University of Wollongong

Research Online

Faculty of Engineering and Information Faculty of Engineering and Information
Sciences - Papers: Part A Sciences
January 2013

An insight into the deformation and orientation development of severely
plastic deformed aluminum

AK. Tieu
University of Wollongong, ktieu@uow.edu.au

G Y. Deng
University of Wollongong, gd577 @uowmail.edu.au

CLu
University of Wollongong, chenglu@uow.edu.au

L H. Su
University of Wollongong, lihongsu@uow.edu.au

HT. Zhu
University of Wollongong, hongtao@uow.edu.au

See next page for additional authors

Follow this and additional works at: https://ro.uow.edu.au/eispapers

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/eispapers
https://ro.uow.edu.au/eispapers
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eispapers?utm_source=ro.uow.edu.au%2Feispapers%2F1555&utm_medium=PDF&utm_campaign=PDFCoverPages

An insight into the deformation and orientation development of severely plastic
deformed aluminum

Abstract

Severe plastic deformation (SPD) techniques have attracted significant attention in the last two decades
due to its capacity of producing bulk ultra-fine grained (UFG) or nanostructured materials, by imposing
very high plastic strain. Equal channel angular pressing (ECAP), or equal channel angular extrusion
(ECAE), is one of the most widely used SPD techniques. During ECAP, a sample is pressed through a die
which consists of two channels with equal cross-section intersecting at an angle varying from 60 degrees
to 150 degrees. Since the cross-section geometry of the sample remains nearly unchanged, the materials
can be deformed to a very high strain by repeating the process. The deformation mechanism of ECAP is
very complicated and it is dependent on the die geometry and material properties. It has been assumed
as simple shear on the intersecting plane of two channels at ideal conditions, such as frictionless,
perfectly plastic material and very sharp outer corner. However, from the view of texture evolutions, many
experimental results have revealed the deviation from the ideal simple shear. Therefore, an insight into the
deformation mechanism and orientation changes in the real ECAP case is still essential. In the present
work, a comprehensive study based on the crystal plasticity finite element model (CPFEM) has been
conducted to investigate the stress state, plastic strain, required load and crystallographic orientation
development history of aluminum single crystals subjected to ECAP. The influence factors such as ECAP
die geometry, frictional conditions and initial crystallographic orientations have been studied in detail.
2013 AIP Publishing LLC.
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Abstract. Severe plastic deformation (SPD) techniques have attracted significant attention in the last two decades due to
its capacity of producing bulk ultra-fine grained (UFG) or nanostructured materials, by imposing very high plastic strain.
Equal channc! angular pressing (ECAP), or equal channel angular extrusion (ECAE), is one of the most widely used SPD
techniques, During ECAP, a sample is pressed through a die which consists of two channels with equal cross-section
intersecling at an angle varying from 60° 1o 150°. Since the cross-section geometry of the sample remains nearly
unchanged, the materials can be deformed to a very high strain by repeating the process. The deformation mechanism of
ECAP is very complicated and it is dependent on the die geometry and material properties. it has been assumed as simple
shear on the intersecting plane of two channels af ideal conditions, such as frictionless, perfectly plastic material and very
sharp outer corner. However, from the view of texture evolutions, many experimental resulis have revealed the deviation
from the ideal simple shear. Therefore, an insight into the deformation mechanisin and orientation changes in the real
ECAP case is still essential. In the present work, a comprehensive study based on the crysial plasticity finite element
model (CPFEM) has been conducted to investigate the stress state, plastic sirain, required load and crystallographic
orientation development history of aluminum single crystals subjected to ECAP. The influence factors such as ECAP die
geometry, frictional conditions and initial crystallographic orientations have been studied in detail.
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INTRODUCTION

The fabrication of bulk materials with uitrafine grain sizes or nano grain sizes has attracted much attention in the
last two decades because of the attractive properties including relatively high strength at ambient temperatures and a
potential for utilization in superplastic forming operations at clevated temperatures [1]. Although several severe
plastic deformation (SPD) techniques [2-4] are now available for the fabrication of UFG materials, the most
promising and widely used procedure appears to be equal channel angular pressing (ECAP), which was developed
by Segal et al. [2]. During ECAP, the workpiece is pressed through a dic having two channels intersecting at an
abrupt angle. In the theoretically ideal situation, including no friction, no strain hardening and very sharp outer
corner, the sample is severely deformed by the simple shear acting along the intersection plane. The magnitude of
effective plastic strain accumulated in the sample after ECAP can be estimated using an analytical expression
proposed by Iwahashi et al. [5] as following:

- N P+P, PPN .
8—J—3-[200t( 5 )+‘P ee( 2 )] O

where N is the number of ECAP passage, ® is the die channel angle and ¥ is the outer comer angle.

Up to now, there are numerous experimental reports in the literature describing the microstructure evolutions that
develop through the application of ECAP. Mckenzie et al. [6] have studied the influence of back pressure on ECAP
and it has been found that the back pressure leads to the increment of the resultant dislocation density in both the cell
walls and the cell interiors. TEM analysis suggested two elongated laminar substructures forming along certain {111}
slip planes via a self-organized gliding of dislocations in copper [7]. According to [8], the inclination of grains with
respect to the direction of ECAP was dependent on the distance from the top of the billet and changed from pass to
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revealed equiaxed microstructure after 8 ECAP passes at room temperature but elongated microstructure with
smaller grain size at cryogenic temperature. Similar resulis can be found in [10] where the equilibrium grain size in
pure Al is ~1.2-1.3 pm afier pressing at room temperature. By contrast, the grain size is much smaller (~0.27 pum) in
the pure Cu afier ECAP [11]. Besides, much effort has been contributed to understand the texture development after
ECAP for both single crystals and polycrystalline materials [12-21], which is affected by many factors. The results
in [19] indicated noticeable deviation from simple shear and heterogeneity across the billet thickness in cach pass of
ECAP deformation. However, most of those studies were only limited to one or two influence factors. Therefore, a
systematic study with a powerful texture model is still needed.

In the present work, a comprehensive study of ECAP based on the developed crystal plasticity finite element
model (CPFEM) [14-16] has been conducted, aiming to investigate the history of crystallographic orientation
development and deformation heterogeneity during ECAP. Aluminum single crystals will be chosen to avoid the
influence of the grain boundaries.

FIGURE 1. Influence of frictional conditions on the distribution of Mises stress in the deformed aluminum single crystals with
initial crystallographic orientation A during ECAP. (a) p=0, (b) p=0.05, (c) p=0.1, and (d) p=0.15.

SIMULATION DETAILS

The crystal plasticity finite element model developed in [14-16] has been applied here. In addition, the rate-
dependent hardening model with a power law, which dictates the relationship of the resolved shear stress («) and
the shear strain rate (y(?) on a slip system a, was used. Simulations were performed using the commercial software
Abaqus/Standard ver.6.9.1. The constitutive laws were implemented into the finite element code by using the user
material subroutine, which aimed to the calculation of crystallographic orientations, shear strength, shear strain and
shear rate of each slip system considered during the deformation. The detailed procedures can be found in [22].

In order to save the computing time, two-dimensional simulations of the ECAP process were carried out by
assuming the plane strain condition which has been proved to be reasonable in carlier experiments and simulations
[23]. In the simulations, the dies and punches were modeled as rigid body and the punches moved at a constant
speed of 2.4 mm/min along the —Y direction, Both the entry channel and exit channel have the same width of 4 mm
as shown in FIGURE 1. In order to avoid distortion of the mesh due to the sharp inner comer, a small fillet radius
was created on the die. Two different dies were designed. The first and second die has the channel angle of 90° and
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and 150° respectively, and these two dies have the same outer comer angle of 30°. The workpieces were assumed to
be aluminum single crystals in order to avoid the influence of grain boundarics and the material parameters have
been given in [14]). Two different initial crystallographic orientations (A and B) have been studied in the present
work. In orientation A, the slip plane (-1 -1 -1) is parallel to the ideal shear plane and the slip direction [-1 1 0] is
parallel to the ideal shear direction. In orientation B, the normal of plane (-4 -1 2) is parallel to Y and the normal of
plane (1 2 3) is parallel to X. Coulomb friction model has been chosen to study the influence of frictional condition
and four different coefficients of p=0, 0.05, 0.1 and 0.15 were used. One pass of ECAP at room temperature has
been studied and the simulation details found in TABLE 1.

RESULTS AND DISCUSSION
Influence of Frictional Condition

In our previous study {12}, it has been found that frictional condition significantly affect the texture evolution
during ECAP, this section therefore will focus on the stress, plastic strain, required load and the deformation
heterogencity. FIGURE 1 shows the distribution of Mises stress in the deformed crystals after ECAP. It is obvious
that the stress is not uniform and the minimum value of Mises stress is located in the head part. Exiting from the
plastic deformation zone (PDZ) leads to the maximum stress, which is located close to the inner comer of the die as
shown in FIGURE 1(a). The magnitude of Mises stress remains nearly the same when p rises from 0 to 0.15.
However, there is a significant influence on the stress distribution as shown in FIGURE 1, especially on the bottom
part of the deformed samples. In addition, the increment of p will benefit for the material filling in the die commer
and leads to the decrement of the dead zone between the sample and die represented by the arc of “AB” as marked
in FIGURE 1.

g
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ECAP time, s

FIGURE 2. Influence of frictional conditions on the required load pressure in aluminum single crystals with initial
crystallographic orientation A during ECAP as a function of the processing time.

In FIGURE 2, the required load pressure under all four different frictional conditions has been studied as a
function of ECAP time. It is clear that three deformation steps can be distinguished under frictional conditions but
only two steps exist in the frictionless condition. The larger frictional coefficient results in a higher load, and the
peak pressure at the largest p=0.15 is three times more than that of p=0. Therefore, a suitable lubrication should be
used when designing the ECAP process in order to reduce the cost.

A deformation inhomogeneity index, C,, was defined to quantify the degree of deformation inhomogeneity along
the thickness after ECAP by Li et al. [24] as following:

Cz = S " Emin [P}
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WDETE £y, Enin A0d €., indicate, resprectively, the maximum, minimum and average value of the effective plastic
strains along the sample thickness.

For the ECAP die with ®=90° and W¥=30°, the effective plastic strain according equation (1) is about 1. The
deformation inhomogeneity index and average value of plastic strain have been calculated based on the simulation
results for all four different frictional conditions in TABLE 1. As can be scen that, the effective plastic strain
increases with the coefficient of friction (COF) n and good agreement between simulation and theory [S] can be
found when p is less than 0.1. Morcover, p=0.05 leads to the minimum value of C;(~].381) and p~0.15 leads to the
maximum value of C;(~1.681).

TABLE (1). Influences of the frictional conditions, ECAP die channel angles and initial crystallographic
orientation on the plastic strain and deformation heterogeneity in the deformed aluminum single crystals.

Case number  Die angle n Orientation & P G
1 90° 0 A 1.016 1.159 1.428
2 90° 0.05 A 1.016 1.161 1.381
3 90° 0.1 A 1.016 1.195 1.406
4 90° 0.15 A 1.016 1.353 1.681
5 150° 0.05 A 0.302 0274 1.539
6 150° 0.05 B 0.302 0.291 1.725

(a)

FIGURE 3. FEM predictions of the stress components (a) S11 (o), (b) S22 (o,), and () S12 (t,) developed during ECAP for
the 90° ECAP die with y=0.05.

Influence of Die Channel Angle

The channel angle & is one of the key factors when designing the ECAP die and it has a significant influence on
the microstructure and texture evolutions. In this section, two different ECAP dies (a 90° die and a 150° die) have
been studied. Both dies have the same outer corner angle ‘¥ of 30°.

FIGURE 3 shows the FEM predictions of the stresses developed during ECAP for the 90° die with p=0.05.
Stress components S11 (,), S22 (o), and S12 (z,,) denote the normal and shear stresses in the coordinate system
XYZ as shown in FIGURE 1. It is obvious that the stresses are not uniform in the leading head and tail parts but
relatively inhomogeneous in the steady state region. FIGURE 3(a) indicates the large tensile stress of S11 in the
upper part of the sample and compressive stress of S11 in the bottom part. In addition, the simulation shows large
values of the compression stress S22 in FIGURE 3(b). FIGURE 3(c) reveals the inhomogeneous distribution of
stress S12 along the intersecting plane of two channels. The outer comer angle influence on the stress distribution
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can be obtained directly by comparing the present study with the simulation conducted by Semiatin et al. [25],
where the outer corner angle is nearly zero.
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FIGURE 4. The {111} pole figures of eight different selected positions marked in FIGURE 3(a) during ECAP (90° die) of
aluminum single crystal with initial crystallographic orientation A. (n=0.05) (sec Figure 3 (a) for notation P1 to P8).

In order to study the texture evolution history during the 90° die, eight different positions (P1-P8) have been
selected as marked in FIGURE 3. The corresponding {111} pole figures have been plotted in FIGURE 4. As can
be seen, the crystallographic orientation rotates progressive from initial component when the material passes through
the intersecting zone of the entry channel and exit channel.

FIGURE $5(a) shows the FEM predictions of the stresses developed in the aluminum single crystal with initial
crystallographic onentation A during ECAP for the 150° die with p=0.05. The results reveal a significant influence
of the channel angle, and the 150° channel angle produces much smaller stress than that of 90°. The stresses shown
in FIGURE § indicate more bending than shear at the larger die channel angle. Corner gaps in both the outer comer
and exit channel have been developed. The theoretical plastic strain according to Eq. (1) is about 0.302 for the 150°
die with a 30° outer corner angle, But the average effective plastic strain based on the simulation is about 0.274, and
much smaller than the theoretical value as shown in TABLE 1. In addition, the larger channel angle leads to the
larger deformation inhomogeneity index C; for aluminum single crystal with initial orientation A even at the same
frictional condition, which is 1.381 in the 90° die and 1.539 in the 150° die, respectively.
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(b) Orientation-B

FIGURE S. FEM predictions of the stress components S11 {0,), S22 (o,), and S12 (1,y) developed during ECAP for the 150°
ECAP die with p=0.05. Aluminum single crystals were initially oriented with (a) crystallographic orientation A, and (b)
crystallographic orientation B.

The required loads for ECAP between these two different die channel angles have been compared in FIGURE 6. It
1scleaﬂyseent]ntthreesxmﬂardefomuonstepsmbed:sungmshedforﬂ:ememmﬂcrysm!bgmphw
orientation A. Not surprisingly, the peak pressure for the 150° die is only Y% of that for the 90° die, where the
corresponding maximum force is approximately 2494 N.

0 100 200 360 400 500
ECAP time, s

FIGURE 6. Influence of die channel angle and initial crystallographic orientation on the required load pressure of aluminum
single crystals during ECAP as a function of the processing time.

Similar to the 90° ECAP die, eight different positions as marked in FIGURE 5(a) have been selected to study
the crystallographic orientation development in the 150° die. The {111} pole figures at positions P1 and PS5 reveal
the initial crystallographic orientation A before the material enters the PDZ. Then the crystal starts rotating mainly
around the transverse direction in a counter-clock wise sense as shown at positions (P2, P3, P6 and P7) in the




FIGURE 7 when the material passes throngh the PDZ. The pole figure at position P8 indicates a slightly larger
crystal rotation than at position P4, due to the presence of the outer corner and comer gap developed between the
sample and ECAP die.

Influence of Initial Orientation

It is known that the single crystal offers two significant advantages in fundamental investigations during ECAP
[13]). First, it is possible to design the initial crystallographic orientation. Second, direct evaluation can be obtained
by avoiding the influence of grain boundary. Two different initial orientations will be studied in this section during
ECAP with 150° die.

FIGURE 5 shows the comparison of the stresses between two orientations A and B. It can be seen that the
orientation B leads to much more inhomogeneous distribution of the stresses in the sample and a larger comer gap in
the onter corner developed. Besides, both of the stress components S22 and 512 in orientation B are slightly smaller
than in the orientation A. According to FIGURE 6, the required load is larger in orientation A by comparing with
orientation B, where the pressure increases slowly with the deformation time and then reaches to the steady
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FIGURE 7. The {111} pole figures of eight different selected positions marked in FIGURE 5(a) during ECAP (150° di¢) of
alaminum single crystal with initial crystallographic orientation A. (u=0.05)

The simulated effective plastic strain has been compared with the theoretical value according to equation (1) as
shown in TABLE 1 andgoodagreementbasbeenobserved. Thetheorehealplashcstrmnnsabout0302mdﬂ:e
simulated strain is 0.291, which is 0.274 for orientation B. In addition, a larger deformation inhomogeneity in
orientation B was observed in term of C;(~1.725). The {111} pole figures for orientation B in FIGURE 8 revealed
the slight larger crystallographic rotation angle at positions close to the outer comer than the inner comer.
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FIGURE 8. The {111} pole figures of cight different selected positions during ECAP (150° die) of alnninum single crystal with
initial crystallographic orientation B. (u=0.05)




CONCLUSIONS

In the present study, a crystal plasticity finite element model has been successfully used to conduct a
systematical investigation of aluminum single crystals during ECAP at room temperature. The simulation resuits
revealed significant influence of frictional condition between sample and the die on the stress, plastic sirain, required
load and deformation behaviors. The larger friction coefficient leads to the obvious increment of peak load ard it has
been observed that the peak load at p=0.15 is three times more than at frictionless condition. The influences of
channel angle and initial crystallographic orientation on the stress state, required load and history of orientation
development have also been carefully examined. The crystal rotation angle at 150° die is much smaller than at 90°
die, where a larger plastic strain can be observed.
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