34)

The equation gives another boundary condition for σrφ when

r = R, 0 < z < H (see Equation 9). After inserting Equation 23

and doing some algebraic operations, we get:

(35)

In [19] it is shown that the problem defined by Equations 32–35

has a unique solution. Thus, if the hardening law has a power

form, the problem of rigid plastic flow in HPT has a self-simi-

lar solution, according to which the following relations hold for

the velocity vector

(36)

for the strain rate tensor

(37)

the von Mises strain

(38)
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and the shear stress

(39)

where the exponent n is equal to the exponent in the hardening

law of the material, while the function u = u(r,z) is the solution

of Equations 32–35.

It follows from Equation 39 that if the evolution of the process

is self-similar, the torque M(β) during HPT satisfies a power

law, i.e.,:

(40)

If the hardening law does not satisfy a power law form, there is

no self-similar solution.

When there is no friction on the cylindrical surface of the anvil

(m = 0) a solution of Equations 32–35 can be readily obtained

for an ideally plastic material (n = 0). This case is of interest

because due to saturation in strain hardening, metals are

perfectly plastic in the high strain regime [20,21]. One can

verify by direct substitution that when n = 0 and m = 0, the

function u = [(H – z)/H]·ω satisfies the differential Equation 32

and the boundary conditions (Equations 33–35). In this case, the

sample is deformed by a simple shear pattern and the fields of

velocity, strain rate and stress do not depend on the rotation

angle. Furthermore, Equation 38 for the von Mises strain

simplifies to the well-known formula

The simple theoretical scheme based on simple shear is a

special case of a self-similar solution of the HPT process.

Please note that simple shear can only be homogeneous along

the height of the specimen. If this is not the case, then

 and Equation 31 would imply that  (to

satisfy the equilibrium Equation 31), consequently, for any

shear in the plane φz there is always some shear in the plane φr.

We note that all the arguments in this section are formally valid

not only when ω = const, but also when this parameter is a func-

tion of the radius. It can then be represented in the form

ω(r) = k(r)ω. One can interpret ω(r) as an angular velocity of

the metal on the surface plane of the anvil. If k is equal to 1

there is no slippage. If k is smaller than 1 the possibility of slip-

page is taken into account. Hence, k can be called “slippage

coefficient”. Thus, all conclusions about the self-similarity of

the HPT process made above are valid when the slippage coeffi-

cient is constant or a given function of r only.

We can conclude this section with the following interesting ob-

servation. It has been shown in [22] that the power-law hard-

ening is originating from the self-similarity of the microstruc-

ture, while it has been shown in the present work that the self-

similarity of HPT at the macro-level requires power-law hard-

ening, Thus, there is a relationship between self-similarities at

different scales in HPT: Self-similarity at the micro-level is a

physical cause of self-similarity at the macro-level.

Results of numerical simulations
In subsection 2 of the section “Model” it has been shown that if

the hardening law of the material has a power-law form, the

HPT process must evolve in a self-similar fashion, and its pa-

rameters must have a power dependence on the torsion angle of

the anvil (satisfying the scaling law). For the velocity field and

the strain-rate field, the exponent is 0 in this case (the right hand

sides of Equation 36 and Equation 37 do not depend on β). For

shear strain and for von Mises strain, the exponent is 1 (see

Equation 38). Finally, for shear stress and torque, the exponent

is equal to the exponent of the hardening law (see Equation 39

and Equation 40).

The second-order differential Equation 32 cannot be solved ana-

lytically. Therefore, numerical simulations are needed to iden-

tify self-similar solutions. In this section, we illustrate this

conclusion by finding a numerical solution to a concrete HPT

problem using the finite element method. Moreover, we will use

numerical modeling to show that whenever a given hardening

curve has an interval of power dependence, the process will

enter a self-similar regime. The regime persists for some time

(for an interval of rotation) and then disappears.

All calculations were done using the DEFORM software em-

ploying a 2D axisymmetric torsion model [23]. The number of

initial meshes for the workpiece was 10,000, which was suffi-

cient to explore the local deformation behavior. There was no

need to update the mesh because it remained undistorted during

the simulation. The process is described in Figure 1. The

geometric parameters were H = 3 mm and R = 10 mm. All

calculations were done assuming the rigid plastic flow model
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Figure 2: Strain hardening curves used in the numerical simulations. (a): Curve 2 is the experimentally measured stress–strain curve [24] and curve 1
is a fit by the power function σ [MPa] = 740e0.18. (b): log–log Plot of (a) showing that curve 1 is a good approximation of curve 2 in some interval.

Table 1: Conditions of the numerical simulations.

simulation condition a b c d

hardening curve power law (curve 1) power law (curve 1) no power law (curve 2) no power law (curve 2)

friction, m 0 0.25 0 0.25

with strain hardening curves displayed in Figure 2. Curve 1 is

experimentally measured [24] for compacted iron powder.

Curve 2 is a power function σ [MPa] = 740e0.18, providing a

good fit to Curve 1 in the interval between 0.5 to 5.0, see also in

the log–log plot (Figure 2b).

We considered two values for the friction coefficient m on the

side surface of the bottom anvil: m = 0.25 and m = 0. The first

case simulates a high-friction case while the second corre-

sponds to low friction on the side surface. A description of our

numerical simulation conditions are given in Table 1. The

results of the simulations are displayed in Figures 3–5.

Analysis of the simulation results obtained by
power-law hardening (cases a and b)
These cases revealed self-similar regimes for HPT, in complete

accord with the results of the analysis presented in subsection 2

of section “Model”. Indeed, as can be seen in Figure 3a,b, the

strain-rate field does not change as the torsion angle increases.

This implies that the strain depends linearly on β, at any point

of the specimen. This linear dependence is illustrated in

Figure 4a,b for five characteristic points shown in Figure 1. The

plots in Figure 5 show that the logarithm of the torque depends

linearly on the logarithm of the β. This means that the torque is

a power function of β. The exponent in both (a) and (b) is the

respective exponent of the hardening law: n = 0.18.

The numerical calculations are in accordance with the analysis

of subsection 2 of section “Model”: Self-similarity is caused

precisely by a power law form of the hardening curve, while

friction at the side surface of the specimen affects only the de-

pendence of the stress–strain state on the spatial coordinates. If

there is no friction (regime a), the stress–strain state is uniform

along the height of the specimen.

Analysis of the results of the numerical
simulations using a hardening curve with an
interval of power-law dependence (cases c
and d)
In the case of low friction (m = 0), the strain-rate field is con-

stant in some interval of β (Figure 3c). The plot of ln M as a

function of ln β coincides with the straight line in the same

interval (see Figure 5c). The exponent in this straight line is the

respective exponent in the hardening law, namely n = 0.18.

Thus, HPT has a self-similar behavior within this interval of β.

If the friction coefficient is large (m = 0.25), the interval of self-

similarity is practically nonexistent (see Figure 3c, Figure 4c

and Figure 5c).

Based on the simulation results, we can conclude that when the

hardening law has a power law interval, self-similar regimes

can emerge in HPT in some ranges of β when side-wall friction
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Figure 3: Maps of the von Mises strain rate in the (r,z) plane for different rotation angles β. An index above each figure corresponds to the index of
the respective case in Table 1.

is small. This intermediate self-similarity guarantees a simple

mathematical description of the process in the corresponding β
range. Outside this range, the plasticity problem has to be

solved for each value of β, since the simple power-law function

dependencies are not valid outside the interval. In particular,

in order to calculate the shear strain, we cannot use the

linear dependencies of Equation 1 and Equation 2, which, ac-

cording to Figure 4c,d, give results that are substantially

different from the results obtained numerically. In the absence

of self-similarity, the strain value depends on the hardening

curve.

Discussion
We have shown in subsection 2 of the section “Model” that the

uniform simple shear state along the height of the specimen is a

solution of the HPT problem in the case of ideally plastic mate-

rial when there is no friction on the cylindrical surface of the

anvil. On the other hand, according to Figure 3c the saturation

in hardening in HPT (see curve 2 in Figure 2) leads to a locali-

zation of the deformation in two thin layers near the plain sur-

faces of the anvils. One can verify by direct substitution that a

velocity field in the form of two thin layers of simple shear sep-

arated by a cylindrical rigid zone is also a solution of the HPT

problem for a perfectly plastic body when m = 0. This is a

known problem of non-uniqueness of solutions of the problem

of the ideal rigid plastic body [25]. A well-known method for

the regularization of this problem is introducing viscosity [25]

that allows for the allocation of only one velocity field. In the

case of large deformation of metals under HPT, such regulariza-

tion has a physical justification. It is due to the fact that the flow

stress of metallic materials in a sub-microcrystalline state sig-

nificantly depends on the strain rate, even at room temperature.

For this reason, there is need in the future to find self-similar

regimes of HPT in the frame of a viscoplastic model.

A natural question arises: What do these results imply for the

practice of HPT processing? This paper shows that, under

certain conditions, HPT evolves in a self-similar way, admit-

ting a simple mathematical description. This means that for

some range of torsion angles (henceforth, scaling range), the

HPT parameters are proportional to (β/β0)q, where β0 is an arbi-

trary angle that belongs to the scaling range (e.g., its median),

q = 0 for velocity and strain rate, q = 1 for shear strain and for

von Mises strain, q = n for shear stress and torque (where n is

the exponent of the power-law function approximating the hard-

ening curve in the given interval).



Beilstein J. Nanotechnol. 2016, 7, 1267–1277.

1275

Figure 4: Dependence of the von Mises strain on β in points 1–5 shown in Figure 1. The indices a, b, c and d correspond to the simulation conditions
shown in Table 1.

Figure 5: Dependence of torque on β in log–log coordinates. Each
curve is indexed with the index of the respective conditions given in
Table 1.

To apply this result to HPT in practice, let us formulate the

following scaling hypothesis: If, experimentally, there is a

range of torsion angles where the torque is a power function

of the angle, then the process is self-similar in this range. We

give a concrete example illustrating the application of this

hypothesis.

We have performed HPT experiments with different materials.

We used anvils of different types together with different sam-

ple sizes. The experimental conditions are presented in Table 2.

Figure 6 shows a log–log plot of the dependence of the torque

on β, for different alloys.

In all plots in Figure 6, there are clear linear intervals testifying

that at some stage of the process, the dependence of the moment

on β has a power form. Table 3 gives scaling ranges of beta and

their respective exponents.
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Table 2: The conditions of the HPT experiments.

1 2 3 4 5

material Ti Grade 1 Cu8Ag Steel C45 Al10Mg 77Ni23Cu

anvil type

specimen size Ø10 × 0.2 mm Ø10 × 0.2 mm Ø8 × 0.4 mm Ø10 × 0.2 mm Ø12 × 0.15 mm

pressure, GPa 7 4.5 6 5 7

rotation, rpm 1 1 1 1 1

temperature, °C 20 20 380 20 20

Table 3: Scaling ranges and their respective exponents.

Ti Grade 1 Cu8Ag Steel C45 Al10Mg 77Ni23Cu

n 0.278 0.231 0.186 0.09 0.273

self-similarity starts rad 0.18 0.09 0.15 0.10 0.30

turns 0.028 0.015 0.024 0.016 0.048

self-similarity stops rad 0.72 1.34 8.00 1.65 1.60

turns 0.11 0.21 1.27 0.26 0.25

Figure 6: Log–log plot of the dependence of the torque on β, obtained
from experimental data.

In the scaling ranges in Table 2, the slope n of the tangent line

is equal to the exponent of the hardening curve, while the shear

strain in any point of the specimen is given by the formula:

(41)

Here Φ(r,z) is the shear strain distribution in the specimen when

β = β0.

Conclusion
This paper shows that HPT admits a simple mathematical

description when the deformed material hardens according

to a power function. In this case, the process is self-similar,

and all its parameters have a power form dependence on

the torsion angle β of the anvil. In particular, the shear strain

in any point of the specimen is a linear function of the torsion

angle β.

When the hardening curve has an interval that is well approxi-

mated by a power function, HPT can become self-similar in the

corresponding range of β. According to the scaling hypothesis

formulated in the Discussion section, this range corresponds to

the interval where the plot of ln M as a function of ln β can be

well approximated by a straight line.

To conclude, any simple scaling expressions for HPT parame-

ters in terms of β are valid only in the scaling ranges. Outside

the scaling ranges, we still have to solve a plasticity problem to

determine the HPT parameters for each β value. In particular,

one cannot use Equation 1 and Equation 2 to compute shear

strain in this case.

In [22] the scaling nature of the power-law interval of

the hardening curve was established based on the self-

similarity of the microstructure. Therefore, self-similarity at

the micro-level is a physical reason of self-similarity at the

macro-level.



Beilstein J. Nanotechnol. 2016, 7, 1267–1277.

1277

References
1. Gleiter, H. Acta Mater. 2000, 48, 1–29.

doi:10.1016/S1359-6454(99)00285-2

2. Zhilyaev, A. P.; Langdon, T. G. Prog. Mater. Sci. 2008, 53, 893–979.

doi:10.1016/j.pmatsci.2008.03.002

3. Valiev, R. Z.; Estrin, Y.; Horita, Z.; Langdon, T. G.; Zehetbauer, M. J.;

Zhu, Y. JOM 2016, 68, 1216–1226. doi:10.1007/s11837-016-1820-6

4. Feng, B.; Levitas, V. I. J. Appl. Phys. 2013, 114, 213514.

doi:10.1063/1.4840875

5. Feng, B.; Levitas, V. I. J. Appl. Phys. 2016, 119, 015902.

doi:10.1063/1.4939488

6. Levitas, V. I. Phys. Rev. B 2004, 70, 184118.

doi:10.1103/PhysRevB.70.184118

7. Edalati, K.; Horita, Z.; Langdon, T. G. Scr. Mater. 2009, 60, 9–12.

doi:10.1016/j.scriptamat.2008.08.042

8. Kim, H. S. J. Mater. Process. Technol. 2001, 113, 617–621.

doi:10.1016/S0924-0136(01)00709-9

9. Yoon, S. C.; Horita, Z.; Kim, H. S. J. Mater. Process. Technol. 2008,

201, 32–36. doi:10.1016/j.jmatprotec.2007.11.204

10. Pereira, P. H. R.; Figueiredo, R. B.; Cetlin, P. R.; Langdon, T. G.

Mater. Sci. Eng., A 2015, 631, 201–208.

doi:10.1016/j.msea.2015.02.052

11. Figueiredo, R. B.; Aguilar, M. T. P.; Cetlin, P. R.; Langdon, T. G.

J. Mater. Sci. 2012, 47, 7807–7814. doi:10.1007/s10853-012-6506-z

12. Levitas, V. I.; Zarechnyy, O. M. High Pressure Res. 2010, 30, 653–669.

doi:10.1080/08957959.2010.534990

13. Lee, D. J.; Yoon, E. Y.; Park, L. J.; Kim, H. S. Scr. Mater. 2012, 67,

384–387. doi:10.1016/j.scriptamat.2012.05.024

14. Cao, Y.; Kawasaki, M.; Wang, Y. B.; Alhajeri, S. N.; Liao, X. Z.;

Zheng, W. L.; Ringer, S. P.; Zhu, Y. T.; Langdon, T. G. J. Mater. Sci.

2010, 45, 4545–4553. doi:10.1007/s10853-010-4485-5

15. Barenblatt, G. I. Scaling, Selfsimilarity, and Intermediate Asymptotics;

Cambridge Texts in Applied Mathematics, Vol. 14; Cambridge

University Press: Cambridge, United Kingdom, 1996.

doi:10.1017/CBO9781107050242

16. Taylor, G. Proc. R. Soc. London, Ser. A 1950, 201, 175–186.

doi:10.1098/rspa.1950.0050

17. Hughes, D. A.; Liu, Q.; Chrzan, D. C.; Hansen, N. Acta Mater. 1997,

45, 105–112. doi:10.1016/S1359-6454(96)00153-X

18. Hill, R. The mathematical theory of plasticity; Oxford University Press:

Oxford, United Kingdom, 1998.

19. Crank, J. The mathematics of diffusion; Oxford University Press:

Oxford, United Kingdom, 1975.

20. Levitas, V. I. Large Deformation of Materials with Complex Rheological

Properties at Normal and High Pressure; Nova Science Publishers,

Inc.: New York, NY, U.S.A., 1996.

21. Pippan, R.; Scheriau, S.; Taylor, A.; Hafok, M.; Hohenwarter, A.;

Bachmaier, A. Annu. Rev. Mater. Res. 2010, 40, 319–343.

doi:10.1146/annurev-matsci-070909-104445

22. Beygelzimer, Y.; Toth, L. S.; Jonas, J. J. Adv. Eng. Mater. 2015, 17,

1783–1791. doi:10.1002/adem.201500097

23. Scientific Forming Technologies Corporation. DEFORM v11.0

Documentation. http://www.deform.com/ (accessed June 14, 2016).

24. Zhao, Y.; Massion, R.; Grosdidier, T.; Toth, L. S. Adv. Eng. Mater.

2015, 17, 1748–1753. doi:10.1002/adem.201500012

25. Mosolov, P. P.; Myasnikov, V. P. Mechanics of rigid plastic bodies;

M.-Nauka, 1981.

In Russian.

License and Terms

This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.7.117

http://dx.doi.org/10.1016%2FS1359-6454%2899%2900285-2
http://dx.doi.org/10.1016%2Fj.pmatsci.2008.03.002
http://dx.doi.org/10.1007%2Fs11837-016-1820-6
http://dx.doi.org/10.1063%2F1.4840875
http://dx.doi.org/10.1063%2F1.4939488
http://dx.doi.org/10.1103%2FPhysRevB.70.184118
http://dx.doi.org/10.1016%2Fj.scriptamat.2008.08.042
http://dx.doi.org/10.1016%2FS0924-0136%2801%2900709-9
http://dx.doi.org/10.1016%2Fj.jmatprotec.2007.11.204
http://dx.doi.org/10.1016%2Fj.msea.2015.02.052
http://dx.doi.org/10.1007%2Fs10853-012-6506-z
http://dx.doi.org/10.1080%2F08957959.2010.534990
http://dx.doi.org/10.1016%2Fj.scriptamat.2012.05.024
http://dx.doi.org/10.1007%2Fs10853-010-4485-5
http://dx.doi.org/10.1017%2FCBO9781107050242
http://dx.doi.org/10.1098%2Frspa.1950.0050
http://dx.doi.org/10.1016%2FS1359-6454%2896%2900153-X
http://dx.doi.org/10.1146%2Fannurev-matsci-070909-104445
http://dx.doi.org/10.1002%2Fadem.201500097
http://www.deform.com/
http://dx.doi.org/10.1002%2Fadem.201500012
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.7.117

	Abstract
	Introduction
	Model
	1 Rigid plastic flow formulation for HPT
	2 A self-similar solution of the rigid plastic flow problem for HPT
	Results of numerical simulations
	Analysis of the simulation results obtained by power-law hardening (cases a and b)
	Analysis of the results of the numerical simulations using a hardening curve with an interval of power-law dependence (cases c and d)

	Discussion
	Conclusion
	References

