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One of the great challenges in the processing of materials using Equal
Channel Angular Pressing (ECAP) is the high forming forces required to
produce large shear deformation in the material. Researchers show that the
friction forces between the die and the sample constitute a great part of the
total forming forces. Recently, ultrasonic vibrations are successfully
implemented into the ECAP process with the aim of reducing the friction
forces. However, there is still need to optimize the parameters of ultrasonic
vibrations in the ECAP process using numerical methods. FE simulation of
the ultrasonic assisted ECAP process is very time-consuming and during
simulation, the constant ram speed has interaction with the vibration speed.
A virtual increase in the ram speed for simulation of ultrasonic assisted
ECAP process will affect the results. By using Coulomb and Dahl friction
models, it is analytically shown how vibration speed and constant ram speed
interact with each other during FE simulation. The results clearly suggest
against using virtually higher speeds in numerical modelling of the vibrated
ECAP process. The conclusion is reached through comparing several
simulations, as well as an analytical formulation, with experimental data
from literature. The required friction coefficient values to be used in FE
simulation at high contact forces are measured experimentally. An
alternative strategy is then offered to speed up FE simulation of the vibrated
ECAP process without the need for a virtual increase in the ram speed. The
proposed strategy can increase the simulation speed of the ultrasonic assisted
ECAP process up to ten times.

©2016 Iranian Society of Acoustics and Vibration, All rights reserved.

1. Introduction

Equal Channel Angular Pressing (ECAP) is a kind of processing method in material science that
produces metal and non-metal parts with ultra-fine grains. The unique properties of the ECAP
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processed materials are restricted by the many practical difficulties in this process. Two main
problems in using the ECAP method are the high forming forces for some metallic materials and
the low velocity of the process. Several research works are dedicated to study the forming force
in an ECAP process (Khan et al., 2003; Son et al., 2007 [1, 2]). One possible method to reduce
the forming force is to reduce friction forces. Friction forces not only constitute an important part
of the forming forces but also influence the material flow and strain inhomogeneity in the equal
channel angular pressing process (Patil, 2008 [3]). It is theoretically proved that using ultrasound
reduces the forming forces up to several times (Faraji et al., 2014 [4]). However, the high friction
coefficient is also useful to reduce the corner gaps and to achieve a uniform strain behavior in a
sample (Djavanroodi and Ebrahimi, 2010 [5]). Based on the material strength and our
expectations from the final part, the friction coefficient should be compromised at a moderate
level.

Ultrasonic vibrations affect the material deformation in two ways. Firstly, at the presence of
ultrasonic vibrations, metals show significant temporary softening which is sometimes referred
to as the acoustoplastic effect (Malygin, 2000; Lee et al., 2003 [6, 7]). Secondly, ultrasonic
vibrations can reduce the friction coefficient between the die and the specimen (Pohlman and
Lehfeldt, 1966; Kumar and Hutchings, 2004 [8, 9]). Moreover, investigations show that the
acoustoplastic effect is of secondary importance in comparison with the effect that ultrasonic
vibration has on the friction coefficient rate (Ahmadi and Farzin, 2013 [10]).

Djavanroodi et al. (2013 [11]) applied ultrasonic vibrations into the ECAP process and reported a
considerable reduction in forming forces. Theoretical study of the effect of ultrasonic vibrations
in friction reduction is offered in several researches (Pohlman and Lehfeldt, 1966; Kumar and
Hutchings, 2004; Littmann et al., 2001; Tsai and Tseng, 2006; Siegert and Ulmer, 2001 [8, 9],
[12-14]). There exist several reports which investigated the ECAP parameters numerically
(Djavanroodi and Ebrahimi, 2010; Lu et al., 2011; Mahallawy et al., 2010 [5, 15, 16]).
Numerical modelling of the ECAP process using the actual ram speed will cause very high
computation time. Hence, researchers normally prefer to use virtually higher speeds in their FEM
simulations. It means that the ram speed in simulations is normally higher than the ram speed in
a real experiment. This is acceptable in a non-ultrasonic assisted ECAP process because it is
reported that a pressing speed has no significant influence on the forming forces in the absence
of ultrasonic vibrations. However, this is not the case for ultrasonic assisted processes. In this
kind of process, the ram speed has interaction with ultrasonic vibrations which substantially
affects the final results. The current study investigates the influence of using virtually higher ram
speeds in simulation of ultrasonic assisted ECAP process on the results’ accuracy. The accuracy
of FEM analysis mainly depends on the accuracy of the friction coefficient value employed. The
coefficient of friction considerably changes by changes in the contact force. Therefore, in this
study, the coefficient of friction for an aluminium alloy and steel system is measured
experimentally to be used in simulations. The experimentally measured friction coefficient is
employed in the following FEM analysis. According to FEM results, when ultrasonic vibrations
is a concern in simulation, the assigned ram velocity significantly influences the friction rate and
using unreal higher speeds to the aim of reducing computational time will result in a great
discrepancy from experimental data. In the current study, this issue is analytically discussed
using Coulomb and Dabhl friction models. It is presented how ram speed and ultrasonic vibrations
interact with each other during simulation. Also, a novel procedure is recommended to avoid
virtual ram speed error and benefit from a rapid simulation.
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2. Friction coefficient measur ement

The friction between two materials is a characteristic of a system consisting of the types of the
base and sliding materials as well as the condition at their interface. The friction coefficient can
be determined only through experimental measurement. In the ECAP process, a sample
experiences variable loads while sliding inside two channels. The coefficient of friction changes
drastically by changes in the normal load. Thereupon, in the current study, the friction coefficient
of the Al-1070-Steel system is obtained for different contact pressures. Samples with different
surface roughness values are fed as initial input to the ECAP die. Then, in addition to applied
normal load, the effect of surface roughness on a friction coefficient has been investigated.

For empirical measurement of the friction coefficient in a real working condition of the system,
many tribometer devices have been designed and are in use. Severe Plastic Deformation (SPD) is
a special process which involves very high contact pressures (about several times the sample’s
yield strength) (Malygin, 2000 [6]). In this process, friction is the most influencing parameter on
the magnitude of the required force. However, for many material pairs, there are no reliable
friction coefficient values in the literature. Lai et al. (2012 [17]) have developed a friction test
apparatus for measuring the friction coefficient between sheet metals in a crash test. They have
designed their device to be used in the measurement of friction coefficient values at relatively
high contact pressures (up to 100 MPa). However, this amount of pressure is still too low as
compared with the pressures involved in some metal forming methods like SPD. Recently,
Pougis et al. (2013 [18]) suggested a suitable method for measuring the friction coefficient value
at very high contact pressures and low speeds. In the current study, the apparatus proposed by
Pougis et al. (2013 [18]) is redesigned and used for friction coefficient measurement.

Figure (1) shows a photograph of the tribometer fabricated for this study. It consists of the main
body, mandrel, two jaws and a load cell for measuring an applied force. Material type of the jaws
is chosen the same as the real SPD die’s material, steel. The mandrel holds a sample and moves
it between the two jaws. To guarantee that only sample tips will be in contact with the jaws’

surface, the length of the specimen is set about 0.1 mm longer than the mandrel wide length on
both sides.

Fig. 1. The tribometer used in the current study
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One of the jaws can move easily in one direction which helps to locate the mandrel and specimen
between the jaws. Its motion is limited in other directions by four guide rods. A moveable jaw,
connected to a fastening screw, can be pushed by a load cell. By tightening the screw, it is
possible to create compression stress at the specimen between the two jaws and inside the
mandrel. The whole system is attached to a tensile test machine as shown in Fig. (2).

, Plunger of the tensile test
//' machine which can move the
/ mandrel inside the jaws

. Tribometer
.

Load indicator connected _
to a load cell

Fig. 2. Experimental setup for friction coefficient measurement

In fact, the plunger of the tensile test machine is connected to the mandrel of the tribometer. An
indicator shows the applied load on the specimen measured by a load cell. After setting the
desired applied hydrostatic load on a specimen by fastening a screw and checking the load in the
indicator, the plunger moves the specimen down on the jaw’s face. The displacement speed of
the plunger can be controlled via a computer program. The load and displacement values of the
plunger are recorded by an electronic data acquisition system available on the machine.

This system is a new arrangement of the friction test apparatus offered by Pougis et al. (2013
[18]). However, the efficiency of the tribometer is improved in few ways.

The friction coefficient of the Al-1070-Steel system is calculated using Eq. (1). In this equation,
u stands for the friction coefficient, Fr is the tangential force and Fy shows the normal force. It
should be noted that the factor 2 in Eq. (1) is due to the presence of two sliding surfaces.
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Fr
u= E )

3. Finite element modelling

Three-dimensional finite element modelling is carried out to investigate the ECAP process using
the ABAQUS/Explicit software. The model is firstly designed in a CAD software and then
exported to the FEM code. The material properties were selected as for 1070 Aluminium alloy.
The plastic deformation behavior of the material follows the relation o(MPa) = 104.3¢%-168
where o is the effective von-misses stress and € is the effective plastic strain. The material and
other parameters are slected such that the simulation results can be validated with experimental
data from literature (Djavanroodi et al., 2013 [11]). The contact between the surface of the rigid
die and the specimen is modelled as surface-to-surface contact where a finite amount of sliding
between the surfaces is allowed. The dry frictional behavior of the contact pair is assumed to
follow the Coulomb’s law. Table 1 shows the values of the parameters used in modelling. The
specimen is modeled as a deformable member and the die is considered as a rigid body.

Table 1. Parameters used in simulation (Djavanroodi et al., 2013 [11])

Billet diameter (mm) Billet length (mm) Die angle ¢ Channel arc y
20 150 90° 15°

A linear C3D8R element type from the explicit library of ABAQUS software is chosen for
meshing the specimen. C3D8R is an eight-node brick element with reduced integration. Thanks
to the reduced integration characteristic of the C3D8R type element, not only the locking
phenomenon eliminates, but also the computation time is reduced considerably. The latter is vital
in modelling of the ECAP process. About the precision, this element is preferred as compared
with the full integrated element (C3DS) in plasticity and problems involving high strains. The
integration point of the C3D8R element is located at the center of the element and then stress and
strain values are most accurate at integration points. Hence, small elements are required to
capture a stress concentration at the weak points of the model. Hourglassing is the main issue in
using this element. To ensure hourglassing will not affect the results, the hourglass control is set
in the enhanced mode. High concentrated stress and strain values cause element distortion during
the modeling procedure. To overcome these interruptions, the ALE adaptive remeshing
technique was used in simulations. However, despite all measures, it is observed that there exist
some elements with very high undesired strains. It is found through several trial and error efforts
that by changing the incremental time from the step module, this problem can be fixed. The
R3D4 element type is employed for meshing the rigid bodies. The specimen and rigid bodies
were constituted from 27323 and 13748 elements respectively. It is found that further refinement
in the element size does not result into any considerable change in the output force. It is thus
concluded that the selected number of elements is enough for modeling the ECAP process.
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4. Analytical modelling

Although the application of ultrasonic vibration has no considerable effect on the equivalent
plastic strain of the material (Faraji et al., 2014 [4]), it causes a considerable reduction in the
forming forces. For simplicity of the numerical methods used in modelling the ECAP process,
researchers prefer to use constant friction coefficient between the die and the specimen.
However, in practice, the specimen experiences variable frictional behavior while sliding at
different locations of the die. Generally, the total force required in the ECAP process to push the
specimen can be described as F. = Fig + Fg, + Fey + Fex + F; where F. is the total forming force,
Fiq 1s the ideal forming force (no friction state), Fy, is the force required to overcome the shearing
strain, Fe, is the force needed to overcome the friction in the entrance area of the die, F., is the
force to overcome the friction in the exit section of the die and F; is the force to overcome the
friction in the arc section of the die. According to the separation and contact mechanism
proposed by Mousavi et al. [19], it is the friction force in the die entrance channel (F.,) that is
mostly affected by the ultrasonic vibrations because of the decreased actual contact time between
the die wall and the material flow.

Nevertheless, there is no doubt that ultrasonic vibrations have a considerable effect on the
frictional forces. The real mechanism behind this phenomenon is relatively opaque. The
separation and contact mechanism proposed by Mousavi et al. [19] are not useful for quantitative
evaluation of the influence that ultrasonic vibrations have on the ECAP process. A theoretical
investigation about the friction forces under ultrasonic vibrations is done by Littmann et al.
(2001, [12]) for an ultrasonic machining process. It is reported (Tsai and Tseng, 2006 [13]) that
vibrations can reduce the friction coefficient only if the vibration velocity amplitude is higher
than the relative velocity between the die and the specimen as a base motion. In this study, the
Coulomb and Dahl friction models are employed to show why using virtually high speeds in FE
modelling of the ultrasonic assisted ECAP process affects the final results. The following
discussions clearly indicate that the analyses with both friction models anticipate almost the
same amount of interaction between the constant ram speed and vibration speed.

5. Results and discussion

5.1. Friction coefficient measurement results

Figure (3) shows the kinetic friction coefficient value for polished and machined samples. It can
be simply concluded that the effect of normal pressure is much greater than the surface
roughness for the range under study. The effect of surface roughness is shown more significant at
small normal pressures (lower than the softer material’s yield strength). The friction coefficient
becomes independent of the surface roughness at high normal pressure values (higher than the
material’s yield strength as it is the case in the ECAP process).
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Fig. 3. Comparison of the kinetic friction coefficient in polished and rough surfaces

As shown in Fig. (3), the curve of the friction coefficient becomes approximately flat at pressure
values higher than 0.6 GPa. It can be interpreted that at very high contact pressure values, the dry
friction coefficient for Aluminium alloy and Steel system is about 0.14. This value is used in all
contact surfaces between the Aluminium alloy specimen and a steel die.

5.2. FE results

Fig. (4) shows the configuration used for FE modelling in the current study. To calibrate the
model, initial modelling is performed for conventional and ultrasonic assisted ECAP processes
and the results are compared with experimental data from literature. As shown in Figs. (5) and
(6), the results of analysis for the pressing forces are in good agreement with experimental data
[11] for the conventional and ultrasonic assisted ECAP processes. This assures that the selected
number of elements and contact conditions are properly set.
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Fig. 4. FE modelling of the ECAP process
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Fig. 5. Comparison between FE simulation of the conventional ECAP process and
experimental data (Djavanroodi et al., 2013 [11])
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Fig. 6. Comparison between FE simulation of the ultrasonic assisted ECAP process and
experimental data (Djavanroodi et al., 2013 [11])

In practice, a high amount of heat is produced due to friction forces and thereupon, the ram speed
is usually kept low (at about 2 mm/s). However, it is experimentally proved by Gurau et al.
(2014 [20]) that if the effect of heat production is negligible, the stress values on the elements
will not differ by changing the ram speed in the conventional ECAP process (Chung et al., 2003
[21]). Investigations show that the pressing speed has no significant influence on the equilibrium
size of the ultrafine grains formed by the ECAP process and the forming force. However, lower
speeds help to obtain an easier recovery. In addition, these lower speeds produce more
equilibrated microstructures (Valiev and Langdon, 2006 [22]). In modelling of non-vibrated
ECAP process, for time saving reasons, the simulation is run with ram speed of about 100 mm/s
or higher which is much greater than the ram speed in the related experiment. However, as it is
obvious from Fig. (7), using virtually higher ram speeds in FE simulations affects the results
considerably. According to Fig. (7), as the difference between the real ram speed and the
virtually used ram speed in simulations increases, the discrepancy between the results from
simulation and experiments increases as well. For the purpose of modelling ram vibrations in the
ultrasonic assisted ECAP process, a sinusoidal vibrating boundary condition is employed.

175



M. Eskandarzade et al. / Journal of Theoretical and Applied Vibration and Acoustics 2(2) 167-184 (2016)

1.6x10% 4
1.4x105 4
1.2x105 4
g 105
o .
e ¢ Experiment
o 8.0x104 . .
w ——=e&—— Sim. Ram velocity: 300mm/sec
6.0x104 :' —————— Sim. Ram velocity: 200mm/sec
——2-—  Sim. Ram velocity: 100mm/sec
4.0x10%
2.0x10% 4 . léz
oy
0 U"".LQJJ% T T T T

0 10 20 30 40 50

Ram displacement (mm)

Fig. 7. Virtually increasing the ram speed in FE simulation of the ultrasonic assisted ECAP
process affects the obtained results as compared with experimental measurements

5.3. Comparison between Coulomb and Dahl friction models

The amount of friction coefficient reduction anticipated by analytical models is investigated for
the Coulomb’s and Dahls’ friction laws. It is assumed that a high power piezoelectric crystal
(device for imposing vibrations to the specimen in the ECAP process) is used to vibrate the
specimen based on the following equation:

X= aO Sin(27r ft) (2)
The vibrating velocity at the surface of the sample will then be:

v, = ag X 2nf X cos(2mft) 3)

The total velocity v, of a particle in the sample is the superposition of vibration velocity induced
by the ultrasonic device v, and the constant velocity due to constant speed of the hydraulic ram
v, as shown by Eq. (4).

Ve =V, + ag X 2f X cos(2mft) 4)
According to Eq. (4), if the oscillating term is high enough, the sign of the term for total velocity

v, changes periodically. It is clear that the changes drastically depend on vibration frequency.
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In the Coulomb friction model, a rigid behavior is assumed for both contact surfaces. According
to Eq. (5), in this model, the magnitude of friction force is affected only by the normal contact
force Fyy and the friction coefficient. In addition, the direction of total velocity v; determines the
sign of the friction force.

Fr = uFy.sgn (vt) )

However, in the Dahl friction model, it is assumed that the asperities of the rough surfaces act
like a spring and sliding occurs when the spring breaks out. The friction reduction value y; based
on the Dahl model and due to ultrasonic vibrations can be calculated based on Littmann et al.
(2001, [12]) as:

1 ifo=>1
= 2'—119 if—1<9<1; 19—& (6)
U 7Tsm if <9<1; v
-1 ifo<-1

in where v, is the constant ram speed and v, is the amplitude of ultrasonic vibration speed in the
ultrasonic assisted ECAP process. This formula is in good agreement with experimental results
offered by Littmann et al. (2001 [12]) when ¥ > 0.25. For 9 < 0.25, experimental results show
that u; must be considered as 0.25. In other words, there exists a limit for friction reduction using
ultrasound vibrations in experiments and it is not possible to remove the total friction effect
ultrasonically. Then, Eq. (6) can be modified to give Eq. (7) by taking into account the
experimental findings (see Fig. (8)).

1 ifv>1
2 ) v,
= | -sin Y if025<9<1; 9= o 7
v
0.25 if 9 <0.25
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when using ultrasonic vibrations

178



M. Eskandarzade et al. / Journal of Theoretical and Applied Vibration and Acoustics 2(2) 167-184 (2016)

Fig. (9) shows the comparison between the amount of friction forces calculated using Dahl and
Coulombs friction models for the state that both constant and vibration speeds have been applied
on the ram. The friction reduction value y; as per the Dahl friction model for the condition of the
current experiment can be calculated as follows:

The displacement field of ultrasonic vibrations in the experiment is:

X = 2.5 x 107°sin(40,000t) mm (8)

The vibration velocity will then be:
v, = 0.314 cos(40,000mt) mm/s )

The constant ram speed in the experiment is about 0.2 mm/s . Therefore, it is concluded that
9 = 0.2 /0.314 = 0.64. Hence, for this experiment condition, the friction reduction value y; is
theoretically calculated as:

2
W =—sin""9 = 0.44 (10)

s
This means that by applying ultrasonic vibrations, the friction coefficient is reduced to about half
its value. Because the vibration velocity changes by time, the y; calculated here is the time
averaged friction reduction value for one oscillation period. For the special case where there is
no constant motion of the ram (vz = 0), the variable 9 will be zero and hence, the theoretically
calculated average friction coefficient for a vibrating die/ram system will be zero as well. It
should be noted that despite the zero averaged friction coefficient, some energy will be
dissipated during such vibrations. For 0 < < 1, the value of dissipated energy can be
calculated using Eq. (11) (Littmann et al., 2001 [12]):

)
w= [ Fp(H)x v(t)dt :%(sgn-‘ 9+~1-9%) (1n
0 T

where in this equation Fg(t) is the transient Coulomb’s friction force and T is the time period of
oscillations. This energy is too low in comparison with the strong friction reduction effect of
ultrasonic vibrations. It means that by adding ultrasonic vibrations and spending a little energy
for ultrasonic excitations, considerable reduction in friction is achievable.

In practice, the friction coefficient will not be zero even by adding ultrasonic vibrations, and as
mentioned previously, there exists a limit for the friction reduction factor y; = 0.25. There are
two main reasons for this fact. Firstly, the longitudinal ultrasonic vibrations cannot follow the
changes in the direction of the billet easily and thus, these vibrations are effective only at the
straight section of the entrance channel of the die. Secondly, ultrasonic vibrations naturally decay
on an exponential trend by distance from the source (top of the billet) due to wave absorption
and scattering.

As discussed, using the Dahl friction model, the friction coefficient in the ECAP process gets
halved by adding ultrasonic vibrations. Furthermore, using the Coulomb friction model (Eq. (5)),
the average friction coefficient for the same vibration condition will be 0.45 times the actual
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friction value. This is almost the same with the results from the Dahl model for this oscillation
condition. The average friction coefficient reduction ratio in one vibration period is calculated
using Eq. (12).

1

n
= FN”Z Frtving)-sgn (ve) (12)
i=

where n is the number of time steps in one vibration period:

_ 21 1)
n= wAt

5.4. A strategy to speed up FE simulation of the vibrated ECAP process

Figure (10) illustrates the amount of friction reduction rate by changing the frequency and at
constant ram speed. These results are extracted based on the Dalh friction model (Eq. (7)). These
curves indicate that it is necessary to employ high-frequency vibrations for higher constant ram
speeds. For example, vibrations with frequencies lower than 120 KHZ do not reduce the friction
coefficient at all. Another useful application of such calculation can be in FE analysis of the
ultrasonic assisted ECAP process. As discussed above, virtually soaring the ram speed in
simulations will result in discrepancy from experimental data for the ultrasonic assisted ECAP
process. A plausible strategy is to calculate an effective friction value based on Eq. (7) and to use
this value in oscillating surfaces to the worth of removing ultrasonic vibrations from simulation
and consequently, increase the simulation speed. In fact, by knowing the amplitude of the
constant ram speed and the vibrating speed of the ram, it is possible to calculate a friction
reduction factor using Eq. (7). In this way, FE simulations can be run in lower times (orders of
five to ten times) with the benefit of considering the effect of ultrasonic vibrations.

1.2
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Fig. 10. The relation between constant ram speed, vibration frequency and a friction reduction rate
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This strategy is implemented to the ultrasonic assisted ECAP modelling system presented in
Djavanroodi et al. (2013 [11]). The results are compared in Fig. (11). In the simulation
procedure, ultrasonic vibrations are included and the value of 0.12 is used as the coefficient of
friction for all surfaces. However, in the suggested strategy of the current work, Eq. (7) is used to
calculate a correction factor (0.44 for current calculations (Eq. 10)) which is then multiplied with
a real coefficient of friction (0.12) for the affected surfaces (0.44 X 0.12 = 0.053).
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20 4
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Fig. 11. Simulation of ultrasonic assisted ECAP process based on Eq. (7)

As it can be seen from Fig. (11), by removing ultrasonic vibration from the simulation and
adding its effect in simulations, acceptable results are obtained.

In addition to the comparison of the results of FE simulation using the suggested strategy with
the data from Djavanroodi et al. (2013 [11]), the proposed method is applied on the data
provided by Ahmadi and Farzin (2013 [10]). In this reference, authors have investigated different
aspects of FE simulation for the ultrasonic assisted ECAP process. Table 2 indicates the
parameter values used in the simulation procedure of the current study and the simulation
process from Ahmadi and Farzin (2013 [10]). Ahmadi and Farzin (2013 [10]) simulated the
ultrasonic assisted ECAP process in two steps (Fig. (12)).

Table 2. Parameters used in simulation based on reference (Ahmadi and Farzin, 2013 [10])

Billet diameter  Billet length  Dieangle ¢ U Material properties v, vy,
(mm) (mm) o (MPa) (mm/s)
10 50 90° 0.1 124.3¢%2 20 1256c0s(125664t)
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Rigid ram: Ram
Step1:
U,=U,=0
Us = 2()()mm/sec
u=20.1
Step 2:
U=U,=0
Us = 2Ormn/sec
u = 0.025
Rigid die:
Step1 & Step2: Die
Uy=U,=U3=0

Fig. 12. Boundary condition of FE simulation using the proposed strategy

In the first step which takes 0.05 s, ultrasonic oscillations are not yet active. For this reason, as
shown in Fig. (13), no oscillations are recorded for the forces. Fig. (12) shows the boundary
conditions during the steps one and two for a deformable sample and rigid die. In the second step
which takes about 0.01 s, vibrations are induced which causes an abrupt reduction in the average
required ram force as seen from Figure 13. In this step, the required force shows rapid changes
between the maximum and minimum values but the average required force in this condition is
considerably lower than the one without vibration (say step one). These results are obtained
using the traditional simulation method and by considering vibrations in simulations. In this
study, to validate the proposed strategy, a similar two-step simulation process is repeated but this
time by removing vibrations from simulations and considering the friction correction factor as
discussed above. As it is evident from Fig. (13), the results of simulation using both methods are
coinciding at the first step because all parameters are equal in this step for both methods. A little
difference at this stage can be referred to the different mesh sizes. However, at the second step
using the proposed strategy, a corrected friction coefficient is used and no vibration is included.
As a result, although rapid changes at the required ram force are appeared again, no oscillation is
recorded in the second step using the proposed strategy. The average of the oscillating ram force
in the traditional simulating method is fairly good coinciding with the result of the simulation
using the proposed strategy (Fig. (13)). It means that the results of simulations using the two
methods support each other.
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Fig. 13. Comparison between the results of simulation with and without (proposed strategy)
adding vibration on a ram

The two comparisons discussed above confirm that the proposed strategy for simulating an
ultrasonic assisted ECAP process is reporting acceptable results.

6. Conclusion

3D finite element simulation of the conventional and vibrated ECAP processes are conducted for
several ram speeds. An analytical procedure based on the Coulomb and Dahl friction models is
also proposed. The following results are obtained:

Analytical calculations showed that it is the interaction between the constant ram speed
and the vibrated speed of the ram which dictates the amount of friction reduction in the
ultrasonic assisted ECAP process.

Unlike the conventional ECAP process, due to the related errors, there is great restriction
in virtually increasing the ram speed in FE simulation of the ultrasonic assisted ECAP
process. It is highly recommended to use the real ram speed in numerical modelling of
the ultrasonic assisted ECAP process.

A novel strategy is proposed to speed up FE simulation of the vibrated ECAP process. It
is shown possible to calculate, theoretically, an ultrasonic correction factor based on the
Dahl or Coulomb friction models and use this factor in the FE codes to the worth of
removing ultrasonic vibration from simulations. Using such technique, the computation
time reduces up to ten times while fairly accurate results can be achieved as well.
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