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ABSTRACT: Equal Channel Angular pressing is a unique Severe Plastic Deformation Process for producing ultra-fine
grain sized materials. Experiments are conducted on 99.5% pure Copper samples manufactured through Powder
Metallurgy route and sinter extruded. The experiments are carried out on cylindrical samples having an aspect ratio of 1
(Height/Diameter). The sinter-extruded samples are then subjected to ECAP punch and die set-up having a channel
angle of 110° in a 100 ton hydraulic press. As the samples are subjected to ECAP one after the other, the first sample
will not realize the influence of back pressure and the subsequent samples are influenced by back pressure since the first
sample acts as a back pressurizing agent for the subsequent samples that undergo ECAP. The influence of back pressure
during ECAP helps in prevention of Chevron crack in the sample along with enhancement in mechanical and
metallurgical properties such as pore closure, increase in hardness and increased density.
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I INTRODUCTION

Powder metallurgy is a method of producing components of metals and composites from their powdered form.
Components that have complex structure and those that are difficult to manufacture via conventional metal forming
routes are manufactured in the PM (powder metallurgy) route, making the process simple, highly accurate and
facilitates for near-net shape manufacturing. Although PM route has the fore mentioned advantages, the presence of
pores and relatively low strengths have always been of concern. In order to overcome the disadvantages, Equal Channel
Angular Pressing can be adopted.

Back pressure is an important parameter affecting the process of ECAP as it meters the amount of material passing
through the channel at any given point of time. In this process, back pressure is provided by the inertial resistance
offered by the samples that have passed through the channel prior to any sample at a particular point of time. This is
found to be an effective way of providing back pressure to the samples as the die and process design are in such a way
that providing back pressure through any other way would have been a challenge. Strain hardening, densification, grain
refinement, and pore closure are expected after passing the samples through the ECAP die for a number of times and for
different routes. It is seen that the above mentioned properties are achieved after the first pass itself if sufficient back
pressure is provided, paving a way for increased productivity. The purpose of this work is to find the dependence of the
ECAP process on the back pressure acting on the samples its effect in reducing Chevron cracks in the sample. The
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effect of back pressure is profoundly seen on the samples undergoing the process and the findings are discussed here in
this paper.

. RELATED WORK

Equal-channel angular (ECA) pressing is a processing procedure in which a sample is subjected to a very intense plastic
strain by pressing through a special angular die. ECAP is known to produce ultrafine grains in FCC metals (Al) ™.
These ultra-fine grains seem to have physical properties that differ drastically as compared to their counter coarse grains
21 ECAP also results in reducing the diameter of the pore although the process does not result in complete closure of
pores ! that arise as a result of the Powder Metallurgy route adopted. This reduction in volume of the pore increases
density of the material. The load is applied on the ECAP punch acts on the samples in the ECAP die causing it to pass
through an angular channel at 110°. Effective grain refinement is found in dies with ® (channel angles) between 90° and
157° B!, From the work of Raja Mohan R et al ™. it is found that, for constant ¥=45° the effective strain imparted is
more for channel angle ®=90°, but the strain in-homogeneity is also high. ®=120° has less strain in-homogeneity but
the strain imparted is less such that there is no improvement in properties. An intermediate angle is selected wherein the
strain imparted is high enough to improve the properties and the strain in-homogeneity is also low. The effective strain
imparted is also found to be homogeneous for channel angles, ®=110°, 115°, 120°. Hence the channel angle of ®=110°
is chosen for the experimental work where strain imparted is higher compared to 115° and 120°.

M. EXPERIMENT

The material considered for the research work is commercially pure Copper in powder form with a particle size of 50
microns and the purity is 99.5%. Cylindrical compacts are prepared from 96 grams of metal powder per specimen under
a pressure of 600 MPa using Universal Testing Machinel”. The height obtained after compaction is around 25-28 mm
and the diameter obtained is around 23-26 mm to restrict the aspect ratio of the sample to 1. Then the samples were
subjected to sinter-extrusion, a process where sintering and extrusion are carried out sequentially. The green compacts
are firstly placed in oil-fired furnace at atmospheric pressure and the temperature is gradually raised at proper intervals
till it attains temperature of 880°C and soaked at 880°C for 30 minutes!”). Then the samples hot-extruded using friction
screw press with 11 mm diameter and approx. 90 mm in length for further processing in ECAP die. Then the specimens
were trimmed to remove the flashes as shown in Figure 1. Further, sinter-extruded specimens are subjected to annealing
heat-treatment at 425°C with a soaking time of 2 hours to remove the internal stresses developed during the sinter-
extrusion P!, After heat treatment, the samples are subjected to ECAP wherein load is applied using hydraulic press. The
ECAP die and the punch are made of commercial grade die steel and hardened for obtaining the necessary strength. The
die of @ (channel angle) =110° and ¥ (corner angle) =45° and channel diameter of 12mm is designed as split die, for
facilitating the removal of the work piece after the process. The whole die setup, as shown in Figure 2, is arranged on
the base of the hydraulic press and the automatic loading is applied until the required length of the specimen passes
through the angular channel. After passing the first specimen, the next specimen is made to pass through the channel for
which the back pressure is provided by the previous specimen. The Load Vs Displacement graph for each sample is
shown in Figure 3(a), 3(b), 3(c) and 3(d). The ram speed for the whole process is 3mm/min. Number of passes for each
sample through ECAP die is restricted to one. The lubrication provided for the process is graphite powder mixed with
engine oil as lubrication is very crucial for compaction and ECAP process. Absence of lubrication would result in
severe friction and shearing on the surface of the sample.
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Figure 1: Extruded Specimen (after finishing operation); 2: Line diagram of the die and punch.
V. RESULTS & DISCUSSION
a. Back Pressure

In this experiment, four copper specimens of diameter 11 mm are passed through the die progressively one after another
wherein each specimen produces back pressure for the subsequent specimen. Every specimen is inserted into the die
after the previous specimen is passed through the angular channel. All the four samples underwent one pass through the
die.

The first specimen is passed into the angular channel, with the ram speed of 3mm/sec. When the specimen reached the
angular channel (displacement of the ram is 12mm) there is a drop in the load imparted to the specimen by the ram from
9.4kN to 8.2kN, the corresponding stress at this displacement is 83.19MPa. The drop in the applied load is because of
propagation of Chevron cracks from the surface to the core of the specimen. This is the first point during the whole
experiment where the sample fails due to propagation of Chevron cracks. From the Figure3(a), it is inferred that there
are many stages where there is fluctuation of load which indicates that at each of these dips, the sample fails due to
Chevron crack initiation and propagation. As this is the first specimen, to pass through the angular channel, there is no
back pressure for this specimen and the maximum load imparted to this sample is 37.5kN and the corresponding true
stress is 380 MPa.

When the second sample is passed through the die, the maximum load imparted to the specimen is 76.45kN and the
corresponding true stress is 776 MPa. The presence of peaks and valleys in Fig. 3(b) indicate that the sample has
developed cracks when it passes through the angular channel but the distance between the peaks and valleys in the plot
is low when compared to the first specimen which is also an indication of the extent to which Chevron cracks have
propagated from the surface to the core; hence the propagation of crack is less deep as compared to the first specimen.
This is due to the back pressure imparted by the first specimen on the second specimen. The back pressure acting on the
second sample is the difference in the stress between first and second specimen; the corresponding load is the difference
in load between first and second specimen under the assumption co-efficient of friction between walls of the channel
andtest specimen is zero as the walls are well lubricated with lube oil. The maximum back pressure and load on the
second specimen is 396 MPa and 39KkN.

For third specimen, the depth of cracks are still lower as compared to the second specimen, as the distance between the
peaks and valleys for the third specimen is lower (as shown in the Figure3(c)) than first and second specimen. The
maximum load imparted to the third specimen is 92.75kN and the corresponding stress is 941 MPa. The maximum back
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pressure and load on the third specimen is 561 MPa and 55.25kN. The effective back pressure on the third specimen is
due to the cumulative effect of both second specimen and first specimen.

For fourth specimen, the cracks are still lower as compared to all the previous three. It is inferred from the Figure3(d)
that, fourth sample has very insignificant variation in load and stress as compared to first, second and third specimen.
The fourth specimen is more densely packed and extruded out without any failure or cracks in the specimen. The
maximum load imparted to the fourth specimen is 117.75kN and the corresponding stress is 1195 MPa. The maximum
back pressure and load on the fourth specimen is 815 MPa and 80.25kN. This is due to the cumulative back pressure
offered by all the previous three samples.

From the Figure4, it is observed that the back pressure plays a vital role in ECAP as it aids in extrusion of specimen by
avoiding failures like Chevron cracks as flow is controlled as the shear deformation reduces with subsequent specimen
passing through angular channel. For electrolytic copper specimens processed through powder metallurgy route, back
pressure is one among the major criteria to obtain a properly processed crack-free samples. Higher the back pressure,
lesser the cracks in the specimen and hence greater the quality of extruded product. The effective back pressure on a
specimen is due to the cumulative effect of all the previously extruded specimen. It is also observed that, as the number
of specimen increases, the effective back pressure imparted on the last specimen also increases. Due to the back
pressure, the specimen is imparted with a force in opposite direction to the movement of ram. The back pressure force
and the force imparted by the ram act as compressive force on the specimen; but due to movement of the ram the
sample is made to pass through the angular channel. This compressive force prevents initiation of cracks on the surface
of the specimen and also obstructs propagation of crack to the core of the specimen if they are already present on the
surface of the specimen.The micro-hardness of the specimens are taken using Shimadzu HMV-2; the micro-hardness
before and after ECAP are found to be 90.9 HV and 115.3 HV. Thus, increase in hardness values also confirms that
specimens were strain hardened due to severe plastic deformation.

Sraph : Load Vs Displacement

Graph _ Luod ¥s Displacement

/ L/K’L/ ) B ST
/
£

s

Figure 3(a): Load Vs Displacement of 1% sample through the channel; (b): Load Vs Displacement of 2™
sample through the channel; (c): Load Vs Displacement of 2" sample through the channel; (c): Load Vs
Displacement of 3™ sample through the channel; (d) Load Vs Displacement of 4™ sample through the
channel.
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Figure4: Maximum Load Applied (Mega Newton), Maximum Stress (MPa), Back Pressure (MPa) Vs Sample
number (in successive order of loading).

b. Pore Closure

Porosity is an inherent and inevitable characteristic of the powder metallurgy route. Back pressure in addition to
prevention of cracks also has other important effect on pore closure during ECAP. Back pressure acts as compressive
force in the specimen reduces the size of the pores. The pores of size 2-3um in the extruded specimen as shown in
Figure 5(a), reduces to a size of 0.5-1um after ECAP as shown in Figure 5(b). The black spots in the SEM image denote
pores in the specimen. From the SEM image, it can be observed that pores did not get closed completely but the
diameter of the pore decreases by ECAP. As this experiment is restricted to one pass, if the samples are subjected to
more number of passes pore size will further reduce but will not close completely. The pore which is spherical in
extruded specimen is seen elongated after one pass in ECAP die. This is due to high strain rate in one particular
direction compared to other mutually perpendicular axes and also due to the variation in nature of forces acting on the
pore when the specimen is passed through the die. The forces acting on the specimen are compressive force offered by
the specimen, compressive force by the die walls and more importantly, back pressure acting on the specimen which is
offered by the previously extruded specimen. The nature of the forces acting on the specimen after it passes the angular
channel is not clear as the constraint changes [8]. On the whole, the forces acting on the specimen are not of same
nature and this variation of forces from all the three directions either tensile or compressive. This variation is due to the
fact that the strain rate at a point during ECAP process is not homogeneous™. The same is verified from the simulated
result from the doctoral thesis work by VenkatramanR[® in DEFORM 3D software. Thus, due to combination of various
forcesincluding back pressure and strain rate aid in pore closure i.e. reduction in diameter of the pore and elongation in
one particular direction.
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Figure 5 (a): SEM image of Sinter-Extruded Specimen showing pores; (b): SEM image of ECAP Specimen
showing pores (Magnification-5000X).

c. Densification

As the back pressure is seen to increase for every sample that passes through the die, it can be concluded that there is an
increase in the amount of compressive load acting on each sample.

The average density of the samples is measured using Shimadzu AUX 220 and found that in the as sinter-extruded state
the density is 8.2680g/cc while that of solid copper is 8.96g/cc. This difference in density shows that, a large volume of
pores being present in the samples.

The first sample after passing through the angular channel, with no apparent back pressure has a density of 8.27g/cc
after it has passed through the channel (which is 92.29% the theoretical density of Copper). The second sample, with a
back pressure of 396MPa achieves greater densification when compared to the first sample. The density of the second
sample on completely passing through the channel is found as 8.32g/cc which is 92.85% the relative density ofCopper.
Similarly there is an increase in the amount of back pressure acting on the third sample (which is561MPa) and as it is
passing through the channel, is seen to have been densified more to a density of 8.64g/cc, which 96.43% the theoretical
density of Copper. The fourth sample with a maximum back pressure of 815MPa, is seen to have a final density of
8.89g/cc, which is 99.22% the theoretical density of copper. Thus, density of samplesincreases with an increase in back
pressure as shown in Figure 6.
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Figure 6: Graph showing the increase in densification with the number of samples.
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V. CONCLUSION

For copper, processed through powder metallurgy route, ECAP could be effective if the specimens are
extruded with a back pressure greater than 0.815MPa. For samples processed with back pressures lower than
0.815MPa, Chevron cracks were observed.

As the back pressure increases, compressive force on the specimen increases and hence the specimen is less
prone to development of cracks.

To obtain sufficient back pressure, specimen(s) of similar material or any other material of same dimensions as
that of test specimen can be inserted into the die prior to the insertion of test specimen.

Back pressure on the specimen takes the form of compressive force resulting in prevention of crack initiation
on the surface of the specimen and also reduces propagation of crack to the core of the sample.

The reduction in pore diameter of ECAP specimen as compared to sinter-extruded specimen is due to back
pressure along with other combination of forces acting on the specimen.

Reduction in volume of pores in powder compacts is observed with an increase in back pressure acting on the
specimen. This reduction in porosity owing to the increase in magnitude of back pressure results in
densification of sample during ECAP (i.e) greater the back pressure leads to higher densification of the sample.
Higher densification of powder compacts, processed through ECAP owing to reduction in porosity can be
achieved with increase in back pressure.

In ECAP of copper, processed through powder metallurgy route, the density of 8.89g/cc (with reference to
actual density of copper, 8.96g/cc) is achieved in the first pass itself.
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