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Abstract: Four virtual schemes for realizing the Equal Channel Angular Extrusion (ECAE) using a movable
ram-die with different geometries of their deformation spaces (extrusion angles) have been developed and
considered. On the basis of the performed simulations using CAD/CAM software, the data on the mean
values of effective strain and their distribution are processed depending on the contact friction between
the tool and the work-piece. The selected modes are compared and analyzed in terms of effective strain
means and their dependence on contact friction. It has been found that the single-angled ECAE-MRD
modes allow for a greater mean values of the effective strain compared to multi-angled ECAE patterns. It
has been proven that the strain distribution non-uniformity and the filling of the deformation space depend
on the contact friction.
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1. INTRODUCTION

The Equal Channel Extrusion (ECAE) has
been invented in the 1970’s and it has been
described first in [1]. The various SPD
processes and regimes aim and result in the
development of the ultra-fine grained (UFG)
and nanocrystalline (NC) structure in the
deformed under their recrystallization
temperature materials [2, 3]. The most widely
used scheme for severe plastic deformations
(SPD) is ECAE based on simple shear,
concentrated in a relatively narrow
deformation section, between the intersecting
grooves of the channels [4, 5]. As a processing

operation, ECAE presents several significant
technological advantages, the most important
of which is the development of uniform,
severe and localized steady simple shear in the
transverse cross sections of deformed work-
pieces [5, 6].

A major disadvantage to apply the ECAE
deformation schemes, besides the limited
length of the billets [7], is the contact friction
force emerging between the work-pieces and
the die channel walls, which increases the
surface tension, strongly altering the
distribution of stress-strain state in the volume
of the deformed body [8]. A solution to this
problem is proposed by providing some
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movable parts of the deformation space - a
moving ram-die and a fixed counter-support —
ECAE-MRD [9, 10].

The present research introduces the results
of a 3D simulation investigation, conducted to
determine the distribution of the accumulated
strains in an equal channel single and multi-
angular extrusion with a movable ram-die and
a counter-support as an effective technological
scheme with limited friction forces. The
deformation scheme and the tool equipment
ensure a movable deformation space with two
movable walls (ram-die) and a slightly mobile
(related to two of the die-container walls)
deformed work-piece.

The present research introduces the results
of a 3D simulation investigation, conducted to
determine the distribution of the accumulated
strains in an equal channel single and multi-
angular extrusion with a movable ram-die and
a counter-support as an effective technological
scheme with limited friction forces. The
deformation scheme and the tool equipment
ensure a movable deformation space with two
movable walls of movable ram-die (ECAE-
MRD) and a slightly mobile (related to two of
the die-container walls) deformed work-piece.

2. MATERIALS AND METHODS

The three-dimensional modeling of the
ECAE-MRD processes was performed at room
temperature for a work-piece of deformable
low-alloyed aluminum material having a cross-
sectional dimension of 10.6 x 10.6 mm, a
length of 70 mm (125 mm) and a ram-die
movement speed of 5 mm/sec. The chosen
lubricant is from package standard database
with contact friction coefficient 0.05.

2.1 Virtual tool for Single-angled ECAE-MRD

The virtual tools to realize single-angled
ECAE-MRD (Fig. 1) are composed from the
following elements: die-container - 1; counter-
support - 2; ram-die — 3; vertical channel - 4; -
outlet calibration channel — 6. The vertical and
calibration outlet channels are mutually
intersecting (at an extrusion angle @), forming

the zone of simple shear — 5 (Fig.1). The
virtual tools operate as follows: in the vertical
channel 4 is placed the work-piece which,
when moving the ram-die 2 downwards, is
pushed (extruded) through the shear zone 5 in
the outlet calibration channel 6. Extrusion is
possible due to the counter-support 2 which
closes the vertical channel 4. The processes of
single angular extrusion with a movable ram-
die and a rigid counter-support at different
extrusion angles of channel crossing are

simulated with the QForm VX 8.2.4 software
(Fig. 1a and Fig. 1b).

(b) - ; <P oo
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Figure 1. Virtual tool (QForm VX 8.2.4) for realizing
single-angled ECAE-MRD, with strain rate
distribution: (a) at an extrusion angle ®=135°;
(b) at an extrusion angle ®=90°

Figure 1 shows the strain rate distribution
in the scheme for realization of a single
angular ECAE-MRD with an extrusion angle of
intersection of the two channels: (a) @®=135°
and (b) ®=90°.
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2.2 Virtual tools for Multi-angled ECAE-MRD

The ECAE pattern with a movable ram-die
can also be used to realize a multi-angular
extrusion at intersection angles of 135° for the
channels. The processes of two-angled and
four-angular equal channel extrusion with a
movable ram-die were simulated with the
QForm VX software (Figs. 2 and 3).

The virtual tool to realize a two-angled
ECAE-MRD (Fig. 2) is composed of the
following elements: die-container - 1; counter-
support - 2; movable ram-die - 3. The
deformation space is located in the ram-die
and it consists of: a vertical channel - 4 (in
which the work-piece is placed); and two
crossed at an extrusion angle of 135° channels
- 6 and 7. The virtual tool for the two-angled
ECAE operates as follows: a work-piece is
placed in the vertical channel 4, moves
through SPD zone 5 in the channel 7 after
movement of the ram-die 3 downward, cross
the deformation SPD zone 5A and enters the
calibration channel 6 (Fig. 2 (a)).

(b)

Figure 2. Two-angled ECAE-MRD at an extrusion
angle ®=135°: (a) strain rate distribution (QForm
VX 8.2.4); (b) deformed lead work-piece with a
plotted coordinate grid

The virtual tool to realize a four-angled
ECAE-MRD (Fig. 3) consists of the following
elements: die-container - 1; counter-support -
2; movable ram-die - 3. The deformation space
is located in the ram-die 3 and it consists of a
vertical channel 4 (in which the metal work-
piece is placed) and of crossed at an extrusion
angle of 135° channels - 7, 8, 9 and 6.

[y

Figure 3. Four-angled ECAE-MRD at an extrusion
angle ®=135°: (a) strain rate distribution (QForm
VX 8.2.4); (b) deformed lead work-piece with a
plotted coordinate grid

The virtual tool for a two-angled ECAE-MRD
operates as follows: in the vertical channel 4 is
placed the work-piece which, when moving
the ram-die 3, is pushed out (extruded) and
passes successively through the shear zone 5,
the channel 7, the second shear zone 5a, the
parallel channel 8, the third shear zone — 5b,
the inclined channel - 9, the fourth
deformation zone — 5c and finally entering the
calibration channel - 6 (Fig. 2b)).

2.3 Determination of the Average Values of
the Effective Strain

The magnitude of the equivalent effective
plastic strain in single ECAE in a frictionless
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mode it was accepted to be determined
according to the dependence [15]:

seffzl 2cot(q)+w)+ b (2)
V3 2 ‘. {®+wj
2
where: g — the effective plastic strain, @ is
the extrusion angle between the two
intersecting channels; ¥ is the die channel
angle determined by the inner radius of
curvature; N — the number of passes.

The mean values of the effective plastic
strain obtained by a computer simulation
(QForm VX 8.2.4) of the shown in Fig. 1, Fig. 2
and Fig. 3 schemes for single and multi-angled
ECAE in the frictionless mode are given in
Table 1. The values of the effective strain
determined by formula (1) at ¥=0 are given in
brackets.

Table 1. Sample mean results of effective plastic
strain from simulation of one-angled and multi-
angled ECAE-MRD under frictionless conditions

Effective plastic strain values
- sample means of computer
Pa;s simulations under frictionless
num‘ erx conditions (2) and - according to the
die .
formula (1) in brackets
channel
angle One- One- Two- Four-
angled | angled | angled | angled
x135° x90° x135° x135°
First pass 0.49 i 0.58 0.58
1x135° (0.48) (0.48) (0.48)
Zx::;f o | 097 | 100 | 100 | 101
1%90° (0.96) (1.16) (0.96) (0.96)
Third pass 1.48 i 1.44 1.54
3x135° (1.44) (1.44) (1.44)
4x::;f o | 199 | 212 | 198 | 1.99
2%90° (1.92) (2.31) (1.92) (1.92)

The close values for the effective strain
obtained by calculation by the expression (1)
and the computer simulation (Table 1)
confirmed the claim that the deduced formula
(1) does not take into account the contact
friction and consequently the strain
distribution uniformity [16].

The determination of the distribution of the
plastic strain in the volume of the deformed
work-piece is related not only to the averaging
of the so-called sample mean, but also by
determining their standard deviation values. In
the numerical determination of the strain
distribution non-uniformity it is accepted to
use the standard deviation $p or simply s:

1 _
Sa=s=y—7Zha(e—&f )

where: n - the number of nodes in the cross-
section (in this case n = 49); ¢, - the magnitude
of effective plastic strain at certain nodes of
the deformed body; € - the sample mean of
the plastic strain at all nodes of the selected
cross section of the deformed body

IV

g= g . (3)

S5 | =

i=1

The hypothesis will be examined whether
the sampling averages of the effective strain
for different ECAE-MRD (from the rows of
Table 1) are equal [17]. For convenience, the
two effective deformations obtained for
different strain modes (Table 1) are denoted
with X and Y, i.e. X=¢ for a deformation
scheme (from Table 1), and Y =¢ for another
deformation scheme (from Table 1). Then the
difference between the two sample means is
also normally distributed, i.e.:

C(X=Y) = (-

X-Y —
2
Si Sy
7_'_7
n, n,

where: n, n, are the numbers of observations

Z eNO,1). (4)

of the effective strains in those deformation
modes - n, =n,=49>30. If Zy ; €[-2.56, 2.56]
it can be accepted with a confidence level)
a=0.01 the basic hypothesis, i.e. that those
the two sample means X and Y are equal.

3. SIMULATIONS AND RESULTS
3.1 Distribution of the Effective Strain in
Single-angled ECAE-MRD at 135°

In the computer simulation of a one-angled
ECAE with a movable ram-die at an extrusion
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angle of 135° with contact friction, it was
found that the deformed work-piece
completely fills the deformation space. The
effect of contact friction in the one angular
(135°) ECAE-MRD mode is also expressed in
increasing the effective strain at the four
corners of the deformed work-piece, with the
middle section of the transverse cross-section

being less deformed (Fig. 4).

Plastic strain

deformation space completely. The effect of
the contact friction in the one-angled (90°)
ECAE-MRD diagram is also expressed in the
increase of the effective strains from the outer

wall of the deformed work-piece, the rest of
the cross-section being less deformed. After
the second pass (2x90°), a similar effect of
contact friction and symmetrical distribution
on both sides is observed (Fig. 5).

Plastic strain

Plastic strain

SR o oRs
Rnenpnhin
= I W L2 B Oy
rnonomonol
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Figure 4. Effective plastic strain distribution
(QForm VX 8.2.4) within the deformed by one-
angled ECAE-MRD work-piece (at an extrusion
angle ®=135°) after fourth pass (4x135°)

The sample mean values of the effective
strain after a second pass (2x135°) is €e4=2.37
(varies between €min=1.16 in the middle and
€max=3.96), with a standard deviation of 1.43.
After four passes (4x135°9), a similar
distribution and an effect of the contact
friction is recorded (Fig. 4). The sample mean
values of the effective strain after the fourth
pass increases and is €e=5.22 (ranges
between €min=3.15 in the middle and
€max=9.14), and the standard deviation
increases to 2.08.

3.2 Distribution of the Effective Strain in
Single-angled ECAE-MRD at 90°

In the computer simulation of a one-angled
ECAE with a movable ram-die at an extrusion
angle of 90° with contact friction, it was found
that the deformed work-piece filled the

Figure 5. Effective plastic strain distribution
(QForm VX 8.2.4) within the deformed by one-
angled ECAE-MRD work-piece (at an extrusion
angle @=90°) after second pass (2x90°)

The sample mean values of the effective
strains after a second pass (1x90°) is Ee=2.21
(ranges between €,,=1.06 and gnq=7.26), with
a standard deviation of 1.92. The sample mean
values of the effective strains after a second pass
(Fig. 5) increases and is ge=4.87 (varies between
Emin=2.69 and &n=8.40) and the standard
deviation increases insignificantly to 2.11.

3.3 Distribution of the Effective Strain in Two-
angled ECAE-MRD at 135°

From the representation of the effective
strain in a computer simulation of a two-
angled ECAE-MRD with contact friction reading
at 2x135° angles after a first transition
(2x135°) it is evident that they are unilaterally
concentrated on one side of the deformed
work-piece and after a second pass (4x135°) —
on both sides (Fig. 6).
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Plastic strain

Plastic strain

Plastic strain
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01.0-1.5 01.0-15
Figure 6. Effective plastic strain distribution Figure 7. Effective plastic strain distribution

(QForm VX 8.2.4) within the deformed by two-
angled ECAE-MRD work-piece (at two extrusion
angles ®=135°) after second pass (4x135°)

The sample mean values of the effective
strain after a second pass is €e=1.66 (varies
between €nin=1.16 and &max=3.40), with a
standard deviation being relatively low 0.79.
The sample mean values of the effective
strain after the fourth pass (Fig. 6) increases
and is &e=3.27 (varies between g€nin=2.47
and €max=4.61) and the strain distribution
(the standard deviation) remains relatively
low —0.85.

3.4 Distribution of the Effective Strain in Four-
angled ECAE-MRD at 135°

From the representation of the effective
strain in a computer simulation of a four-angle
ECAE-MRD with a contact friction reading at
4x135° angles, after crossing of the two (firs
and second) shear zones (2x135°) shows that
they are bilaterally concentrated, but it
remains on both sides after crossing the
remainder two (third and fourth) zones
(4x135°) (Fig. 7).

The sample mean values of the effective
strain after the first two zones is &q4=2.52
(ranges between gmin=1.37 and &max=4.72),
with a standard deviation of 1.22.

(QForm VX 8.2.4) within the deformed by four-
angled ECAE-MRD work-piece (at four extrusion
angles ®=135°) after single pass (4x135°)

The sample mean values of the effective
strain after crossing and the fourth zone (Fig.
7) increases to &.£=3.80 (ranges between
€min=2.45 and &ma=5.68) and the strain
distribution (the standard deviation) is 1.36.

4. DISCUSSION

The results of the sample mean values of
the effective strain, taking into account the
contact friction shown in the modes of Fig. 1,
Fig. 2 and Fig. 3 for single- and multi-angular
ECAE-MRD with a contact friction reading are
given in Table 2. Highest values of the
accumulated effective strain at the same
deformation angles were obtained with single-
angled ECAE-MRD (90° and 135°) and the
lowest were obtained for the two-angled
ECAE-MRD (135°).

The determined effective strains in the
selected deformation modes under contact
friction conditions are 1.6 to 2.5 times higher
than those obtained in the frictionless
conditions (Table 1). The increase in the
sample mean values of the effective strain by
ECAE-MRD as well as the overall filling of the
deformation space is due entirely to the
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contact friction between the deformed work-
piece and the tool walls.

Table 2. Sample mean results X of effective strain
from simulation of one-angled and multi-angled
ECAE-MRD taking into account contact friction

Pass Effective plastic strain (sample
number x | means) taking into account friction
die One- One- Two- Four-
channel | angled | angled | angled | angled
angle x135° x90° x135° x135°
First pass 0.96 - 1.05 1.25
1x135° ’ ' '
Pass
2x135° or 2.37 2.21 1.66 2.52
1x90°
Third pass 3.71 - 3.01 3.47
3x135° ’ ' '
Pass
4x135° or 5.22 4.87 3.27 3.80
2x90°
The results of the determined strain

distribution (the standard deviation) in the
transverse cross section of the deformed
bodies are given in Table 3. The highest non-
uniformity of the effective strain s
characterized by the single-angled ECAE-MRD
mode at 90° (Fig.5) and the smallest — the

the contact friction reading varies with the
various ECAE-MRD modes.
The observed value of Z; | (Tables 4-7), by

which we judge whether to accept the basic
hypothesis of equality of sampling averages,
i.e.if Zy g is within the confidence interval  [-
2.56, 2.56], then the sample means are
assumed to be equal. Otherwise it is assumed

that they are not equal.

Table 4. Normalized difference Zi—? of sample

means X and Y from the first pass 1x135°

First pass Two-angled Four-angled
1x135° 1x135° 1x135°
One-angled
1x135° -0.86 -2.18
Two-angled
1x135° ) 158

The comparisons of the sample means X of
the first row of Table 2 (first transition 1x135°)
are given in Table 4. They can be considered
equal, because their Z;_; are within the range

[-2.56, 2.56].

Table 5. Normalized difference Zi—? of sample

means X and Y from the pass 2x135° or 1x90°

two-angled ECAE-MRD (Fig. 6). Pass 2x135° One- Two- Four-
| e ormity of or 1x90° angled angled angled
Tab e 3‘. Strain FilSthIbUtlon uni ormlty of computer 1x90° 2%135° 2x135°
simulations taking into account friction expressed
L. One-angled
through standard deviation values Sp 2%x135° 0.44 3.04 -0.57
Pass Effective plastic strain (sample means) One-angled
N . . - 2.27 -1.60
number x taking into account friction 1x90
die One- One- Two- Four- Two-angled i i 415
channel angled | angled | angled | angled 2x135° '
angle x135° x90° x135° x135°
N . . . 27 _
I;Ir:;:?ss 0.82 i 0.60 0.66 Table 6 Results_of nor_mallzed difference £y g of
Px sample means X and Y from the pass 3x135°
ass
2x135° or 1.43 1.92 0.79 1.22 Third pass Two-angled Four-angled
1x90° 3x135° 3x135° 3x135°
Third pass One-angled
3x135° 1.76 - 1.17 1.40 3x135° 2.33 0.75
Pass Two-angled
. -1.76
4x135° or 1.76 2.11 0.85 1.36 3x135
2x90°

The increase in the standard deviation, i.e.,
the non-uniformity of the strains as a result of

The comparisons of the second row of
Table 2 (transition 2x135° or 1x90 °) are given
in Table 5. They can be assumed to be equal
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(except for X =1.66), because their respective
values Zy 5 are outside the range.

The comparisons from the sample averages
X from the third row of Table 2 (transition
4x135° or 2x90°) are given in Table 5. They can
be assumed to be equal because their Zy

are within the range [-2.56, 2.56].

Table 7. Normalized difference ZY—? of sample

means X and Y from the pass 4x135° or 2x90°

Pass 4x135° One- Two- Four-
or 2x90° angled angled angled
2x90° 4x135° 4x135°
One-angled
4x135° 0.83 6.07 3.99
One-angled
29%90° 491 2.97
Two-angled
4x135° "2.33

The comparisons from the sample averages
X of the fourth row of Table 2 (transition
4x135° or 2x90°) indicate that the first two
(single-angled) and second two (multi-angled)
can be considered equal.

5. CONCLUSIONS

1. It has been found that the single-angled
ECAE-MRD modes allows for a greater
mean values of the effective strain
compared to multi-angled ECAE-MRD
patterns at the same (resultant) value of
their extrusion angles.

2. Using computer simulations, it s
confirmed that the used dependence (1)
for determining the effective strain does
not take into account the contact friction
and consequently caused by it the non-
uniformity of the effective strain.

3. The determined values of ECAE-MRD
accumulated effective strains with contact
friction are 1.6 to 2.5 times higher than
the values obtained in the simulation of
the processes under the frictionless
conditions.

4. It was found that contact friction rather
than the type of the strain space of the
ECAE modes under consideration is the

main cause of the non-uniform
distribution of effective strains, with the
highest non-uniformity of the strains
being considered in the single-angled
ECAE-MRD mode at 90°, smaller — at the
two-angled ECAE-MRD mode at 135°.

5. In the test for the equality of sample
averages of effective strain (taking into
account the contact friction) it was found
that although the extrusion angles of the
intersecting grooves in the ECAE are
equal, it is not always the mean values of
the effective strain that can be assumed
to be equal.
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