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Abstract

Equal Channel Angular Extrusion (ECAE) is an innovative process which utilizes plastic
deformation to produce materials with unique properties. The process can be applied multiple
times to obtain very high levels of deformation without changing the cross-sectional area of the
billet. The orientation of the billet can also be varied to change the microstructure of the material.
The purpose of this paper is to study the effects of ECAE on copper 10100 with particular
interest in increasing the room temperature strength of the copper without increasing the
resistivity. Preliminary findings based on the microstructure and hardness data indicates that

ECAE has the potential to yield such a material.
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Introduction

Advanced materials are critical to the success of numerous industries. The use of large
amounts of plastic deformation to improve the properties of materials is an area of great interest
for advanced material development. Equal Channel Angular Extrusion (ECAE) is an innovative
process which utilizes plastic deformation to produce materials with unique properties. ECAE
has the potential to revolutionize the materials processing field as a completely new manufacturing
method for pure metals, alloys, composites, and plastics. The new materials that might be
developed, and the enhancement of existing materials as a result of ECAE could have numerous
technological benefits for many industries. ECAE is currently being studied as a processing
method for several materials. This paper investigates the effect of ECAE on copper C10100 with

the objective of increasing the room temperature strength with little loss of conductivity.

History and Background of ECAE

The Equal Channel Angular Extrusion Process (ECAE) was invented in 1972 in the
former Soviet Union by Dr. Vladimir Segal while he was a senior researcher at the Physical
Technical Research Institute, Academy of Sciences, Minsk, USSR. Dr. Segal has since
immigrated to the United States and is currently a research engineer at Texas A&M University in
the Mechanical Engineering Department.

Significant work in ECAE started in 1976 in the USSR, and the process was patented in
1978 by Dr. Segal. Research and development of ECAE continues in the former Soviet Union at

several institutes. Previous work has provided: development of a new method of plastic



deformation, special manufacturing methods for producing various microstructures, the

development of process conditions for various materials, and the development of dies, tools, and

presses for processing single billets and continuous ingots with ECAE.

Description of ECAE

The ECAE process yields very heavy deformation in a material without changing its

cross-sectional area or geometric configuration. A billet is processed by extruding it through a

die with intersecting channels of the same
diameter (see figure 1). The billet will
deform by simple shearing in thin layers at
the crossing plane of the channels. Unlike
conventional extrusion processes, the
cross-section of the billet remains constant.
Since the process results in uniform
deformation across the entire
cross-sectional area of the billet, a
homogenous stress state 1is reached
throughout the billet. For a channel angle
of 90° the punch pressure required is

roughly equal to the flow stress of the
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Figure 1: ECAE die

material, which is a reduction of 1.5-2.0 times that of conventional extrusion for comparable

equivalent reduction ratios [2]. A single pass with a channel angle of 90° produces an equivalent



reduction ratio of 3.2 [1]. Thus, ECAE allows a large strain intensity to be reached with low
pressure and load.

Multiple passes through the process can be made resulting in the ability to produce
extremely high levels of deformation in a billet without changing its cross-section. After eight
passes with a channel angle of 90° the equivalent extrusion ratio reaches 10,100 [1]. The planes
and directions of shear can also be altered with each pass by rotating the billet. This affects the
grain structure allowing various textures to be produced such as equiaxed, laminar, or fibrous

orientations. Three different cases of processing orientation which are of interest include:

1) Method A - Billet orientation remains the same for each pass. This produces a
laminar grain structure with the grains exhibiting a large aspect ratio.

2) Method B - Billet is rotated 90° about the extrusion axis. This produces a fibrous
grain structure with very elongated grains.

3) Method C - Billet is turned 180° about its axis for each even numbered pass. This
results in an equiaxed and uniform grain structure after an even number of passes.

Utilizing controlled recrystallization after ECAE can result in sub-micron grain structures. The
ductility of the material is thus increased and certain materials will become superplastic at
temperatures lower than normal. The ability to produce very fine grain structures and control the

orientation of the grain structure yields materials with unique properties.

Area of Investigation

The objective of the research detailed in this paper is to study the effects of ECAE on
copper C10100. This is an oxygen-free copper which is 99.99% pure. ECAE is being

investigated as a method of improving the room temperature strength of relatively massive



sections of the copper with little loss in conductivity. Cu C10100 which has been processed for
improved strength without loss of conductivity has applications as a material for high strength
magnetic field conductors.

A test matrix was developed for the material to study the hardness, microstructure,
mechanical properties, and conductivity for a varying number of passes and orientations through
ECAE. Data has been collected for hardness and microstructure; however, research is continuing
to determine mechanical properties and conductivity. The microstructure of the material was
observed and compared to the microstructure of the original material using light microscopy. The
mechanical properties of the material will be determined through tensile testing to determine the
tensile strength, yield strength, modulus of elasticity, and ductility. The conductivity will be
measured at both room temperature and liquid helium temperature using an eddy current decay

method.

Experimental Procedure

The 1" square by 6" long billets of copper * *

10100 were cut from a single commercial bar. All

billets were annealed at 600° for 1 hour in an inert

Punch
atmosphere (argon gas) furnace and then water

quenched. Processing with ECAE was performed )
Billet Die

at room temperature on a specially designed die

which was mounted on a 500 kip hydraulic press

(see Figure 2 for a general schematic). The billets

Figure 2: General Apparatus

were cold deformed with a varying number of

4



passes (N =1, 2, 4, and 8) and orientations (methods A, B, and C) through ECAE. Previous
research has shown that processed copper billets can be stored at room temperature for extended
periods of time without changes in the material properties; therefore, no special considerations
were taken in storing the billets. After processing, the billets were cut into smaller samples using
a cut-off wheel. The samples were annealed at temperatures ranging from 100 - 220°C for 1 hour
and then water quenched. Hardness testing was performed on the original and annealed samples
using a digital Rockwell hardness machine on scales HRB and HRF following standard hardness
testing procedures.

Selected samples were prepared to provide a complete evaluation of the effects produced
by ECAE and the subsequent annealing on the microstructure. All microstructure studies were
performed using light microscopy. The samples were mounted using epoxy and polished with
successively finer grits of sandpaper, diamond paste, and aluminum carbide to provide a surface
with the necessary smoothness to study the microstructure. Etching times were 40-50 seconds

for the samples (see Table 1 for the composition of the etchant).

Amount Compound
2g K, Cr,0,
8 mL H,SO,
4 mL NaCl (saturated solution)
100 mL H,0

Table 1: Etchant Composition



Results and Discussion

The test matrix showing the number of passes, orientation, and annealing temperatures for

each sample is shown below in Table 2.

Sample Passes Method Annealing Temperatures (°C)
0 0
1 1 100, 130, 160, 190, 200, 210, 220
2 2 A 100, 130, 160, 190, 220
3 2 C 100, 130, 160, 190, 220
4 4 A 100, 130, 145, 160, 190, 220
5 4 B 100, 130, 138, 145, 160, 190, 220
6 4 C 100, 130, 145, 160, 190, 220
7 8 A 100, 130, 160, 190, 220
8 8 B 100, 130, 160, 190, 220
9 8 C 100, 130, 160, 190, 220

Table 2: Test Matrix

Complete hardness data and microstructure results have been collected for the test matrix from
these samples. Mechanical properties and resistivity tests have not been performed and thus will
not be presented in this paper.

Hardness data was collected for all samples using a Rockwell HRB scale (see appendix A
for complete data). For samples which produced very low or negative hardness numbers on the
HRB scale, data was also collected on the HRF scale. The use of the HRB scale for all samples
allows annealing curves to be developed for each billet. The HRF scale then provides accurate
hardness values for those samples which are very soft (e.g. highest annealing temperatures and

strain intensity). Five hardness values were taken for each sample, plotted versus annealing
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Figure 3. N=2

B did produce slightly higher hardness values for
the lower shelf. Figures 6, 7, and 8 show the
annealing curves for billets processed with the
same method, but for a different number of
These curves exhibit a significant

passes.

difference in recrystallization temperature

between the one pass and multiple pass samples,
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Figure 5: N=8

temperature for each billet, and a curve fit was
generated (see appendix B for the curve fits).
Figures 3, 4, and 5 each show the annealing
curves for billets processed with the same
number of passes, but with different methods.
It is evident from these plots that the different
had little  effect the

methods on

recrystallization temperature, however method

]

o 80
£
= 60
\
c 40
el
: \
T 20
3 b__
g o0 e
&
-20 + t + +
0 50 100 150 200 250
Annealing Temperature (deg C)
|— Sample 4— Sample 5—Sample 6J

Figure 4: N=4

but little difference among the multiple pass
samples. This indicates that the strain intensity
after two passes is great enough that any
additional strain intensity has no effect on
recrystallization temperature. Therefore, the
different methods show no difference in

recrystallization temperature because the strain
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Figure 6: Method C

energy present in the material is great enough to
mask any effect the different methods of
processing might produce.

Examining the microstructure of the
samples gives a more detailed picture of the

effects of ECAE on copper. Figure 9 shows the

microstructure of the copper in its original
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Figure 8: Method A

unprocessed state (Note: all photographs have a magnification of 60X and all photographs of

processed samples are in the flow plane unless otherwise noted). The grains are large and well

defined with distinct grain boundaries. Figure 10.shows the affect of ECAE on copper after one

pass. The sample exhibits heavy deformation, a large number of slip lines, and a large change in

the aspect ratio of the grains. Figure 11 is a sample of two passes with Method A. The grains

have become even more deformed and now represent a laminar structure. Additional passes with

method A continue to develop a heavily deformed laminar structure (Figure 12 - 8 passes,

Method A).



Figure 10: Sample 1
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Figure 13 demonstrates the effects of Method C after two passes. Notice that the original
structure has been restored compared to the sample after one pass (Figure 10). Method C
produces a heavily deformed, but uniform and equiaxed grain structure. Additional passes with
Method C (see Figure 14 - 4 passes, Method C) yields greater deformation with the grains
becoming less sharp and the grain boundaries almost dissolving. Figures 15 and 16 illustrate the
grain structure in three dimensions for Methods A and C (four pass samples). The front of the
cube represents the flow plane while the sides and the top represent the short transverse plane and
the longitudinal transverse plane respectively. In Figure 15 (Method A), the laminar, pancake-like
structure is readily visible, while in Figure 16 (Method C) the grain structure is uniform on all

three sides as expected.

13



A very fine grain structure is observed for both Methods A and C after annealing at
temperatures high enough to produce recrystallization. Figure 17 shows sample 4 after annealing
at 190°C. The grain structure is almost completely recrystallized and shows little similarity to the
unannealed sample. Figure 18 shows sample 4 after annealing at 160°C. Recrystallization has
begun, but the previous grain structure is still readily visible. Figures 19 and 20 exhibit the same

properties for Method C. Additional photographs of microstructure are included in Appendix C.

Conclusion

ECAE can have a profound effect on the structure and properties of a material. Great
amounts of plastic deformation can be imparted uniformly on the material. By controlling the
orientation and number of passes of the billet, the structure of the material is determined. When
applied to copper C10100, ECAE results in significant increases in hardness (and thus strength).
By annealing the material, a very fine grain structure can be produced. The different methods of
processing allow for the production of very dissimilar structures from the same material. With the
proper balance of number of passes, billet orientation, and annealing temperature, a C10100

copper with significantly increased strength and little increase in resistivity should be possible.

14
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Additional Microstructure Photographs

Magnification=60X

Sample 4 (4 passes, Method A, 220°C)
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Magnification = 60X

LR W
wd’w N ;'{’e;.“\'!tw
AR\ A
i

Nt
AN
IA'

oAk

-‘!IW'? i
‘.‘:yl,?gg@-h L 2 i {
Qo Sy N e 2

> X B N ¥
’_.av‘.e_wlw
KR Wondoid- R
LA

< i 0,

K I A K

(P L0 Nl
G T T )
Wy w88 g el 2 e

Sample 7 (8 passes, Method A, 220°C)
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Magnification = 60X
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Sample 6 (4 passes, Method C, 220°C)

Sample 9 (8 passes, Method C, 190°C)
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Magnification = 60X
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Sample 9 (8 passes, Method C, 220°C)
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Magnification = 240X

Sample 4 (4 passes, Method A, 220°C)
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Magnification = 240X py
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Sample 7 (8 passes, Method A, 190°C)
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Sample 6 (4 passes, Method C, 160°C)

Sample 6 (4 passes, Method C, 220°C)
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Magnification = 240X
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Sample 9 (8 passes, Method C, 160°C)
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Sample 9 (8 passes, Method C, 220°C)
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Magnification = 240X
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Sample 6 (4 passes, Method C)
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Magnification = 240X

Sample 9 (8 passes, Method C)
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