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1. Introduction

Light metals such as aluminum, magnesium, titanium and their alloys are useful for a wide
range of applications such as in the automotive, railway, and aerospace industries.
Engineering of fine-grained light metal materials is an indispensable technology that is
expected to improve material properties such as tensile strength, elongation, corrosion
resistance, fracture toughness, strain-rate plasticity, low-temperature plasticity, etc. The
production of fine-grained light metals with excellent properties using severe plastic
deformation methods, especially rolling and extrusion, has been intensively studied. With
such processes, the size of the metal grain generally decreases because plastic deformation
causes a decrease of grain size, by the principle shown schematically in Fig. 1.
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Fig. 1. Schematic diagram of a) rolling method and b) extrusion method

On the other hand, the equal channel angular pressing (ECAP) method invented by Segal et
al. in 1981 has proven successful for fabricating fine-grained bulk metals. A schematic
diagram of the ECAP method is shown in Fig. 2. In the ECAP method, a large strain can be
introduced into a billet sample by simple shear deformation without changes in the cross-
sectional area. In the ECAP process, the billet is extruded through a die consisting of two
channels intersecting at an angle of 2®. The sample is set in the vertical channel and pressed
into the second channel. The greatest advantage of the ECAP method is that the initial size
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42 Recent Trends in Processing and Degradation of Aluminium Alloys

and shape of the sample processed by the ECAP process are maintained. The sample is
enhanced with the shear stress of the angle ® to the extrusion direction in the ECAP process
and its structure is fine-grained.

Pressing
|
I | Punch

Sample billet

ECAP processed
sample billet

Fig. 2. Schematic diagram of equal channel angular pressing method. (V.M. Segal, V.1
Rexnikov, A.E. Drobysevsky and V.I. Kopylov: Metally Vol. 1 (1981), p. 115.)

The rolling method, the extrusion method and the ECAP method are severe plastic
deformation methods, and are useful for grain refinement of light metals. In all of these
methods, excellent grain refinement is generally expected with many passes. In the case of
the rolling method, as shown in Fig. 3-a, the grain is continuously refined with each pass as
the material’s thickness decreases. In order to process the material with ECAP many times,
either a continuous cycling method (Fig. 3-b) or a method of expulsion and reinsertion (Fig.
3-c) are possible. In the case shown in Fig. 3-b, twice or more pressure is necessary when
continuing the second time, and there is a limit in the number of ECAP passes depending on
the maximum pressure and the die strength. In conventional ECAP, as shown in Fig. 3-c, the
pressed sample must be removed from the die and reinserted back for the next pressing,
making the process inefficient. Not only does this process take a long time, the temperature
of the sample is difficult to control.

A new ECAP process method called the rotary-die equal channel angular pressing (RD-ECAP)
method was developed at Japan’s National Institute of Advanced Industrial Science and
Technology (AIST, formerly the National Industrial Research Institute of Nagoya (NIRIN))
to form fine-grained bulk materials such as aluminum alloys, aluminum composites,
magnesium alloys, and titanium. Using the RD-ECAP method, ECAP processing of up to 2
passes can be done without sample removal, and samples processed over 30 cycles were
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obtained. One-pass RD-ECAP could be processed in 30 s. In this paper, the RD-ECAP process
is explained and its use in the processing of light metals (aluminum alloys) is reported.
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Fig. 3. Schematic diagram of a) rolling method and b, c) the equal channel angular pressing
method in the case of two or more passes
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2. Principle of rotary-die equal channel angular pressing method

The rotary-die equal channel angular pressing (RD-ECAP) method was developed for
structuring fine grains in light metal, such as aluminum alloys, magnesium alloys, titanium
and so on. In general, using equal channel angular pressing (ECAP), a large strain can be
introduced into a billet by simple shear deformation without changes in the cross-sectional
area; the billet develops fine grains after several passes of ECAP. However, in conventional
ECAP method, the billet must be removed from the die and reinserted back for the next
pressing, making the process inefficient. Using the RD-ECAP method, up to 4 passes of
ECAP-style severe plastic deformation is possible without billet removal.

Schematic diagrams of the RD-ECAP method are shown in Fig. 4. It consists of four
cylindrical channels meeting at the center of the rotary die and four punches in the
corresponding channels. The sample is set into the center of the hole. Then, the four punches
are placed into the holes from the four directions and the die is set on a die holder. The die is
heated to about 500-700 K and a plunger presses the punch at the top. The sample is
extruded to the left direction because the right punch and the bottom punch are locked in
place due to contact with the die holder. The remaining two channels are used for the
conventional ECAP extrusion process. The punch at the top is pushed completely into the
die to complete one extrusion or RD-ECAP process. After this extrusion, the die is rotated
clockwise 90° to the initial configuration with the exposed punch at the top, and a second
pressing is performed. The process continues until the die returns to its former position,
after 4 passes. Then, because the sample is not reduced and the die is enough big,
temperature of the sample is able to control with control of temperature of the die. The
informal name for RD-ECAP is the Japanese term “Mochitsuki”, which is the common
process of making rice cake by pressing steamed rice again and again.

In the present work, the samples can be processed under conditions of 573-773K at an
approximately 0.9-2.4 mm/s punch speed at 300MPa or lower. By the RD-ECAP method,
ECAP processing could be repeatedly done without sample removal. In addition, the
temperature of the sample could be easily controlled. In our study, samples processed over
30 cycles (one cycle=one extrusion and 90° die rotation) were obtained. One RD-ECAP
cycle could be processed in 30 s. Therefore, RD-ECAP has the advantage of being energy

efficient.
(a) . Plunger  Rotary die (b) © .

Pun({‘ 90°Rotation E 5

Fig. 4. Schematic diagram of rotary-die equal channel angular pressing. (a) initial state,
(b) after one pass, and (c) after 90° die rotation
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Compared with the conventional ECAP die consisting of two channels intersecting at an
angle, the RD-ECAP die is easy to make because the channels in the RD-ECAP die are
formed with two straight holes. Though there are many channels in the RD-ECAP die, the
sample is always pressed from the same direction and general press equipment can be used.

3. RD-ECAP processed aluminum

3.1 AC4C aluminum alloy

AC4C (JIS, ISO; Al-Si7Mg(Fe)) casting aluminum alloy (Cu<0.20, Si 6.5-7.5, Mg 0.20-0.4, Zn
<0.3, Fe<0.5, Mn<0.6, Ni<0.05, Ti<0.20, Pb<0.20, Sn<0.05) is an excellent material for
observation of the RD-ECAP effect, such as breaking of the precipitated phase, because the
alloy has primary crystal dendrite and a coarse Al-Si microstructure. An AC4C casting
aluminum alloy material 20 mm in diameter and 50 mm in length was used. Cylindrical
samples 19.5 mm in diameter and 40 mm in length long were prepared by lathing.

The RD-ECAP die had a two cylindrical holes 20 mm in diameter that intersect at 90° to
form four channels. Three punches are pushed completely into the side and bottom
channels, the sample is placed in the top hole, and the die is set onto a die holder, as shown
in Fig. 4-a. Samples were processed under conditions of 543 K, 603K, 673 K at an
approximately 0.9 mm/s punch speed from one pass (= one extrusion) to 20 passes.
Photographs of AC4C aluminum alloy samples processed by the RD-ECAP are shown in
Fig. 5. The surfaces of the samples were dirty with lubricants but had no cracks or
contamination after the RD-ECAP process.

An experimentally obtained load-displacement curve of the plunger for the rotary-die equal
channel angular pressing at 603 K is shown in Fig. 6. The load increased with pressing,
reached a maximum load, and then decreased with further sample deformation.

Change in the maximum stress with the number of rotary-die equal-channel angular
pressing passes is shown in Fig. 7. The maximum load was lower at higher temperatures. At
673K, the first maximum load was about 150 MPa, and the fourth maximum load was about
100 MPa. At 603 K and 543 K, the maximum load decreased as RD-ECAP pass increased
from the 1st to 6th pass. The decrease of the maximum load at 603 K was the highest.

(1)523K (2) 673K

Before process Before process

1 pass 1 pass
2 passes 2 passes

Extruded direction
—_—

Fig. 5. Photograph of samples processed by rotary-die equal channel angular pressing
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Fig. 6. Experimentally obtained load-displacement curve of the plunger for the rotary-die
equal channel angular pressing at 603 K. (Y. Nishida, H. Arima, ]J.C. Kim and T. Ando: ].
Japan Inst. Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)

The microstructures of AC4C aluminum alloys processed by RD-ECAP with 1-20 passes at
603 K are shown in Fig. 8. The as-cast sample with 0 passes had a typical aluminium eutectic
structure with dendrites. The dendrites were deformed after one pass. After 6 passes, the
shape of the primary crystal dendrite disappeared and most eutectic structures were also
broken. After 10 passes, the cast structure disappeared. After 20 passes, a uniform
microstructure with fine primary-crystal aluminium and fine eutectic structure was
observed. The microstructure became fine with increasing of RD-ECAP pass number. In
addition, the distribution of the silicon particles appeared to have become more
homogeneous with the rising number of RD-ECAP passes.

A TEM photograph of an AC4C aluminium alloy processed by 10 passes of rotary-die equal
channel angular pressing at 603 K is shown in Fig. 9. The crystal grains were about 2-3 pm.
The relationship between the total elongation and strain rate of the AC4C aluminum alloy
processed by the RD-ECAP at 603 K is shown in Fig. 10. The 6-pass sample had about 90 %
elongation. The 10- and 20-pass samples had over 100 % elongation, and the maximum
elongation was 126 %.

The appearance of the samples after 10-pass RD-ECAP at 603 K and a tensile test at 723 K is
shown in Fig. 11. The samples processed by RD-ECAP had smooth surfaces. SEM
photographs of the tensile test sample surfaces are shown in Fig. 12. The sample shown in
Fig. 12-a had a detailed surface and 111 % elongation. Narrow structure along tensile
direction was also shown in Fig. 12-b. By contrast, the as-cast 0-pass sample had many
cracks on the 90° direction to the axis of tension and had a rough surface.

By RD-ECAP process, AC4C aluminium alloy hardly had any crack and had the elongation
in the tensile test because the microstructure became fine and homogeneous with increasing
of RD-ECAP pass number.
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Fig. 7. Change of maximum stress with number of the rotary-die equal channel angular
pressing passes. (Y. Nishida, H. Arima, J.C. Kim and T. Ando: J. Japan Inst. Light Metals.
Vol. 50-12 (2000), p. 655-659 in Jp.)

RD-ECAP cycle

Fig. 8. Microstructures of AC4C aluminum alloys processed by the rotary-die equal channel
angular pressing at 603 K. (a) initial state, (b) - (d), after 1-4 passes of RD-ECAP. (Y. Nishida,
H. Arima, J.C. Kim and T. Ando: J. Japan Inst. Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)
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Dislocat ' n

Fig. 9. TEM photograph of AC4C aluminium alloy processed by 10 passes of rotary-die
equal channel angular pressing at 603 K. (Y. Nishida, H. Arima, J.C. Kim and T. Ando: J.
Japan Inst. Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)
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Fig. 10. Relationship between total elongation and strain rate of AC4C aluminum alloy
processed by rotary-die equal channel angular pressing at 603 K. (Y. Nishida, H. Arima, ].C.
Kim and T. Ando: J. Japan Inst. Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)
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Fig. 11. Appearance of samples after 10 passes of rotary-die equal channel angular pressing
at 603 K and tensile test at 723 K. (Y. Nishida, H. Arima, J.C. Kim and T. Ando: J. Japan Inst.
Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)

()

Fig. 12. Tensile test sample surfaces of AC4C alloy observed by SEM after tensile test at 723
K at 5.95x104 S1. (a) and (b) are processed by 10 passes of rotary-die equal channel angular

pressing at 603 K; (c) and (d) are as-cast samples. (Y. Nishida, H. Arima, J.C. Kim and T.

Ando: J. Japan Inst. Light Metals. Vol. 50-12 (2000), p. 655-659 in Jp.)
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3.2 Al-11mass?%Si alloy and impact toughness

Al-Si eutectic alloys are in wide use in industry, especially in the automobile industry, due
to their good wear resistance, high tensile strength at elevated temperatures and
amenability to casting. However, their low fracture toughness impedes their broader
application. Their microstructure consists of eutectic silicon crystals and an aluminum alloy
matrix. The silicon crystals, which have three-dimensionally complex shapes and are very
brittle, congregate at the grain boundaries of the aluminum matrix. The low fracture
toughness of these alloys originates in their microstructure, and is influenced by aluminum
dendrite arm spacing and cell size, eutectic silicon characteristics (size and morphology) and
eutectic silicon distribution. To improve the microstructure, several techniques are in use
industrially: for example, the addition of elements like sodium and strontium. However, this
treatment results in little improvement in toughness, since brittleness is thought to be
inherent in these alloys.

There are several routes to improving the microstructure of alloys. These include rapid
solidification, stirring during solidification, heat treatment, and plastic deformation, with
the last being the most energy-efficient.

The Al-11mass%Si eutectic alloy used for the present research contains, by mass, 11.3% Si,
1.00% Cu, 1.13% Mg, 1.10% Ni and 0.277% Fe. The copper, magnesium and nickel are used
to improve the mechanical properties of this alloy at elevated temperatures. These elements
are present in the alloy as intermetallic compounds including MgySi, Al4CulNi, AloFeNi,
AlgCusNi and AlsNi. For RD-ECAP processing, the material of Al-11mass%Si alloy was
machined to be a cylindrical billet 19.5 mm in diameter (the channel is 20 mm in diameter)
and 40 mm in length. Due to the low billet aspect ratio (=2), the billet is subjected to non-
uniform deformation, since there is minimal deformation of the billet end zone regions.

The RD-ECAP die had two cylindrical holes 20 mm in diameter that intersect at 90° to form
four channels. Three punches are pushed completely into the side and bottom channels, the
sample is placed in the top hole, and the die is set onto a die holder, as shown in Fig. 4-a.
Then, The die is heated. The effect of RD-ECAP temperature on the impact toughness of the
Al-11mass%Si alloy was examined at three temperatures: 573, 623 and 673 K. The billets
were processed by RD-ECAP for 4, 8, 12, 16 and 32 passes at each temperature. In addition,
four special routes of RD-ECAP were used in this work: (a) 8 passes at 673 K followed by 8
passes at 623 K; (b) 4 passes at 673K followed by 12 passes at 623 K; (c) 4 passes at 573 K
followed by 4 passes at 673 K and 8 passes at 623 K; (d) 4 passes at 673 K followed by 4
passes at 623 K and 8 passes at 573 K.

Impact toughness test pieces were made from the RD-ECAP-processed (RD-ECAPed) billet
by machining along the longitudinal direction. The size of the rectangular prism test pieces
was 3 mm X 4 mm in cross-section and 34 mm in length, with a U-notch 1.5 mm in width
and 1.5 mm in depth. A computer-aided instrumented Charpy impact test machine
including software for tougher materials was used for measuring the absorbed energy of the
samples as impact toughness during impact testing. The plot in the figure is the average
value of four test pieces made from one billet (six pieces in all were made from one billet).
An as-cast alloy was also tested for comparison. An optical microscope and a transmission
electron microscope (TEM) were used to observe the microstructures of the RD-ECAPed
samples that had been cut from the longitudinal sections of the billets. Proven Solution for
Image Analysis was used for investigation of the particle size distribution in the alloy. The
maximum diameter of each particle was used as the particle size. A scanning electron
microscope (SEM) was employed for observation of the fractured surface.
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3.2.1 Microstructures

The effect of the number of RD-ECAP passes on the alloy microstructure is shown in Fig. 13,
where (a) shows the microstructure of the as-cast alloy, and (b), (c) and (d) illustrate,
respectively, the microstructures of samples processed with 8, 16 and 32 passes at 623 K via
RD-ECAP. The as-cast (0 pass) sample consists of large grains, including the dendrites of the
aluminum matrix, interdendritic networks of eutectic silicon plates and particles of other
large intermetallic compounds present between the aluminum dendrite arms or grain
boundaries, as shown in this Figure. After pressing by RD-ECAP for 8 passes, the large
grains observed in 0 pass sample did not exist and no dendrite structure was found in the
alloy. Though >20 pm eutectic silicon plates and its interdendritic networks were observed
in 0 pass sample, the plates became fine in the samples pressed for multipasses and <6 pm
plates or particles were observed after pressing by RD-ECAP for 32 passes. In addition, the
distribution of the silicon particles appeared to have become more homogeneous with the
rising number of RD-ECAP passes. The results indicate that stirring and deformation
occurred in the sample by RD-ECAP.

Fig. 13. Microstructures of the Al-11mass%Si samples processed by RD-ECAP at 623 K for
(@) - (d) 0, 8, 16 and 32 passes, respectively. (A. Ma, K. Suzuki, Y. Nishida, N. Saito,
I. Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura: Acta Materialia 53 (2005) 211-220.)

Fig. 14 illustrates the particle size distribution in the alloy after RD-ECAP. Over 60% of the
particles are smaller than 1 pm in the samples processed with 8 and 16 passes at 623 K. After
32 RD-ECAP passes, over 70% of the particles were smaller than 1 pm. However, the large
particle (over 2 pm in diameter) contents in the samples processed with 8, 16 and 32 passes
were not significantly different. It is evident that particles smaller than 1 pm in the alloy
increased with increasing number of RD-ECAP passes.
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Fig. 14. Effect of the number of RD-ECAP passes on the particle size distribution in the alloy.
(A.Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu,
T. Imura: Acta Materialia 53 (2005) 211-220.)

Fig. 15 shows the microstructures of the alloy processed with 16 passes by RD-ECAP at
three different temperatures: (a) 573 K, (b) 623 K, and (c) 673 K. The particle distribution,
including eutectic silicon and intermetallic compounds, seems to have become more
homogeneous when the processing temperature increased from 573 to 673 K.

.._' .f _.

% T

Fig. 15. Microstructures of the Al-11mass%Si alloy processed by RD-ECAP for 16 passes at:
(@) 573 K, (b) 623 K, and (c) 673 K. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M.
Takagi, H. Iwata, A. Watazu, T. Imura: Acta Materialia 53 (2005) 211-220.)
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Fig. 16. Effect of the RD-ECAP processing temperature on the particle size distribution in the
alloy. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu,
T. Imura: Acta Materialia 53 (2005) 211-220.)

1M km

Fig. 17. Transmission electron micrographs of matrix of aluminium in the Al-11mass%Si
alloy. (a) as-cast alloy, (b)processed 4 passes, (c) 16 passes, (d) 32 passes by RD-ECAP at 573
K. (A.Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu,
T. Imura: Acta Materialia 53 (2005) 211-220.)
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Fig. 16 illustrates the particle size distribution after 32 RD-ECAP passes at three different
processing temperatures. Among the three samples, the sample processed at 623 K had the
highest content of particles smaller than 1 pm. However, no difference in the large particle
content (> 2 pm in diameter) was not clear among the samples processed at the three
different temperatures. This result indicates that the processing temperature had little effect
on the distribution of large particles.

Fig. 17 shows transmission electron micrographs of aluminum matrix in the Al-11mass%Si
alloy, with (a) showing the microstructure of the as-cast alloy, and (b), (c) and (d) showing
the microstructures of samples processed by RD-ECAP at 573 K with 4, 16 and 32 passes
respectively. It is clear that the grain or grain fragment size of the aluminum was refined
after only 4 passes. In spite of the further increase in the number of RD-ECAP passes to 32,
the alloy maintained the same grain or grain fragment size of about 200-400 nm.

3.2.2 Impact toughness

Fig. 18 shows typical load-displacement curves for the Al-11mass%Si alloy, where curve (a)
is the as-cast sample, and (b), (c) and (d) are samples processed by RD-ECAP at 623 K for 4,
16 and 32 passes, respectively. The area below the load-displacement curve of (a) shows the
absorbed energy of the as-cast alloy, which is very small in comparison with the results from
the other samples.
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Fig. 18. Typical load-displacement curves of the Al-11mass%Si alloys: (a) as-cast state,

(b) (c) and (d) processed by RD-ECAP at 623 K for 4, 16 and 32 passes, respectively. (A. Ma,
K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura:
Acta Materialia 53 (2005) 211-220.)
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Fig. 19 shows the relationship between the absorbed energy of the sample during impact
testing and the number of RD-ECAP passes. The absorbed energy of the as-cast Al-11mass%Si
alloy was 0.9 J/cm2. After RD-ECAP, the absorbed energy increased markedly with the
increasing number of RD-ECAP passes at all three processing temperatures, ultimately
reaching 10 J/cm? after 32 passes at 623 K. This value is 10 times that of the as-cast Al-
11mass%Si alloy. The relation of RD-ECAP temperature to impact toughness is also shown
in Fig. 19, indicating little effect of temperature when the number of RD-ECAP passes is
fewer than 12. However, when the number of RD-ECAP passes exceeds 12, a marked effect
of RD-ECAP processing temperature on impact toughness is readily observed. This result
indicates the existence of a better temperature for RD-ECAP when the number of RD-ECAP
passes exceeds 12. For the alloy used in this study, the optimal temperature for RD-ECAP is
around 623 K. The effect of the processing route of RD-ECAP on impact toughness is also
illustrated in Fig. 19. Using the same number of pressing passes, 16, the additional four
routes described in the above section and marked A, B, C and D in Fig. 19 were attempted to
achieve high impact toughness. It is evident that the impact toughness of the Al-11mass%Si
alloy samples processed by routes A and B were significantly higher than those by other
routes; i.e., the samples processed by RD-ECAP for 8 or 4 passes at 673 K followed by 8 or 12
passes at 623 K exhibited relatively high impact toughness.

12
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Absorbed energy, J/cm?
o

4 F RD-ECAP
—+= 573K
2 f —&— 623K

—#— 673K

0 8 16 24 32 40
Number of RD-ECAP passes

Fig. 19. The absorbed energy of the samples as a function of the number of RD-ECAP passes
at 573, 623, 673 K and other routes: (A) at 673 K for 8 passes followed 8 passes at 623 K; (B) at
673 K for 4 passes followed by 12 passes at 623 K; (C) at 573 K for 4 passes followed by 4 passes
at 673 K and 8 passes at 623 K; (D) at 673 K for 4 passes followed by 4 passes at 623 K and 8
passes at 573 K. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata,
A. Watazu, T. Imura: Acta Materialia 53 (2005) 211-220.)

Fig. 20 shows Charpy impact test pieces without notches after impact tests, in which (a)
represents that processed by RDECAP at 623 K for 32 passes and (b) the as-cast alloy. Using
the test piece without the notch, the absorbed energy of the sample processed by RD-ECAP
at 32 passes could not be obtained because the test piece bent considerably, as shown in Fig.
20(a). However, the test pieces of the unpressed samples fractured in a brittle manner.
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(b)

Fig. 20. Impact toughness test pieces without notches of the Al-11mass%5i alloy after
testing: (a) processed by RD-ECAP at 623 K for 32 passes; (b) as-cast. (A. Ma, K. Suzuki,
Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura: Acta
Materialia 53 (2005) 211-220.)
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Fig. 21. SEM observations for the fractured surfaces of the Al-11mass%S5i alloy: (a) as-cast,
(b), (c) and (d) processed by RD-ECAP at 623 K for 4, 16 and 32 passes, respectively. (A. Ma,
K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura:
Acta Materialia 53 (2005) 211-220.)

Fig. 21 shows the fractured surfaces of the test pieces after impact testing, observed by SEM,
with (a) representing the as-cast alloy, and (b), (c) and (d) the samples processed by
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RD-ECAP at 623 K for 4, 16 and 32 passes, respectively. The as-cast sample shows a rough
surface due to the large grains in the alloy and the particles of eutectic silicon and intermetallic
compounds at the grain boundaries. The sample processed by RDECAP at 623 K for 4
passes, (b) shows a finer fracture surface, including a couple of dimples, compared to the as-
cast sample. The sample RD-ECAPed for 16 passes, (c) shows a fine and homogeneous
fracture surface with many dimples. However, little difference can be observed between (c)
and (d). A side view of the ductile fracture surface of the Al-11mass%Si alloy processed by
RDECAP at 623 K for 32 passes is shown in Fig. 22. The high magnification reveals a typical
ductile fracture surface.

Fig. 22. Side view of a typical ductile fracture surface of the Al-11mass%Si alloy processed
by RD-ECAP at 623 K 32 passes. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I. Shigematsu,
M. Takagi, H. Iwata, A. Watazu, T. Imura: Acta Materialia 53 (2005) 211-220.)

3.2.3 Discussion

As illustrated in Fig. 19, the absorbed energy of the Al-11mass%Si alloy increases with
increasing number of RD-ECAP passes. However, after an abrupt increase in the first few
passes, generally 4, the increment of absorbed energy gradually levels off with increased
RDECAP passes, indicating that the first four passes have the greatest effect on impact
toughness. This result is related to the microstructure of the as-cast Al-11mass%Si alloy. As
shown in Fig. 13, the microstructure of the as-cast Al-11mass%Si alloy consists of large
aluminum grains, including large dendrites and interdendritic networks of eutectic silicon
plates, which are the primary reason for the low impact toughness of this alloy. We
therefore conclude that breaking up this microstructure and dispersing the eutectic silicon
results in improved impact toughness. It appears that the first four RD-ECAP passes do
most of the work of breaking the microstructure of the large aluminum dendrites and
interdendritic networks of eutectic silicon in the alloy. In fact, during the first 4 RD-ECAP
passes, the grain or grain fragment sizes of this alloy are also significantly refined, as shown
in Fig. 17(b).

The signal effect of ECAP, as reported in several recent works, is the modification of the
grain boundaries. Misorientation angles of grain boundaries are clearly modified during
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ECAP. In the present study, RD-ECAP had a similar effect on the grain or grain fragment
boundaries. Electron backscatter diffraction (EBSD) can be used to analyze the distribution
of misorientation angles (h) for the aluminum matrix in the RD-ECAPed samples since the
grains or grain fragments are very small; i.e., the second particle phase can be ignored. The
results for EBSD show that the fraction of high angle boundaries with h > 15 are 65% and
73% for the samples processed by RD-ECAP at 623 K for 8 and 16 passes, respectively.
Therefore, the modified grain boundaries produced during RD-ECAP are likely to be an
important factor in enhancing impact toughness.
In fact, the experimental results suggest that modified boundaries affect impact toughness.
As shown in Figs. 17(b)-(d) and 3, although the diameter of grains or grain fragments did
not clearly decrease and the distribution of the larger particles (over 2 pm in diameter) in the
sample did not greatly change with increasing the number of RD-ECAP passes, the
absorbed energy steadily increased with increased number of RD-ECAP passes, as shown in
Figs. 18(b)-(d) and 8. This means that, except for the grain or grain fragment size and the
aspect of the particles, other factors such as modified grain or grain fragment boundaries
appear to be having an effect during impact testing for improving toughness. We therefore
think that if the modified boundaries were eliminated, the impact toughness of this alloy
would greatly decrease. To investigate the effect of the modified grain boundaries and the
larger silicon particles on the impact toughness, we made two kinds of samples and
measured the absorbed energy using Charpy impact tests:
e Sample 1 was processed with 16 passes at 623 K by RD-ECAP, then heat-treated at 793
K for 2 h followed by water quenching (solution treatment).
e Sample 2 was heat-treated under T6 conditions (after solution treatment, aged at 443 K
for 10 h) followed by RD-ECAP for 16 passes at 573 K.
Impact testing of sample 1 was carried out immediately after the solution treatment. In this
case, the recrystallization of the aluminum alloy would take place during the solution
treatment. However, since the precipitation of fine particles before impact testing may have
been negligible, the effect of particle precipitation at the boundaries could be ignored. As
shown in Fig. 12, large particles, including eutectic silicon and intermetallic compounds,
other than the small amounts dissolved in the aluminum matrix during solution treatment,
were still evenly distributed in the alloy due to the fact that they were evenly distributed
during RD-ECAP. The grain or grain fragment size increased to around 8 pm, meaning the
modified grain or grain fragment boundaries were eliminated; however, the average silicon
particle size also increased with the disappearance of small particles, compared with Fig.
15(b). Impact testing results show that the absorbed energy of sample 1 fell markedly from
7.2 t0 4.0 J/cm? after the solution treatment.
As shown in Fig. 13, the large particle size in sample 2 is as large as that in sample 1 but
clearly larger than that in the sample shown in Fig. 4(a). However, sample 2 exhibited a
higher impact toughness (absorbed energy is 7.1 ] /cm?2) than the sample shown in Fig. 4(a).
This result indicates that increased silicon particle size is not the reason for the impact
toughness reduction of sample 1. Therefore, three factors are likely to be the chief reasons
for the loss of impact toughness after the solution treatment: (a) elimination of the modified
boundaries, (b) increased grain or grain fragment size, and (c) disappearance of small
particles. On the other hand, although the grain or grain fragment size did not clearly
decrease with the increased number of RD-ECAP passes over 4 passes, the impact toughness
still markedly increased on increasing the number of RD-ECAP passes from 4 to 32, as
shown in Fig. 8. This result means that the incremental value of impact toughness may be
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related to grain or grain fragment boundary modification and the increase in the proportion
of fine particles (smaller than 1 pm) because, as stated above, the degree of boundary
modification and the fine particle content increased with increased numbers of RD-ECAP
passes.

Fig. 23. Microstructure of the Al-11mass%Si alloy processed 16 passes at 623 K by RD-ECAP
followed solution treatment at 793 K for 2 h. (A. Ma, K. Suzuki, Y. Nishida, N. Saito, I.
Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura: Acta Materialia 53 (2005) 211-220.)
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Fig. 24. Microstructure of the Al-11mass%Si alloy heat-treated under T6 conditions (793 K
for 2 h then at 443 K for 10 h) followed RD-ECAP at 573 K for 16 passes. (A. Ma, K. Suzuki,
Y. Nishida, N. Saito, I. Shigematsu, M. Takagi, H. Iwata, A. Watazu, T. Imura: Acta
Materialia 53 (2005) 211-220.)

3.3 Other aluminum alloy
In the present work, various other aluminum alloys such as Al-23 mass% Si alloy,
Si-whisker/extra super duralumin composite, etc., were studied for processing by
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RD-ECAP. In the case of Al-23 mass% Si alloy, absorbed energy of a sample processed 32
passes was about 18 times higher than that of a sample processed 0 pass. In the case of
Si-whisker/extra super duralumin composite, after pressing by RD-ECAP for 10 passes,
grain size was 1.5-2 pm and Si-whisker distribution became homogeneous. Also, Mg alloys
and titanium processed by RD-ECAP were studied and the results confirmed that RD-ECAP
is useful for forming fine-grained light metal materials.

4. Conclusion

A new ECAP processing method called rotary-die equal channel angular pressing (RD-

ECAP) was developed at Japan’s National Institute of Advanced Industrial Science and

Technology (AIST, formerly the National Industrial Research Institute of Nagoya (NIRIN)),

to form fine-grained bulk materials such as aluminum alloys, aluminum composites,

magnesium alloy, and titanium. RD-ECAP has the following features:

1. ECAP processing of up to 32 passes (one pass=one extrusion) can be done without
sample removal.

2.  RD-ECAP saves energy because there is no cooling and re-heating.

3.  One-pass RD-ECAP can be processed in 30 s.

4. Over 30 cycles (one cycle=one extrusion and 90° die rotation) of processing were
possible in a short time.

5. Aluminium material with fine grain and high impact toughness can be formed.

Researches on aluminium processing by ECAP deformation of more than 20 passes are still

very few in the world. Therefore, other excellent effects or features are expected to be

discovered in the future.
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