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Abstract

The constitutive behaviour of rate-sensitive materials, the flow stress evolution and dislocation
density, the generation of deformation heat, and other aspects of plastic deformation are all
influenced by strain rate. A geometric method was used to assess the workpiece material strain rate
during ECAP. The outcomes were contrasted with those of finite element studies performed on a
model made of perfect plastic with different sizes of mesh. The obtained formula for the strain rate
agrees with the finite element method's findings in a fair amount of detail. When using ECAP, the
strain rate rises with falls with die channel angle, die corner angle, and workpiece and width punch
speed . For analytical calculations of the distortion, thermal, and behaviour of material
microstructural development during ECAP, the relationship derived can be applied. During ECAP
process of materials, a die inner corner gap is typically discovered. It was determined how the corner
gap development and deformation behaviour of the strain-hardening material and the nearly perfect
plastic material. The strain hardening behaviour and the workpiece regional flow velocity in the
deforming zone, the mechanism of corner gap generation is discussed. To more accurately predict
the tension during ECAP, from the die corner angle to the workpiece arc curvature, the corner angle
must be changed.

Keywords: Strain Hardening, ECAP, Finite Element Analysis, Die internal corner gap

1. Introduction

In the recent decades, the development of metal micro-structures during plastic deformation has been
extensively studied. It is widely acknowledged that typical sub-grain/cell size decreases with strain
when metals deform at normal temperature!!l. Deformation processing is thus a potential technique
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for metal grain refining. The ultrafine-grained materials' distinctive physical and mechanical
characteristics can be seen in the SPD processed materials, However, they also possess a variety of
benefits over nanostructured materials produced using conventional techniques, such as powder
processing. The ECAP process, one of many SPD techniques, includes running a sample through a
die that contains intersection of any two channels with similar rummage that meet at a specific angle,
causing substantial shear plastic deformation in a deforming layer of a workpiece. Multiple forging,
torsion straining, accumulated roll bonding, and equal-channel angular pressing are additional SPD
techniques!?!. Because it can repeatedly run the operation while keeping the workpiece original cross
section, resulting in massive, complete dense samples with ultrafine grains. Both the analysis of the
procedure itself and the comprehension of the fundamental characteristics of the ECAP metals have
advanced significantly.
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Figure 1. ECAPed Processed with Channel angle ¢ and Corner angle 7 =0 and y > 0[13].
The oblique angle ¢ where two channels with equal cross sections converge Explain using the ECAP

principle. Regarding the workpiece, three perpendicular directions the pressing direction, breadth
direction, and thickness direction are introduced.

The terms "inside part" and "outside part" refer to the portions of the specimen that flow close to the
internal corner and external corner of the die, respectively. As in the case of pure torsion, the ideal
circumstances deformation mode in ECAP is "simple shear" in Figure 1. The primary distinction
between ECAP and contortion or other methods for plastic deformity, which makes Equal Channel
Angular Pressing is that deformity takes place right next to the plane, specifically the shear Zone,
which is located at the junction of the dual channels®). The ECAP sample deformity is relatively
localized. In a rectangular workpiece with width and length is no strain along the thickness direction
because it is perpendicular to directions of plane strain condition. As a result, the rectangular
specimens' deformity during the ECAP procedure is now two dimensional. The true deformity
characteristics, in contrast to the ideal situation of Figure 1 are inhomogeneous because of frictional
effects, an incomplete filling of the die, a bent die corner.

2. Literature Review:

2.1 Corner angle and Channel Angle formation

The angle subtended by the arc curvature is known as corner angle of die , and it varies =0 to

v = —¢ degrees. When the die corner angle is not zero due reduced shear zone in the outer part of
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the workpiece develops because the outer half of the workpiece travels along a shorter path within
the main deformity zone!*l. The degree of plastic deformity is strongly correlated with the micro-
structures and mechanical characteristics of the deformed materials, it is crucial to have a grasp of
the phenomena connected to the development of stress and strain. By subjecting materials with a
gritty texture to Equal channel angular pressing it is possible to create high-quality ultrafine-grained
materials. To evaluate the plastic deformity behaviour of work parts during Equal Channel Angular
Pressing, numerous theoretical attempts have been performed, such as strain studies that take
geometrical factors into account, using the self-consistent velocity field method, together with the
finite element approach and upper bound theory (FEM). To the author's knowledge, the majority of
earlier studies did not consider the impact of strain rate during Equal Channel Angular Pressing.

Materials behaviour during construction, such as density of dislocation, flow stress, and thermal
growth brought on by deformity of plastic are in fact determined by the strain rate during plastic
deformation!®!. The pressing speed in ECAP affects the microstructure of pure aluminium and an
alloy of aluminium and 1% magnesium. FEM simulation that pressing speed and strain rate
sensitively affect the homogeneity of the deformation during ECAP. Although strain rate plays a
significant role in plastic deformation processes, little experimental data or theoretical estimation
exists for ECAP. The effective strain rate for ECAP was calculated using finite elements, although
the reliability of these estimates is in doubt given the mesh size scheme that was employed. A quick
parametric analysis still requires an approximately analytical solution. In order to comprehend the
properties of material and optimize the design of process, it is important to establish a simplified
quantitative formulation to during Equal Channel Angular Pressing, estimate the workpiece strain
rate. The workpiece material strain rate during ECAP is examined based on a geometric analysis!®),
To evaluate the correctness of the suggested formulation, The FEM outcomes of a fictitious non-
dimensional model material are contrasted with the estimated strain rate values.

Many ultrafine grained materials have distinct physical and mechanical properties. The use of
extreme plastic deformation techniques has been the subject of intensive study recently. There are
also a number of advantages to using materials that have undergone extreme plastic deformation over
nanostructured materials produced using other processes using powder forms. Moving a workpiece
through a die with two intersecting channels with identical cross sections that meet at a predetermined
angle is one of many ways to cause severe plastic deformation. This causes a thin layer of the
workpiece to undergo large simple shear plastic deformation[”!. Its capacity to produce huge, A lot
of research has been done recently on producing totally dense samples with ultrafine grain sizes by
repeating the process while retaining the original cross-section of the workpiece. Analysis has
demonstrated that the relationship between and represents the similar strain ¢ after one pass, where
the angle of corner i is defined as the angle that the curvature of the arc occupies lies between

v =0 and v =7 —¢. It is given by the relationship,
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£ :%{2cot(%+gj++Wcosec(%+gﬂ (1)

The equivalent strain decreases with the corner angle y in accordance with Eq. (1), as depicted in
Fig. 2. It has been discovered that, while the channel angel ¢ =90° is set at, raising the corner angle

from  =0° to w =90° results in a decrease in the maximum effective strain during ECAP to the

lowest effective strain of 0.907. It should be emphasised that due to the gap that forms between the
workpiece and the die, the angle of corner i, utilised to be an Curvature of the workpiece in an arc

v, . If the workpiece fully engulfs the die as shown in Figure 2. Due to the space between the die
and the specimen, the angle of corner the specimen y, would be greater than that of the die v, .

Using the die angle of corner y,, is underestimated!®!.

The specimen's corner angle was the similar as the die and there was no corner gap. Intriguingly, the
results of 4340 steel show that the ram speed affects the the development of the corner gap. For
instance, development of the corner gap at ram speeds of less than 25 mm/s™, as opposed to the ram
speeds of B2.5 mm/s™!. This shows that the generation of corner gaps is influenced by both the type
of material used and the deformation circumstances!®. One of the key factors in the corner gap
development during ECAP is the workpiece materials' hardening behaviour. Based on a thorough
comparison of the variations in material characteristics and deformation circumstances between two
scenarios!!?,

RAM
Die
w@
\ Workpiece

Figure 2. Equal Channel Angular Pressing method without a corner gap and with a corner gap
between the die and the workpiece [23].
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Figure 3. Relationship between effective strain and angle of corner [23].

Recognizing the corner gap phenomena and its relationship to strain development is crucial for a
good ECAP die design. Because the amount of deformation and strain induced directly affect the
mechanical properties of the pressed material!!l. There have been some recent research on the use
of the finite element approach for the analysis of deformation during ECAPed. The creation of the
die corner gap, particularly in relation to the qualities of the material, hasn't been covered in great
detail, nevertheless. In forming die corner gaps during Equal Channel Angular Pressing and to
examine the impact on the strain building up in the workpiece!'?!.

2.2 Strain Rate Model for Equal Channel Angular Pressing
The relationship illustrated by equation 1 is a frequently used equation for the equivalent strain
created in the workpiece after one ECAP pass. The angle of die corner i and the angle of channel

¢ both result in a reduction in the equivalent strain''*!. When the angle of channel is fixed as ¢ = 90° .

Figure 2 shows the variations in effective strain between a channel angle and a corner angle. It is
clear that the die corner angle y has less of an impact on the strain during ECAP compared to the

angle of channel ¢ . The "deformation time" or "dwell time" of the sample inside the deformity region

is another parameter value that needs to be established!'¥]. The limited zone in the area where the two
channels intersect is where the deformation during ECAP takes place. Deformation takes place right
next to the plane, or in the shear plane, which is located where the two channels converge in figure
3.

The material travels through MDZ more quickly at the inner corner zone of the workpiece than at
the outer corner zone. The material flows at various rates between the inside and exterior of the
workpiecel!'l. In other words, as you get further away from the inside corner, the speed in MDZ
increases. The outcomes of the FEM will support this. Due to the uneven velocity within the MDZ,
it is necessary to specify either the average speed or the average deforming time.
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Figure 4. Angle of channel and angle of corner with strain [13].
A line parallel to curve GG in Fig. 1 represents the geometric centre of the MDZ (b). Given that
MDZ is an arc geometrically, W where is the width of the workpiece and diameter, the distance

between point A at the inner corner and the curve GG is W/ V2 16,

The strain rate equation during ECAP can be created by given equation,

£ :%{2 cot(%+gj++l/j cos ec(%jtgj}% 3)

The angle of corner tends to infinity as it approaches zero. Even if the die corner angle is zero, Due
of the shear plane limited breadth, the material cannot entirely fill the diel'”). It was noted that a
number of variables. Instead of the die, material properties affect the angle of corner and the
deforming workpiece.

3. Finite Element Analysis

Isothermal two-dimensional plane strain FEM simulations for the ECAP process were performed
using the industry-standard elasto-plastic finite element programme ABAQUS. Experimental and
theoretical evaluations show that modest pressing speed can satisfy the isothermal criterion. With
dies of 7 =0°, 45" and 90°, it was determined that this number of pieces was adequate to represent

local deformity of the sample. In order to eliminate the influence of strain rate and strain hardening
on the behaviour of deformation and concentrate the analysis on purely geometric factors, A fictitious
model material that behaves in an elasto-perfect-plastic way was used for the computations!'8. A
0.02 mm/s constant ram speed was mandated. It was expected that there would be no rubbing of the
specimen against the die channel inside, which would imply a frictionless environment. Despite the
fact that the impact of friction was not considered in the current study and effect of the ECAP process
to be the main point of attention. Friction is a crucial process parameter. This slows the surface
material's flow and causes shear strain is greater at the workpiece lower zone and bottom shear strain
at its top zone. Two different types of materials were used to examine the effects of strain hardening
on the growth of the die corner gap. It is clear that an alloy's strain hardening is minimize in
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comparison to another alloy's. A fixed ram speed of 1 mm/s was mandated. To account for significant
stresses and potential for localising flow during simulation, all simulations used automatic
remeshing!!”). It was anticipated that there would be no friction between the specimen and the channel

inside, or that there would be zero friction.

(a) (b)
Figure 5. Schematic diagram of strain hardening and quasi-perfect plastic materials AA5083 through
grid distortion [23].

4. Results and Discussion

There are two gaps between the die and the workpiece in the computed results for the coarse mesh
of 0.6 mm. the distance in the die exit channel between the billet top and it. The size of the corner
gap, on the other hand, is lower for fine mesh estimate does not account for the exit channel gap.
Too-coarse mesh analysis is unable to accurately represent full die filling!?®!. In materials that
undergo strain hardening and the corner gap develops while in materials that undergo rate sensitivity

and exit channel gap develops during the frictionless ECAP process of ¢ =90°, w =0° with the fine

mesh ¢ =135, ¥ =0°, and, the workpiece surface produced and this extended LSZ is distinctive

of the round corner die ECAP process. The exit channel gap in Figure 4 is caused by a higher bending
effect in round corner dies than in 45 degree!?!!. The workpiece corner angles are larger than the die
corner angles regardless of zero degree.

Both situations result in the gap development in the exit channel, however the round corner die's are
greater than the sharp corner die's because of the stronger bending effect. Evidently, a large channel
angle die produces less shear strain during ECAP than a small one!??!. Another thing to keep in mind
is die corner gaps not only lessen shear deformation overall but also amplify strain inhomogeneity.
Figure 5 displays the calculated effective strain rate distributions at the ECAP steady states. It is
augean to detect between the deforming zone and the undeforming region since deformation happens
within the MDZ as well as before and after it, and the boundary separating them is hazy!**!.
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Figure 6. Deformed Geometry through ECAPed Processed [13].
It is easier to see the maximum strain rates across the shear plane as well as the strain rates along the

centre curve!?*. It can be deduced that finite element analyses using coarse mesh systems cannot
accurately represent the local deforming behaviour because a mesh only captures the averaged values
within an area of one element shown in figure 6. While estimating the values in the low deformed
zone, coarse elements overestimate the values of strain and stress. When the die corner angle is zero,
the strain rate is rather uniform throughout the deforming zones along the line AB. Regionally high
strain rates are present close to the inner corner point, and they gradually decrease as one advances
from the inner corner toward the point!. Because a high strain rate increases the flow stress of rate-
sensitive materials while also enhancing the heat generated during plastic deformation. With
increasing distance from the inner corner and strain rate would fluctuate, which would have more
complicated impacts on the inhomogeneity of deformation?°!,

It is obvious that the behaviours of the strain hardening and quasi-perfect plastic materials when
filling die corners are very different. In AA5083, the corner gap between the workpiece and the die
is significant and it is less so in materials that exhibit minimal strain hardening behaviour. The corner
gap is projected to completely disappear for real perfect plastic materials with 0% hardening rate.
Even though the die corner angle y was 0°, and workpiece does not exactly match the die's corner

shapel®”). It is not necessary for the high strain development in the workpiece to have a sharp die
corner angle. The gap of corner on the side of entry is longer than the corner gap on the side of exit.
This can be attributed to the asymmetry of the deformation strain and the loading conditions in regard
to the central shear plane. The stress distribution that has formed in the workpiece can be used to
explain the mechanism of die corner gap creation. For the non-hardening material, the workpiece
fills the die corner as the ram presses®®. For the strain hardening material, the interior of the
workpiece within the deforming zone experiences more severe deformation and is harder than the
exterior of the deforming zone. The exterior of the workpiece, which experiences less deformation
and is softer than the interior can flow to the exit channel more quickly. The bottom surface of the
finished workpiece formed of the strain hardening material displays less shear distortion than the
non-hardening workpiece because the outside surface of the strain hardening workpiece travels less
distance than the outside surface of the non-hardening workpiece?’!.
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Figure 7. Schematic diagram of curves depicting strain distribution along the workpiece stable region
[23].
Figure 7 shows the effective strain distributions along the workpiece's path normal to the pressing
direction®”]. For both strain hardening and non-hardening materials, the workpiece exhibits low
strain due to the formation of corner gaps and bottom portions. It should be noted that the generation
of corner gaps increases the internal strain of the workpiece while decreasing the external strain. As
a result, the strain distribution has a less uniform shape with wider corner gaps. These strain numbers
and the average effective strain values from the FEM are more in agreement. It is preferable to use
the workpiece's arc curvature rather than the die corner angle*'. Due to the fact that the die corner
gap is dependent on how materials respond to strain hardening and optimal ECAP die design may
change depending on the material of the workpiece. Although it is anticipated that the material with
the higher strain hardening behaviour will produce a larger die corner gap in the first pass, the size
of the corner gap decreases over the course of further passes since the hardening rate normally
decreases as total strain increases. Finite elements are being used to model the gap formation as well
as the dead zone formation based on the process conditions!*?l.

Effective Strain

5. Conclusion

In relation to the typical effective strain rate during Equal Channel Angular Pressing, an analytical
formulation was put out. Increasing the channel angle and die corner angle results in a reduction in
strain rate. The corner angle has a far greater effect on the strain rate than the channel angle due to
the expanded primary deforming zone and shorter deforming time. The results of the finite element
analysis support the strain rate equation's validity!**). The influence of mesh size was also covered.
In order to effectively analyse the local deformation behaviour using finite elements, corner gap
formation is necessary®*. Corner gap formation overstates the strain and stress values in the low
deforming zone and understates the values in the highly deformed zone. It was discovered that the
greater strain hardening rate material forms wider corner gaps because the workpiece softer exterior
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in the deforming region passes through the strain hardening material more quickly!®!.
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