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Channel cross-section influence
on effective strain distribution in ECAP process

Wptyw przekroju kanatu katowego
na rozktad intensywnosci odksztatcenia w procesie ECAP

Abstract

This study compares the numerically determined strain distributions after the application of the
method of equal-channel angular pressing. The calculations were performed for four variants of
the channel cross-sectional shapes - square, circular, and two rectangular ones with the same
transverse surface area. The calculation results have been demonstrated as maps of effective
strain distribution in the stabilized process.
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Streszczenie

W pracy poréwnano wyznaczone numerycznie rozktady odksztatcen po zastosowaniu procesu
przeciskania przez kanat katowy. Obliczenia wykonano dla czterech wariantéw przekroju kanatu -
kwadratowego, kotowego i dwéch prostokatnych, o takim samym polu powierzchni poprzecznej.
Wyniki obliczen przedstawiono w postaci map rozktadu intensywnosci odksztatcenia w procesie
ustalonym.

Stowa kluczowe: intensywno$¢ odksztatcenia, jednorodnos¢ odksztatcenia, przeciskanie przez
kanat katowy

1. Introduction

SPD techniques — severe plastic deformations — are used to obtain solid metal sam-
ples with a super fine granularity of the structure that are ready for further processing.
Such materials are characterized by their excellent mechanical properties, all the while
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maintaining high ductility and crack resistance in the case of brittle materials [1]. This
article analyzed the influence of the cross-sectional shape of a die channel on the strain
homogeneity of material subject to Equal Channel Angular Pressing (ECAP).

The literature provides numerous equations that allow us to theoretically determine
material strain in the ECAP method [2-4]. Unfortunately, they do not directly take into
account the radii of the external or internal channel bends, the dimensions and cross-
section of the channel, the effect of friction, or the geometry and dimensions of the
shaped material. Therefore, in order to determine the effective strain in the method of
equal-channel angular pressing with variable cross-sectional shapes of the channel, the
authors used the numerical calculations.

2. Design assumptions

Figure 1 illustrates the design and dimensions of a single bend of the die channel in the
analyzed ECAP method. The outer (r5) and the inner (R5) radii of the bend are equal to
5 mm, and the angle of inclination of the die channel @ is 90°. Four variants of the die
channel were constructed, all of which differed in their cross-sectional shapes — the square
one with a side of 26.6 mm, the circular one with a diameter of 30 mm, and the two rect-
angular ones with dimensions of 15 mm X 47.1 mm.

The transverse dimensions of the pressed samples corresponded to the dimensions
of the channel, and the height was 100 mm. Figure 2 illustrates the shapes of the samples
obtained after the pressing as well as cross-sectional views of the channel. Their dimen-
sions were selected so that the transverse surface area of the channel was constant for
the different cross-sections.
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Fig. 1. Construction and basic dimensions of Channel bend in ECAP process
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Fig. 2. Dimension of cross-section and samples shapes received after passage by channel with
square section (a); circular (b); rectangular longitudinal (c); and rectangular transverse (d)

3. Boundary conditions for numerical calculations

Numerical calculations were performed using commercial software QForm3D based on
the finite element method and on the flow plasticity theory. In order to minimize the
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effect of temperature on the obtained results, isothermal process conditions were adopt-
ed - the initial temperature of the batch and tools was predetermined at 440°C. To avoid
the effect of the material heating due to high-speed shaping, the speed of the punch was
predetermined at 1 mm/s. Physicochemical properties of the deformed metal were ac-
cepted according to the data determined for aluminum alloy Al5456, with the chemical
composition demonstrated in Table 1 [5] (assuming a viscoelastic model). The lubricant
was a graphite-based one, with a friction coefficient of 0.27.

Table 1. Chemical constitution of AI5456 alloy

Chemical constitution [%]
Al Cu Si Mn Mg Ti Zn Fe
Al5456 Basic 0.04 0.16 0.63 6.8 0.1 0.2 0.22

Determination

4, Analysis of the results of numerical calculations

In the analyzed method of equal-channel angular pressing, the cross-sectional shape
of the channel is variable (which affects the value of the effective strain in the material)
and, thus, determines the degree of processing and, consequently, the grain size (degree
of structure granularity). The results of the numerical calculations were analyzed assum-
ing an equal distance of the punch from the bottom of the channel; i.e., 55 mm, for all
of the variants of the equal-channel angular pressing. These are presented in Figures 3
through 7.

Figure 3 illustrates the maps of the temperature distribution in the plane of symme-
try of the analyzed samples. Isothermal conditions for shaping with a low linear speed of
the punch were predetermined. This allowed us to maintain an approximately constant
temperature of 440°C throughout the entire volume of the pressed material. The local
temperature rise (caused by heat deformation) ranged from 1.4° to 2.7°C more than the
value predetermined for the calculations.

Figure 4 illustrates the local effective strain distribution in the plane of symmetry
and in the sections on the boundary of two adjacent channels (as shown in Figure 5). This
allowed us to unambiguously compare the size of the strain in the equal-channel angular
pressing, depending on the cross-sectional shape of the die channel. The maximum local
values of the effective strain occur at the lower radius of the channel, and they are (re-
spectively) 2.1-2.3 for the square and circular cross-sections (Figs. 4a and 4b), 1.35-1.45
for the longitudinal rectangular cross-section (Fig. 4c), and 1.65-1.75 for a transverse
rectangular cross section (Fig. 4d). Analyzing the strain distribution maps in the plane of
the channel bend, itis noticeable that the fields corresponding to the particular values of
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the effective strain are arranged in layers. The lowest values occur under the upper radius
of the channel and gradually increase as they approach the lower radius. The largest gra-
dient value of the strain in this area is for the sample pressed through the channel with
the transverse rectangular cross-section — the value of the effective strain increases from
0.45 to 1.4. For other cross-sections, the minimum effective strain is from 0.35 (transverse
rectangular cross-section) to 0.5 (square and circular cross-sections), and the maximum
one: from 0.9 to 1.1.
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Fig. 3. Temperature distribution (°C) in samples pushed by the channel with section: square (a);
circular (b); rectangular longitudinal (c); and rectangular transverse (d)
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Fig. 4. Effective strain distribution in samples pushed by the channel with section: square (a);
circular (b); rectangular longitudinal (c); and rectangular transverse (d)

Fig. 5. Position of plane, whose maps of strain distribution were made for individual variants of
pushing process
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In order to test the influence of the channel cross-sectional shape on the homoge-
neity of the strain, a plot of the local effective strain distribution for 17 measuring points
was prepared (Fig. 6a). The points were situated in the plane of symmetry of the sample
in a straight line spaced 15 mm from the end of the upper radius of the channel (Fig. 6b).
The choice of location of the measurement points is characteristic — they run in a prede-
termined area after passing through the strain zone, which is located between the up-
per and lower radii of the die channel. The most homogenous strain is obtained for the
samples with square and transverse rectangular cross-sections. The arithmetic means of
the effective strain values for these samples at the analyzed points are (respectively) 0.96
and 1.10. In the sample pressed through the circular channel, the mean value is 1.11;
however, there is a large spread between the extreme values of the strain — especially
at the upper part and at the bottom of the channel. The lowest value of the arithmetic
mean was obtained for the sample with the longitudinal rectangular section — it was 0.7.
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Fig. 6. Channel cross-section influence on the local effective strain distribution (a); and localiza-
tion of the measuring points (1-17) on symmetry plane of samples (b) in pushing process
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The influence of the cross-sectional shape of the die channel on the value and wave-
form of the force during application of the method of equal-channel angular pressing is
demonstrated in Figure 7a. The pressing force increases at the beginning of the process
to a value of 15.30% of the rolling reduction, and then it stabilizes, with its course close to
a horizontal line to the abscissa. The slight decrease in force values in this section is due
to the non-uniformity of the metal flow - its retardation against the walls of the chan-
nel contributes to the formation of the so-called dead-metal zone. The consequence is
a smaller surface of friction and decreased force. To find the average force necessary for
the pressing of the material, the arithmetic mean was calculated for the 15 values of
force for the rolling reduction of 30 to 100%, at every 5% (Fig. 7b). The smallest force
required for the samples to be pressed through is for the channel with the circular cross-
section, and it amounts to 59.32 kN. This sample has the smallest lateral surface area;
thus, a minimum amount of the material is in contact with the tools. The active surface
of friction is minimized. The sample with the rectangular cross-section has the largest
surface area. The force necessary for the material to be pressed through a longitudinal
rectangular channel is maximal, and it amounts to 71.47 kN. It would seem that a similar
value should be obtained for the sample shearing in the transverse rectangular channel
(61.66 kN), but this force is smaller than for the sample being pressed through the square
channel (62.77 kN) and larger than for the circular cross-sectional sample shearing. The
reasons lie behind different lateral surfaces S, where the metal is in contact with the dies
in the stabilized process (i.e., for the values of rolling reduction from 15-30% to 100%).
The location and surface area of this plane for the samples with square and rectangular
cross-sections are presented in Table 2 (taking into account the values of the channel
radii). The authors speculate that this is this plane that affects the mean value of the force
of the stabilized process.
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Fig. 7. Channel cross-section influence on process course (a) and averaged maximal load value (b)
in pushing process
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Table 2. Position and lateral area S; for channels with square and rectangular cross-sections

Channel section Lateral surface a[mm] S;Imm?]

. 26.6 682.56
L a
T e

I 471 2193.41
S

[ e | x 375

a

5. Summary and conclusions

The performed analysis demonstrates that the cross-sectional shape of the channel used
for angular pressing affects the value and homogeneity of the effective strain distribu-
tion. A good mechanical processing of the material at a relatively small non-homogene-
ity of the strain will be obtained for the channels with the square and transverse rectan-
gular cross-sections. Based on the results of numerical calculations, it is concluded that,
in addition to the values of the radius, angles, and inclination of the die channel [3, 4], an
important geometric parameter in the ECAP method is the cross-sectional shape. For the
rectangular channel pressing, channel width is far more significant, not its depth.
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