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Foreword

Mastering Aluminum

Chief Executive, Marketing & Technology Division
Director, Managing Executive Officer

Fumiharu Jito

On the occasion of the publication of “UACJ Technical Reports Vol. 11 No. 1”7, I would like to share a few
thoughts.

In May 2021, we announced our long-term management vision, “UACJ VISION 2030, which outlines our
financial targets and approach/objectives for “building a sustainable world by utilizing the benefits of
aluminum”. Since then, we have been implementing our third medium-term management plan over a three-year
period, which is designed to strengthen our foundations, and we have nearly achieved our goals. Additionally,
we have reorganized our business divisions, which were previously organized separately, with market dynamics.

UAC] celebrated its 10th anniversary in October 2023, and in April 2024, we launched our fourth medium-
term management plan (FY2024-FY2027) with a renewed spirit to realize the goals of VISION 2030. Under this
plan, we aim to transform ourselves from a company that solely provides materials into one that delivers value-
added solutions, described as “materials + «”, based on the following three key policies.

(1) Maximize revenue and improve profitability through increased value creation

(2) Strengthen our agile and flexible organizational structure

(3) Strengthen the foundations that support value creation and ensure stable business operations

To drive value creation, we are focusing on four areas: 1) Promoting recycling, 2) Expanding our materials
plus processing business, 3) Contributing to supply chain stability in advanced fields, and 4) Expanding new
domain of market. To strengthen our business structure and infrastructure, we are acquiring and developing
human resources, strengthening and utilizing our technologies and brands, and fostering collaboration across
businesses, divisions, and the supply/value chain.

In order to deliver value-added “materials + «”, research and development are essential. It is becoming
increasingly crucial to integrate marketing strategies that align with customer needs, current demands and
changes in the social environment. In 2023, we established a new marketing department and launched the
Marketing and Technology Division, which brings together the Research & Development Division and the
Mobility Technology Center that was previously responsible for research and development.

In this division, we are actively promoting the development of technologies that maximize and utilize the
characteristics of our materials. Our goal is to fully master these materials while fostering the expertise

necessary for these activities and providing relevant information. We are also working to commercialize the

outcomes of our efforts through cross-group marketing. Through these activities, we aim to create a more
sustainable and better world, contributing to society.
In this report, we will share the latest technical information as well as the results of research and

development within the UACJ Group. We sincerely appreciate your continued guidance and encouragement.
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Progress in R&D during the Last Ten Years
since the Establishment of UAC]J

Hidetoshi Uchida * and Yoichi Kojima **
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Operating Officer, Chief Executive, Research & Development Center, Marketing & Technology Division, UAC] Corporation, Dr.

Eng.

WHE R&D LYy — Txu— fidl (T4)

Operating Officer, Fellow, Research & Development Center, Marketing & Technology Division, UACJ Corporation, Ph. D.
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MMPDS (Metallic Materials Properties Development
and Standardization) IZEFRENE T EDPLETH S,
ARG O BHTH 5 MMPDS-2023 Tld, #3#
AL & H v Znik & 3% L 7270654 4, 7097 £ 4,
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Influence of Initial Extruded Microstructures of Al-4.4Zn-1.4Mg
Alloy Flat Bar on VDA Bendability*

Amalina Aina Kaharudin®*, Ran Saeki™**, Mai Takaya™®*™*,

Tadashi Minoda™®**** and Tomoyuki Homma

sfosk sk ok ok ok

The bendability of extruded Al-4.4Zn-1.4Mg (mass%) alloy flat bars with 1.4 mm thickness having
two types of microstructures which are fibrous and recrystallized is evaluated by a Verband der

Automobilindustrie (VDA) bending test without pre-strain. The recrystallized specimen has better

bendability than the fibrous one. The texture condition nearby the surfaces affects the VDA bendability

the most. However, the microvoid formations also contribute in faster cracking phenomena during the

load drop of the VDA bending test.

Keywords: Verband der Automobilindustrie, 7000 series aluminum alloy, extrusion, electron backscatter

diffraction, texture

1. Introduction

Verband der Automobilindustrie (VDA) bending
test (VDA 238-100) for evaluation of bendability has
been standardized by the German Association of the
Automotive Industry.” This test was developed to
evaluate local formability and resistance to cracking
of automobile parts during a collision. A load-stroke
graph is obtained during the VDA bending test, and
a bending angle at a certain load can be calculated
using VDA 238-100 standard formula.! The bending
angle at the maximum load (ap,,,) of the test is
believed to initiate cracks or to be the bending limit.
Nevertheless, it is commonly assumed that a material
reaches its failure beyond a 30N load drop after
hitting the maximum load. Thus, the VDA bending
angle (a_sy) is then determined when it reaches the
30 N load drop.

Early research on the VDA is reported by Larour
et al. regarding the detailed method of the test using
steels.? ¥ Naito et al. also reported on the VDA

bendability of steels with microstructural
observations,” while Cheong et al. reported on the
VDA bendability of steels, aluminum and magnesium
alloys with strain analyses using a digital image
correlation (DIC) method.® The correlation between
the bendability and local ductility in 5754 and 6111
aluminum alloys was evaluated with the DIC strain
measurement by Kupke et al, and they found that
crack initiation occurs at the center of the samples,
and it propagates towards a sample edge.? Noder et
al. applied pre-strain to promote cracking for the
subsequent bending test and then observed with DIC
“hairline surface cracking” on the outer surface,
providing failure detection methods in a dual phase
steel and 5182 aluminum and ZEK100 magnesium
alloys.” ® Panich and Kalawong compared the
Nakajima stretching and VDA bending tests with
pre-strain as for forming and bending limit curves,
respectively; ? they used uniaxial tensile, hydraulic
bulge and disk compression tests to investigate the

bending limit stress curves for a high strength steel.

* This paper has been published in Materials Transactions, 64 (2023) 421-428.

ok

Eng.

Hk

Fundamental Research Department, Research & Development Center, Marketing & Technology Division, UAC] Corporation, Dr.

Maintenance & Engineering Section, Nippon Light Metal Company, Ltd.

*** Fundamental Research Department, Research & Development Center, Marketing & Technology Division, UAC]J Corporation

= Fundamental Research Department, Research & Development Center, Marketing & Technology Division, UAC] Corporation, Ph.

D (Eng)

= Department of Mechanical Engineering, Nagaoka University of Technology, Ph. D (Eng.)

28 UACJ Technical Reports, Vol.11 (1) (2024)



Influence of Initial Extruded Microstructures of Al-4.4Zn-1.4Mg Alloy Flat Bar on VDA Bendability 29

Although these experiments were concerned about
the importance of an outer layer, effects of
microstructures on such outermost layers as well as
internal microstructure in the VDA bendability have
never been discussed.

The use of 7000 series aluminum alloys in
automobiles is still smaller in amount than that of the
5000 and 6000 series alloys. However, the 7000 series
alloys are still being considered as a potential
replacement to contribute to lighter automobiles, thus
improving fuel efficiency and catching up with the
development of hybrid, electric and fuel cell vehicles.
One of the commonly used 7000 series alloys is 7204
alloy, which is aimed at being used as a bumper.
Therefore, the bendability of the alloy needs to be
improved for safety of passengers.

By changing the homogenization temperature of an
aluminum alloy, two types of microstructures, fibrous
and recrystallized, can be obtained.!” This
microstructural control is enabled by addition of a
small amount of transition metals such as Mn, Cr
and/or Zr. If the alloy is homogenized at a low
temperature after casting, fine compounds containing
the transition metals are formed, and they act as
pinning particles at grain boundaries to suppress
recrystallization and grain growth. On the other hand,
when the homogenization temperature is high, coarse
precipitates are formed, and they become nucleation
sites for recrystallization, which is known as particle-
stimulated nucleation." 2

Controlling types of the initial extruded
microstructures improves mechanical properties of
the alloy. For example, Ohori et al. reported that the
fibrous specimen of an extruded rod has higher
tensile strength than the recrystallized one with
approximately 100 MPa difference.!'”® The
recrystallized microstructure is, however, often said
to have excellent impact resistance and bendability
due to its Cube {001} {100) orientation texture.'® ¥ Tt
has a lower Taylor factor than the other typical
textures in aluminum, which indicates that a less
stress is needed to undergo uniform slip deformations.
Crystal orientations with high Taylor factors require
higher stresses for the slip deformations to occur
uniformly. This causes heterogeneous local

deformations like shear bands to form easily.!?

Thus, in this study, we investigate effects of
microvoids that are formed due to presence of second
phase particles, which form during homogenization,
and shear bands formation that is mainly related to
crystallographic textures to elucidate the VDA
bending deformation mechanisms in the Al-4.4Zn-
1.4Mg (mass%) alloy (7204-like aluminum alloy)
without pre-strain. The microstructural analyses were
made both on outermost layers and inner regions
with respect to the normal direction because they are
significantly different from each other in extruded flat

bars.

2. Experimental Procedures

Table 1 shows the chemical composition of the
Al-447n-14Mg alloy used in this study. Mn was not
included in the alloy as the alloy shows higher
strength and better bendability without it. The alloy
was direct-chill cast into a cylindrical-shaped billet
with a 90 mm diameter. Then, the samples cut from
the billet were homogenized at 743 and 853 K for 8 h
to achieve fibrous and recrystallized microstructures,
respectively. After the homogenization, both samples
were air-cooled. The extrusion was conducted at
723 K using a direct extrusion method with a ram
speed of 1.3 mm/s and an extrusion ratio of 66 to
produce flat bars with a cross section of a 70 mm
width and a 1.5 mm thickness, which were then air-
cooled. After that, the extrudates were solution
treated at 743 K for 1 h, followed by water quenching.
Finally, artificial aging was conducted at 393 K for
24 h, followed by air cooling to achieve the peak
hardness. The VDA bending angle was measured
following VDA 238-100 standards using in-house-made
jigs which were installed to a universal testing
machine (INSTRON 3369). Table 2 shows the VDA
bending test conditions. Fig. 1 shows the schematic
diagram of the VDA bending test set-up where the
load direction is parallel to normal direction (ND). The
ED and TD in Fig. 1 stand for the extrusion and

transverse directions of the samples, respectively.

Table 1 Chemical composition of the aluminum alloy
used in this study (mass%).
Si Mg Fe Zr Zn Ti Al
0.02 14 0.13 0.14 44 0.01 bal.
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Table 2 VDA bending test conditions.

Parameter Value
Sample thickness, 1.4 mm
Sample width, & 30 mm
Sample length, / 60 mm
Punch radius 0.2 mm
Punch depth 10 mm
Punch width 2 mm
Rollers diameter, D 30 mm
Clearance between rollers, L 2.8 mm
Initial load, F' 30N

Test velocity 0.3 mm/s

@ pmax Was calculated using a stroke value of the
maximum load while «_3y was calculated using the
stroke value when the load dropped 30N after
reaching the maximum load. Both the angles were
calculated using the VDA 238-100 standard
equations.’?

Finite element method (FEM) analyses were
conducted using design environment for forming
(Scientific Forming Technologies Corporation
DEFORM ver. 12). All conditions were corresponding
to values given in Table 2. Even though rollers
rotated automatically when the loads were applied to
a flat bar, it was essential to assume that friction
between the rollers and sample still occurred due to a
contact. Thus, the friction coefficient between the
rollers and sample was set to 0.82 here, which was a
general friction coefficient value between aluminum
alloys and steels.” In addition, we used nominal
stress-strain curves from tensile tests obtained from
both the samples having fibrous and recrystallized
microstructures as the material data. However, bear
in mind that the grain sizes and textures were not
accounted in these analyses.

Microstructural observations were mainly
conducted using a scanning electron microscope
(SEM) as it was hard to distinguish between coarse
grains at surface areas and grains of inner
microstructure of the recrystallized samples. The
SEM equipment used was a field emission scanning
electron microscope (FESEM, Hitachi SU8230) which
was equipped with a cold field emission gun and an
electron backscatter diffraction (EBSD) detector
(Oxford Instruments NordlysNano). The SEM
observations were operated at 15 kV on ND-TD
planes. The EBSD data were obtained using step

sizes of 1 and 2um for unbent and bent samples,

Fig.1 VDA bending test set-up.

respectively. Band contrast (BC) images, inverse pole
figure (IPF) maps, pole figures (PFs) and local
misorientation (LM) images were produced from the
EBSD data with software (Oxford Instrument
AztecHKL CHANNELD). Crystallite orientation
distribution function (ODF) was obtained using TSL
OIM analysis software by converting data obtained
by the NordlysNano detector to the format for TSL.
The ODF results were then further converted into
three-dimensional skeleton lines which was
constructed in software (Kitware Inc., Sandia National
and Los Alamos National Laboratories ParaView ver.
5.9.0).

Another SEM (Hitachi Flex-SEM 10001I) was used
to quantitatively evaluate size and volume fraction of
second phase particles and to observe shear bands
and microvoids formed at ag,,, through back-
scattered electron (BSE) images. Both fibrous and
recrystallized samples were etched using Keller s
reagent which consists of 2ml HF, 5ml HNO;, 3ml
HCI and 190 ml distilled water. In order to observe
the shear bands in bent samples, they were artificially
aged again at 393 K for 24 h to allow precipitation on
dislocations. The precipitation made the shear bands
more visible after etching. The observations were
operated at 15 kV on ND-TD planes.

Lastly, an optical microscope (OM, Nikon Eclipse
LV150N) was also used to observe the shear bands
and cracks after the VDA bending tests.

3. Results and Discussion

Fig. 2 shows load-stroke curves taken during VDA
bending tests of fibrous and recrystallized specimens
done with 3 test samples each. Fig. 3 summarizes the

@ pmax a0d @ 3x values measured referring the load-
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stroke curves shown in Fig. 2. The recrystallized
specimen has larger ap,,, and a_yy than the fibrous
one with roughly 30 and 40 ° differences, respectively.
The differences in bending angle between ag,,, and
a sy for the fibrous and recrystallized specimens are
5 and 20°, respectively, which indicates that the
fibrous specimen undergoes cracking faster than the
recrystallized one.!9

In order to understand the bending deformation
mechanism of the VDA bending test, FEM analyses

1200

Fibrous

1000¢

800

600F

Load, F/N

1

Recrystallized

were conducted using nominal stress-strain data
obtained at ambient temperature for each sample.
Fig. 4 shows the maximum shear stress states of
fibrous and recrystallized specimens at their
respective ap,.. ; the bending angle is set to 57 and
97 °, respectively. The fibrous specimen which has
smaller a,,, than the recrystallized one experiences
higher maximum shear stress at the range of 205~
220 MPa near the surfaces on the ED-TD plane. The

depth of the high maximum shear stress area at the

400} ol
200} —

0 ' ' M " P 1

0 2 4 6 8 10 12 14

Stroke, S/mm

Fig. 2 Load-stroke curves of fibrous and recrystallized
specimens during VDA bending.
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Fig. 3 @, and a-sn of fibrous and recrystallized
specimens calculated from load-stroke curves
in Fig. 2.
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Fig. 4 Maximum shear stress distribution from FEM analyses in fibrous and recrystallized specimens at « gy
The definition of the bending angle and the nominal stress vs. nominal strain curves of the two specimens
used for FEM analyses are indicated on the top of the figure.
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compressive side is approximately 370 um while at
the tensile side is 530 nm. The difference in the
maximum shear stress between the outermost
surfaces and middle area in between both sides is
about 75 MPa. The recrystallized specimen also
possesses qualitatively the same maximum shear
stress states like the fibrous one. However, the
highest maximum shear stress is only up to 193 MPa,
and the area with orange color scale (190~ 205 MPa)
is only about 300 um depth from the tensile outermost
surface. The yellow color scale areas with the
maximum shear stresses ranging from 170 to
195 MPa are approximately 240 um at the
compressive side and 540 nm at the tensile side. It is
thus clear that the areas near the surfaces experience
high maximum shear stresses than the middle parts.
These results are well corresponding to the previous
reports.®~ " Although the high maximum shear stress
depth might differ depending on a type of a material
or microstructure, it does not change the fact that the
surface areas are the most affected during the VDA
bending deformation.

Fig. 5 shows IPF map and PF acquired from
ND-TD planes of the extrudates without bending to
understand effects of texture on the bendability of

both the microstructures. The average grain sizes in

Fibrous

15
Max = 15

Recrystallized

diameter (d...) measured using an equivalent circular
area diameter method are also indicated in Fig. 5.
The fibrous microstructure possesses significantly
small grain sizes due to a pinning effect of second
phase particles with transition metals during
extrusion.!” Both the microstructures have coarse
recrystallized grains at the surface area due to
generated heat and shear strains caused by shear
deformations related to metal flows during the
extrusion.!” Depths measured towards ND of the
coarse grains at the surface area in both specimens
are almost the same, which are about 60~ 90 nm. The
PFs were obtained from the inner microstructure
only, which meant the coarse grains were not
included. The fibrous microstructure obtained high
intensities from {321}, {231} and {133} planes. This PF
is similar to the rolling texture reported in general
aluminum alloys proposed by Wasserman when
rotated to the ED-TD plane.”® In contrast, the
recrystallized microstructure significantly possesses a
high intensity of the Cube texture.

Further texture confirmations in the initial state
were analyzed using ODF data. Fig. 6 shows ODFs
and major orientations represented in the first
subspace of the three-dimensional Euler angle space

(skeleton lines) of the two samples prior to bending.

Grain boundaries
— 8>15°
—— 5= p = 15°

Max = 12
o Cube {001}<100>

Fig. 5 IPF and (100) PF of fibrous and recrystallized microstructures from inner microstructure of initial state.
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Fig. 6 ODFs and major orientations represented in the first subspace of the three-dimensional Euler angle space

(skeleton lines) of the two samples prior to bending.

The skeleton lines only show textures that are the
same or higher than the orange color scale in ODF;
the isosurface values for each sample are given in
Fig. 6. The fibrous microstructure possesses
orientation distributions of {322} (230) to {212} (021) and
1211} {131) to Goss {211} {011) . On the other hand, the
recrystallized microstructure reveals the strong Cube
texture.

Fig. 7 shows the BC and LM images, IPF maps and
PFs of fibrous and recrystallized microstructures at
A pnay- Ohear bands (white arrows) are observed
within the coarse grains observed near the surface
areas and inner microstructures. LM values between
1 and 2.5 ° can be confirmed in those areas. It is hard
to observe the shear bands in the inner micro-
structure due to significantly fine grain sizes of the
fibrous microstructure. However, the LM image
reveals that the local strains are accumulated all over
the observed area. Nonetheless, the low LM
concentration in certain coarse grains of the surface
area could be interpreted as grains that have high
Taylor factor, which means they require higher

stress for the slip deformation to occur uniformly and

lead to a heterogeneous local deformation like shear
band during the VDA bending deformation up to
@poae? The PF of the fibrous specimen shows the
assemblage of crystal orientations towards Brass {110}
(112) during bending up to ag,,,. The texture is
similar to that of extruded rods of aluminum alloys,
which have strong ideal rolling Brass and weak Cube
textures when the PF is obtained perpendicular to
the extrusion direction.!” This could be the cause of a
faster load drop until « 5y as the Brass orientation
contributes to faster shear bands formation in the
fibrous microstructure."”

On the other hand, shear bands and slip lines can
be observed clearly in the recrystallized
microstructure as given in Fig. 7. The amount of
shear bands and slip lines decreases after about
300 pm from the outermost surface: the LM image
also shows less strain accumulations in that region.
These results are well consistent with the FEM
analyses shown in Fig. 4. Although the recrystallized
specimen has smaller maximum shear stress at ap,,,
than the fibrous one, the shear strain is far smaller in

the fibrous structure because of the far smaller ap,,,,
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Fig. 7 BC and LM images, IPF maps and (100) PFs of both samples at a ., and tensile sides.
The observation was performed at region A.

which causes this difference in the tendency for the
shear band formation in Fig. 7. Moreover, the
orientation pattern does not significantly change from
the Cube texture (see Fig. 5).

Yamamoto et al. reported that crack initiation and
propagation during a hemming bending deformation
are related to microvoid formations from existing
second phase particles and shear band formations?”
while Ashby indeed proposed that the critical size
(diameter) for the microvoid formation is larger than
1 pm when we have an equiaxed second phase
particle (though plate-like particles are often been
shown to fracture)?’ In order to investigate this
factor on the VDA bending deformation, we
conducted quantitative analyses of the second phase
particles within the coarse grains of the outermost
surface area and the inner microstructure for both
samples on BSE images. As indicated in Fig. 8, the
coarse grains of the surface area and inner
microstructure are abbreviated as “Surface” and
“Interior” , respectively. The second phase particles in
both structures are equiaxed and plate-like shaped.
Fig. 9 provides the average diameter (d) and volume
fraction (177 of the second phase particles in fibrous

and recrystallized microstructure extrudates as

indicated in Fig. 8. The average diameter d was
calculated with the equivalent circular area diameter
method by measuring area (4) of each particle, and

then averaged them as indicated in equation (1).
d=(X 2/ A% )/n 1)

Here, 7 is the index of summation and # is the total
number of particles in the measured observation
areas. The recrystallized microstructure owns larger
diameters of the second phase particles in both the
surface and interior areas. However, the fibrous
microstructure has higher V: of the second phase
particles in both the areas. We observed microvoid
formations at the compressive and tensile sides at
@ oy USIng BSE images: the samples were etched to
observe shear bands simultaneously. In Fig. 10, black
and white arrows indicate shear bands and
microvoids, respectively. The shear bands can be
observed clearly at the tensile and compressive sides
of both specimens, but the recrystallized structure
possesses more shear bands than the fibrous one at
the compressive side. We believe that this happens
due to the sharp radius of the used punch, and the

fact that the recrystallized specimen undergoes a
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Fig. 8 BSE images of fibrous and recrystallized
microstructure extrudates at the coarse
grains of the surface area and the inner

microstructure.
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Fig. 9 Average diameter (d) and volume fraction (V;)
of second phase particles in fibrous and
recrystallized microstructure extrudates.

larger bending angle than the fibrous one; the grains
are forcibly compressed to the loading direction of
the punch. Since neither sample experiences cracking
at ap,.. this point can be used to estimate the
bending limit.

However, large microvoids are mainly observed in
fibrous microstructure at the tensile side (both
surface and interior), even though the average
diameters of the second phase particles are less than
1 um (Fig. 9). As shown in Fig. 11, the measured area
fractions of the microvoid in the fibrous and
recrystallized microstructures are 0.25 and 0.19%,
respectively, while the measured volume fractions of
the second phase particles in the fibrous and
recrystallized microstructures are 0.76 and 0.59%,
respectively; they are obtained at the tensile side and
@ pmae Lendencies of increase or decrease of both the
quantitative results are well consistent even though
the fibrous structure possesses fewer second phase

particles with diameter larger than 1 pm. Microvoids

Fig. 10 BSE images of fibrous and recrystallized
microstructures at « gy, (indicated in the
parentheses), compressive and tensile sides.

0.4 1.0
A m Y
o 108 &
i 0.3+ NG
< -
S‘ 10.6 é
o 0.2t §
8 104 %
< / 102 8
0

Fibrous Recrystallized

Fig. 11 Area fraction of microvoids at tensile side and V;
of second phase particles near surfaces.

formation phenomenon does not correlate with
Ashby's critical particle diameter theory due to the
mixing of both equiaxed and plate-like particles. Thus,
as the volume fraction of the second phase particles
increases in the fibrous and tensile surface, the
formation of microvoids is stimulated, leading to the
faster crack formation during the load drop. The
developed microvoids are exposed to the outermost
surface with increasing degree of bending; as a result,
they could contribute to the starting points of crack
formations.?”

Fig. 12 shows the BC images of fibrous and
recrystallized microstructures at a3y and tensile
sides. There is a small crack (white arrow) on the
surface of the recrystallized microstructure. Shear
band accumulations can be seen from the outermost
surface until about a 300 nm depth in both the
samples. However, the patterns of shear band
accumulations are different: the shear bands tend to

accumulate more at the same position in the fibrous
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Recrystallized (122°)

Fig. 12 BC images of fibrous and recrystallized
microstructures at « -3 (indicated in the
parentheses).

microstructure, which is believed as the localized
positions for the shear strain during the VDA
bending. In contrast, the recrystallized microstructure
displays relatively uniform shear band accumulations
from the outermost surface until a 300 um depth. This
means that although the shear bands do form even in
grains having the Cube texture, the tendency to
accumulate on the same localized shear strain is
prevented and large crack formations can be avoided,
resulting in the large VDA bending angle (Fig. 3).
Even though there is no crack on the fibrous
microstructure in Fig. 12, we confirm presence of
cracks at different areas (Fig. 13), but still in the same
sample. The crack is about a 300 pm long. At the tip
of the crack, we can sometimes see that the crack is
connected by small microvoids (dotted circle). There
are two scenarios: either an array of microvoids forms
and initiates a crack, which then spreads along the
microvoids, or a crack forms and spreads along the
shear band, after which microvoids form in front of

the crack tip.

4. Conclusions

We investigated the factors that affect bendability
during VDA bending deformations of the extruded
Al-447Zn-14Mg alloy flat bars having fibrous and
recrystallized microstructures without pre-strain. The
following conclusions were obtained.

The recrystallized specimen has excellent
bendability than the fibrous one. In addition, bending
angle increment after ay,,, is larger in the
recrystallized specimen; the crack formation and

propagation are slower than those in the fibrous one.

Fig. 13

OM images of fibrous microstructure at
a-30x (65 °) and tensile sides with different
magnifications.

FEM analyses revealed that both the specimens
experience high maximum shear stress at ap,,,, about
300~ 500 pm depth from the outermost surface at the
tensile side. In the initial state, the fibrous
microstructure crystal orientation distributions of
1322} €230) to {212} €021) and {211} {131) to Goss are
predominant, whereas the recrystallized
microstructure reveals strong Cube texture in inner
microstructure. ap,... is proved to be a useful bending
limit criterion for the extruded Al-4.4Zn-14Mg alloy
flat bars as no cracks are observed at ay,,,,.. Beyond
@ e Cracks about a 300 pm long is formed at the
tensile side of the fibrous microstructure due to
tendency of shear bands to accumulate at localized
shear strain positions during the VDA bending
deformation. However, in case of the recrystallized
microstructure, a small crack is only observed in the
coarse grains because the shear bands are well-
dispersed in the area of 300 um depth from the
outermost surface, despite having a larger bending
angle. Accumulation of shear bands which occurs
until the 300 um depth from the outermost surface in
both the microstructures reveals that texture control
and suppression of microvoids are important at this
area in order to improve the bendability during the
VDA bending deformation. Prevention of crack
accumulations through the Cube texture existence is
the most important factor in improving the VDA
bendability.
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Effects of Sc and Zr Addition on the Mechanical Properties of
7000 Series Aluminum Alloys*

Mai Takaya **, Koji Ichitani *** and Tadashi Minoda ***

Scandium addition to aluminum alloys has been evaluated at various research institutions, and it is known

that the Al;Sc precipitates effectively increase their strengths. In this study, the effect of Sc addition on

the strengths of Al-Zn-Mg and Al-Zn-Mg-Cu alloys was investigated. As a result, the strength increased

by the Sc addition to both types of alloys, but the increased amounts were limited to 10-40 MPa. It was

considered that because the strengthening effect by the ' phase was sufficiently high, the precipitation

strengthening by the dispersion of Aly(Sc,; Zr,) particles was relatively low in these alloys.

Keywords: Al-Zn-Mg-Cu alloy, Al-Zn-Mg alloy, scandium, core-shell structure
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Table 1 Chemical composition of the specimens

(mass%).
Alloys Zn Mg Cu Zr Sc
A 10.0 2.6 1.5 0.12 -
A+Sc 10.1 2.6 15 0.11 0.10
B 47 1.1 0.10 0.16 -
B+Sc 4.6 1.1 0.10 0.15 0.10

Table 2 Manufacturing process.

R 2 R L, Bl St BET L7z, BRI
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Fehiti L 720
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3.1 XFEEMEEES

Fig. 112, 54 A B X WA+Sc DRIGLFBMETH
LR BEAIZZrBRMENT VD7D, 20
TG S PO RD SR T AL AL BE S 112 B & - AHE DR
WMERELTWS, ScRMLZEHEA+SCITBVTD
G A L R OMHEIRALER D Bl5: S 7z,

Alloy A+Sc

Alloy A, A+Sc Alloy B, B+Sc
Casting ¢ 90mm ¢ 90mm
Homogenization 350°C-8 h
treatment 400°C-10 h 400°C-8 h
450°C-8 h
Extrusion |Shape t2Xw35 mm t2 Xw35 mm
Container 400°C 400°C
temperature
Die 400°C 100°C
temperature
Billet 100°C 150°C
temperature
450°C-3 min —~ WQ ress-quench
Solution 450°C-1h — WQ fAir foeT )
heat treatment 470°C-3 min > WQ g
470°C-1h — WQ
Artificial aging 120°C-24h — AC  |120°C-24h — AC

Fig. 1 Optical microstructures of alloy A and A+Sc
samples which were solution heat treated
under the each condition designated.
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HBRZEBY, FIRMES VRS Eho/l ehn, &
& A+SclIBE MR LI 2 470C-1 h THEIE L 7249~ 7 v
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PRI - -

Fig. 2 Optical microstructures of alloy B and B+Sc
samples which were homogenization heat
treated under the each condition designated.
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Fig. 3 Bright field TEM images of alloy A+Sc and B+Sc
samples. Arrows show Aly(Sc, Zr,) particles. The
solution heat treatment condition of alloy A+Sc
was 470C for 1 h. The homogenization treatment
condition of alloy B+Sc was 450C for 8 h.
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=50nm Sc K|| ==50nm

Fig. 4 EDS images of alloy B+Sc samples. Arrows show
Aly(Sc,_Zr,) particles.
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Fig. 5 Relationship between solution heat treatment time
and mechanical properties of alloy A and alloy
A+Sc.
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Relationship between TiB: Agglomerate Size and Grain Refinement
Effectiveness of Al-Ti-B Grain Refiner®

& %k kK

Akihiro Minagawa **, Shogo Furuta ***, Naoki Omura

& ok ok ok *

Yuichiro Murakami and Masanori Tsunekawa *

In order to reduce the risk of the casting defects, fine grains are required in the aluminum DC casting
process. It is commonplace to use the grain refiner as a means of obtaining the desired grain structure.
Typical grain refiners are Al-Ti-B system. In this study, TiB, agglomerates in Al-Ti-B grain refiner
were observed by multiscale X-ray computed tomography (CT), which has Micro-CT and Nano-CT. The
grain size of cast sample with grain refiner was calculated by grain size prediction model with TiB,
agglomerate size distribution. The predicted grain size and measured grain size showed good agreement
in case that assuming free growth will initiate on larger TiB, agglomerate prior. Additionally, the TiB,
agglomerates at the center or boundary of a-Al grains were observed by multiscale X-ray CT. The
TiB, agglomerates at the center of grain were larger than these at the grain boundary. Therefore, the
assumption of free growth will initiate on lager TiB, agglomerates was estimated to be valid. From
these results, it was estimated that the grain refinement effectiveness of grain refiner was varied by the
TiB, agglomerate size distribution, and it can be calculated by grain size prediction model with TiB,
agglomerate size distribution.

Keywords: DC casting, grain refinement, grain refiner, TiB, agglomerate, grain size prediction model
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AL-Ti-BRfl MR AMILHNC 51T 2 TiB B A 4 X & B L i o B

72 Greer 5% % 13 Maxwell & Hellawell 25H2HE L 7245 &
MOBERICHET2MHEFTVTHLM-HET LY I,
B DL B IS E S N7z TiB K F- 20 B a-AlBDYH
HICH R 2L (DUF, BHEE) §2KEZ MR 72
Free growth model Z$&M L 7zc Free growth model
TIEY A ABKREWTIB R FIZEHBEE XG5
72D LB R BRI EEAVN SV, D72 HIHE
BB E OB NS AT, HREEZBIGBT
BHADTIBR A A4 AP REENL, Lo T
1 nm BLF OBz TiBy R T O KER S/ IIBA RIS L
BwETHE N, ®INEhz TiBdr FEEN st L
R DSIEF A R VREEE FIE R CFHPHETY
%o Free growth model T TiB, ¥ - HifAk7H & HHIK
32 e L Tw5b7%, Furuta b 9 (3 MHMEA % 7
MU OR R 2 XTI v Ea—% - VESTT
4 — (CT) THIZEL, BAEKT A FEeEZHN5TIB,
WFDPERERZERLTWDLIEZWSNII L, F
7:# % Free growth model # X—Z2 & LT, &TH
W T DR E, T S ELAR K L AR A BL &
ERE LR ETFNEFVERELLZY, £LTH
MALA b O TiB KL F- D EERAR (LM, TiB,&E&M) OkL
JEG A A AR TFET VICEHTA2 LT, 2h
T CTHRERDPAHTD o 7211 W LA o il AL g o 5
FaeMBETHLLEME LY, LerLeds, B
% A3 2 RO BRIAL# H o TiB, BEEAR Y 4 XAt
WISk ) ZRCllE STV B 720, KR
DOPEAFEAME L FHAER OB LTS 20,
& HORL T O HERE e R TTIER O W ITIE XRCT
WX BIEMIBEBSEPAERITHL EHMONT WD, A
BTG % MU U 7200 i Re 7 X CT Bl D FEE 12 &
D737y Dvoxel (ZRICHFE) A4 X TR T-D
SRR E T S LML 2o TV B Y0,
Z ZTARIIFETIE, TiB,&EMAY 4 X AL EE IS
ZBRWHAENMICT AL EHMEL, XMCTIZXD
WAL h O TiB, BEEER D =TT 4 X % & ks Tl
L7z F7MER R SRS 2 FM L, A5k
BT T VISHEM T 2 2 & TTiB, BB R/ i
HHIALREIC G- 2 % 5B & MGk L 72

Table 1 Experimental conditions of AA-TPI test.

2. KBIE

21 #EHE#M

TiB, BRI 4 X2 e 3 2 mAlbH & LT, Wil
DOEFIOmm DT v FIRALSTI-02B (mass%, MHEE
W) &z 1y FRFEH OB OH.LED S
EF06mmx10mmOREFZE D HL, XMMCTIZX
DIARIBEA L 720 F 7202 TAA-TPLIABR'S (DL
TPLER) 12X DER L 728530 XM CTIC X 2RI
A L 72 TPLiABRS:E % Table 112773, TP1iAER
OB TIRIEHRIZ10kg TH 505, A ENIHER O i
XEEHLSkgs Lz, &8, BHENSkgDHET
ML RERHTIZ T RE CTH B Z L AR L T B 7Y,
Z OO REFFIMEOFEMIT SR 2 SR S /v, TP1
AREE T A199.7mass% O M4 % 7 L 72358512 ALSTi-
0.2B AL & 0.35mass%, Tim#E& T175ppm %%
WML 728580 2 E3 LU 720 TP1RERICALE L 7= AL
#Z, XMCTTHBILLA-bDEFBE Y N THbLH, TPL
HRERO B TR S N BIEEIH TDH 5 FIO KRG T
Ui & 0 38 mm k& L ER AT K 2 5 1 ££0.6 mm X
10mmOAKF 2 Y ML, XBCTBIZIZHRL 72
TVIZT LG5 XMCTTHRIET 2B, 7Y YA
AR S5 2 & TR & AR IS BALH R
TEFHMLENTWEY, ZZTRABICBWTDH, Bl
BERNC323KOBEREE A ) 7 MK ZREL, WA
A A ERIR ST,

22 X#BCTICK2EREMH

WGtz SPring-8 ¥ — A 5 4 » BL20XU T X #it
CTIC X 285 % Ei L 720 BL20XU Ix Takeuchi &%
WX RS RHKERO< L 7aCT &, #igEHo
F ) CT ZMAG bR VT A — L XHCT DR
*ETHILEPEHMTHL, INVF AT —VXMHCT
TiX, EWHBO~ A 70 CT Tli§th, X0 E5H
RECHIEZ LoV &2 482 L CF 2 CT CTHIR A 1] jE
Thb. GO S5M% Table 21237 F, ¥4 71

Table 2 Scanning conditions of Micro-CT and Nano-CT.

Parameters Values Unit
Base metal 99.7 mass%Al
Amount of melt 5 kg
Melt temperature 991 K
Grain refiner Al-5Ti-0.2B mass%
Addition rate of grain refiner 0.35 mass%
Holding time 10 min
Cooling rate 6.4 K-s'!

Parameter Micro-CT Nano-CT
X-ray energy 20 keV 20 keV
Scintillator Gd,0,S: Th™ Lu;ALO,,: Ce”

C12849-SY69701 C13440-20CU
Detector Hamamatsu Hamamatsu
Photonics Photonics
Detector area 2048 x 2048 pixel 1024 x 1024 pixel
Exposure time 50 ms 500 ms
No. of projections 1800 1800
Voxel size (0.459 um)3 421 nm)3
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DAFWAR OB RIFEAREL  AJIERERTIC BT 5
WHRESA D OREENDENT A =T THD, 72
BR RIS UCHRE S M2 BRIt L TR
SN, RO BRI 2 BB DA g0/ Cyy 23
BRI SN D, 22 T ldEEE, C,y ik
#Thsr, Dborsab 2z EL, BEITT
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e U 72 b O I RS FIE & 72 B o

R ETFWE FVIC X BEHEICH W 22 %
Table 312783, Greer 5Dy 2 SWMHEAMEET I L
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Table 3 Material parameters used in calculation”,

Physical property value Symbol | Units Value

Solid-liquid interfacial energy s Jom™® | 158%10°
Entropy of fusion per unit volume| A4Sy |J K em® | 111x10°
Jom™® |950x10°
Heat capacity of melt per unit volume| Cpy |J* K'-m™®| 258 x10°
Diffusion coefficient (Ti in Al) Dy m?s? [252x107°

Enthalpy of fusion per unit volume| AH
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46 AL-Ti-B R SR BGIAL AN 351 5 TiBo BRIk ¥ 4 X & MLk o %
Table 4 The solute element parameters used in (a) (b)
calculation”.
Solute element| m/(K mass%) k/- Cy/mass%
Fe -2.925 0.03 0.10
Si -6.62 0.12 0.03
Vv 9.71 3.33 0.015
Ti 25.63 7.00 0.004
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Fig. 1 Microstructure of Al-5Ti-0.2B grain refiner
((a) slice image obtained by Micro-CT,
(b) three-dimensional image obtained by Nano-
CT).
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Fig. 2 Comparison of TiBs size distribution measured as
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Fig. 3 Three-dimensional shape of grains in cast sample
((a) overall view, (b) exclude grains in boundary
area).
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Fig. 4 Comparison of grain size between measured and
predicted values.
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Table 5 Comparison of the TiB, agglomerate size at
the grain center and the grain boundary.

. i Number of TiB, agglomerates or
TiB, agglomerate size, particles
driB,/mm - -
Grain center Grain boundary

0.0-1.0 104 32
1.0-2.0 27 10
2.0-3.0 3 0
3.0-4.0 3 0
4.0-5.0 1 0

5.0- 3 0
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I Paper

Clarification of the Anodic Dissolution Behavior of Metallurgical
Structures during Electrorefining of Al-Mn Alloys in a
1-Ethyl-3-Methyl-Imidazolium Chloride-AlCl; Ionic Liquid®

Junji Nunomura™*, Hisayoshi Matsushima™**, Yoshihiko Kyo™ ¥,

Yoichi Kojima™*** and Mikito Ueda™****

Recycling Al is crucial to reduce the energy and environmental costs of Al manufacturing; however,
the reclamation efficiency of high-quality Al from Al alloys is limited by the co-deposition of impurities
during the electrorefining process. To address this issue, the anodic dissolution behavior of metallurgical
structures within various Al-Mn binary alloys in 1-ethyl-3-methyl-imidazolium chloride-AlCl; ionic liquid
was investigated. During the constant-potential electrolysis of Al-1.5%Mn casting and cold-rolled plate
alloys, an enriched layer derived from Mn solid solution was formed at an electrorefining potential of 0.2 V;
this was attributed to preferential dissolution of Al in the matrix phase, followed by Mn accumulation at
the Al surface. Furthermore, dissolution of the Al-Mn-Fe and Al-Mn intermetallic compounds occurred
at 0.6 and 1.0V, respectively; thus, the dissolution behavior of Mn in the Al-Mn alloys differed between
the Mn solid solution in the matrix phase and the Mn containing intermetallic compounds. These results
indicate that by controlling the microstructure of the Al-Mn alloy and the applied anodic potential, the
dissolution of Mn into the l-ethyl-3-methyl-imidazolium chloride-AlCl; electrolyte can be suppressed,
thus preventing its co-deposition with Al on the cathode. This development is therefore anticipated to
inform the development of electrorefining processes to obtain high-quality recycled Al for numerous
manufacturing applications.

Keywords: anodic dissolution, electrorefining, Al-Mn alloy, metallurgical structure, ionic liquid

1. Introduction

Manganese is one of the main additives used to
manufacture aluminum alloys. Al-Mn alloys have the
same level of workability as pure Al with the
additional advantages of improved corrosion
resistance and superior mechanical properties. Thus,
Al-Mn alloys are used in many manufacturing
applications, including the production of beverage
cans, automotive parts, and construction materials?™®.
When recycling products comprising these alloys, the
Al has a lower melting point than metals such as Fe,
and consequently, scrap Al is easily remelted and
recycled; the reclaimed raw Al materials are called

recycled Al Recycled Al has a low environmental

impact because it can be produced with 3-5% of the
energy consumption of primary Al produced via the
Hall-Heroult process?™”, which requires 13,000-
15,000 kWh t '-Al of electrical energy and produces
CO, emissions during the electrolysis stage” ™.
Further promotion of the use of recycled Al is
desirable for realizing a sustainable society. However,
manufacturing high-quality wrought materials from
Al sources other than primary Al is difficult; in
particular, Al recycled from automobile scrap
contains various elements as impurities, thus
reducing the physical quality of the manufactured
alloys. Recycled Al derived from automobiles is
primarily used as raw materials for casting and die-

casting alloys that can be manufactured with lower
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quality benchmarks'® Y. This type of recycling, which
produces materials of progressively decreasing
quality, is called cascade recycling, which eventually
results in Al scrap that is difficult to reprocess' 2.
However, if further recycling of this lower-quality Al
scrap can be achieved, this could lead to more
efficient use of resources and a further reduction in
environmental impact. Previously, we proposed a
recycling process using electrorefining to solve this
problem™ . Recycling via the electrorefining method
has been previously attempted using molten salts * ¥
or ionic liquids as electrolytes'®~®. These reports
found that the concentrations of various additive
elements in Al scraps were reduced by
electrorefining, thus increasing the quality of the final
Al product.

Our previous studies particularly focused on
methods that use ionic liquids as electrolytes. This
method can save energy during electrorefining
because the energy required to maintain the bath
temperature is low compared to the Hall-Heroult
process. Among the ionic liquids capable of Al
electrodeposition, l-ethyl-3-methyl-imidazolium
chloride-AlCl; ionic liquid with the highest
conductivity was selected?”. In this method, solid Al
alloys are used as anodes in low-temperature
electrolytes. Because solid solutions and complex
intermetallic compounds are formed in Al alloys
depending on the additive elements and
manufacturing methods involved, it is important to
understand the anodic dissolution behavior of Al
alloys concerning their metallurgical structures in
detail. Previously, we reported the anodic dissolution
behavior and electrorefining behavior of Al-Si alloys'®
and Al-Cu alloys' as anodes. In the former case, we
found that Al preferentially dissolves from the anode
surface because of the decreased solubility of Si in the
electrolyte; high-purity Al can therefore be recovered
at the cathode. However, the ALCu intermetallic
compound in the Al-Cu alloy dissolves into the
electrolyte depending on the applied potential. Thus,
precise control of the anodic potential during
electrorefining is important for recovering high-purity
aluminum at the cathode. Understanding the anodic
dissolution behavior of individual metallurgical

structures is, therefore, necessary to enable the

design of suitable anodes for electrorefining; however,
studies examining this have yet to be carried out
thus far. As mentioned previously, Mn is a major
additive element for Al alloys and forms solid
solutions or intermetallic compounds in the alloy
matrix®®. However, Mn forms more complex
metallurgical structures than Si and Cu, such as
Al-Mn-Fe and Al-Mn-Fe-Si® #~® including impurities
of Fe or Si derived from primary aluminum. In
addition, Al-Mn binary intermetallic compounds, such
as AlgMn and Al,Mn, can be formed. Furthermore,
when Mn ions are present in the electrolyte, Mn and
Al are easily co-deposited onto the cathode®® . To
remove Mn from Al scrap, it is, therefore, necessary
to prevent the dissolution of Mn from the anodes. The
electrolysis conditions under which Mn is retained in
the anode must be clarified, in addition to the
metallurgical structures which inhibit anodic
dissolution of Mn. In this study, the anodic dissolution
and cathodic deposition behaviors of various Al-Mn
binary alloys with controlled Mn compositions and
intermetallic compound types and sizes were
investigated. Particular focus was maintained on the
metallurgical structures of the alloys, which were
investigated with several physical analysis
techniques. By examining these two aspects, it was
anticipated that the optimal electrorefining conditions,
anode composition, and anode structure would be
found to enable high Al recycling efficiencies from
Al-Mn alloys.

2. Experimental

A 995%Mn rod (¢=6.35 X 50 mm, Goodfellow, U.K.),
99.999% A1 (0.5 mm thickness, Nilaco, Japan), and
Al-xMn (x=05, 1.0, and 1.5%Mn) casting alloys and
cold-rolled plates were used as the anode specimens.
Casting alloys with 175 X 175 X 34 mm dimensions
were produced using a semi-continuous (direct chill
casting) method with 99.9% primary Al and an Al-Mn
(12%Mn) matrix alloy. Subsequently, the samples
were cut to a thickness of 30 mm and ground flat on
either side. Cold-rolled sheets were fabricated by heat
treatment and subsequent rolling of the treated
alloys. First, the casting alloys were homogenized in
an electric furnace at 823 K for 6 h, followed by hot
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rolling to a thickness of 3 mm. After intermediate
annealing at 623 K for 1h, the alloy sheets were cold
rolled to a thickness of 1 mm. The compositions of the
casting and cold-rolled alloys were then determined
using an optical emission spectrometer (ARL4460,
Thermo Fisher Scientific, US.A). At the same time,
their electrical conductivities were measured using a
conductivity meter (SIGMATEST 2.069, FOERSTER,
U.S.A). The preparation of the ionic liquid electrolyte
and the electrochemical measurements were
performed in a glove box under an Ar atmosphere.
The electrolyte was prepared by mixing l-ethyl-3-
methyl imidazolium chloride (EmImCI, 96%, Tokyo
Chemical Co., Ltd., Japan) and AICl; (97%, Kanto
Chemical Co., Ltd. Japan) at a respective molar ratio
of 1: 2. To remove water and impurities into the
electrolyte, the Al wire was immersed in the ionic
liquid electrolyte for over 48 h at 323 K before the
electrochemical measurements. Before the Al wire
was immersed, the ionic liquid was yellow and
opaque. After immersion of Al wire, the ionic liquid
became clear from which water and impurities had
been sufficiently removed. Electrochemical
measurements were conducted in a three-electrode
cell using a Mn rod, high-purity Al, or various Al-Mn
alloys as the working electrode, a Pt or Cu plate as
the between the working and counter electrodes was
fixed at 20 mm. The electrolyte was heated to 323 K
using a hot-plate stirrer. Each electrode was
connected to a potentiostat (HZ-Pro, Hokuto Denko
Co., Ltd., Japan) for the linear sweep voltammetry and
constant-potential electrolysis. After 20 min of
specimen immersion in the electrolyte,
voltammograms were obtained between the
immersion potential and 1500 mV at scanning rates of
0.3, 05, 1, 5, and 10mV s Constant-potential
electrolysis was performed at potentials of 0.2, 0.4, 0.6,
and 1.0V and electric charge densities of 1, 3, 5, 10,
20, 30, and 100 C cm™2 After the constant-potential
electrolysis experiments, the anode specimens were
rinsed with distilled water and dried. Visual
observations, X-ray diffraction (XRD, D2PHASER,
Bruker, U.S.A), scanning electron microscopy (SEM,
JSM-6610, JEOL, Japan), and field-emission scanning
electron microscopy (FE-SEM, JSM-7200F, JEOL,

Japan) were then carried out on the anode specimens.

Additionally, the cathode specimens were rinsed with
distilled water and dried, followed by visual and SEM
observations. The electrodeposits on the cathodes
were collected and examined using SEM. The
composition of the anode and electrodeposits on the
cathode were analyzed by energy dispersive
spectroscopy (EDS) equipped with FE-SEM. The
specimens obtained before and after the constant-
potential electrolysis were embedded into cold
polyester resin, cut, polished with 220-2400 grit water-
resistant polishing paper, and finished to a mirror-like
surface using 9, 3, and 1 uym diamond sprays
(DP-Spray, Struers, Denmark). Their cross-sections
were then examined via field-emission electron probe
micro-analysis (FE-EPMA JXA-8530F, JEOL, Japan),
FE-SEM, and EDS. EPMA is used wavelength
dispersive spectroscopy (WDS) as a detector; WDS
has higher detection sensitivity and energy resolution
than EDS, and is effective for detecting trace
elements. EPMA was used to confirm the distribution
state of trace elements in the manufactured Al-Mn

alloys before electrolysis experiments.

3. Results

3.1. Evaluation of Al-Mn alloy specimens

The compositions of various Al-Mn alloys obtained
by optical emission spectroscopy (OES) are listed in
Table 1. The obtained Al-Mn alloys contained
impurities such as Si, Fe, and Cu, derived from the
primary Al source in the fabrication process. The
variation in the electrical conductivity of the Al-Mn
alloys, concerning the amount of Mn added, and the
results of the cross-sectional EPMA analysis of the
Al-1.5%Mn alloy are shown in Fig. 1. The theoretical
electrical conductivity (o) for Al-Mn solid solution
alloys of international annealed copper standard
(IACS) quality® was calculated from Eq. (1)*" ®?, in
which Matthiessen’'s rule was applied to the case of

binary alloys via the conversion formula in Eq. (2):

:OSS(T‘): Aopurc+CMnA AOMn(ﬂ (1)

o =(oclT)/ oss(T)) * 100 )

where ogs is the resistivity of the solid solution
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Table 1 The elemental composition of the Al-Mn alloy specimens produced for this study.

Specimen Composition [mass%]

Si Fe Cu Mn Mg Zn Cr Ti Al
Al-0.5%Mn 0.02 0.02 0.01 047 <0.01 <0.01 <0.01 <0.01 bal.
Al-1.0%Mn 0.02 0.03 0.01 0.94 <0.01 0.01 <0.01 <0.01 bal.
Al-1.5%Mn 0.03 0.04 <0.01 148 <0.01 0.01 <0.01 <0.01 bal.
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Fig. 1 (a) The theoretic and measured electrical conductivities of various Al-Mn binary alloy specimens;
(b) Cross-sectional SEM images and corresponding FE-EPMA profiles of Al, Mn, and Fe of the Al-1.5%Mn
casting alloy and cold-rolled plate specimens. alloys, and the solid lines represent the cold-rolled plates.

alloy (Al-Mn) at temperature 7, 0 ,.. is the resistivity
of the pure metal (Al) at 7%, Cy, is the concentration
of the Mn solid solution in the Al matrix, A oy, is the
contribution of Mn to the resistivity per unit of
concentration at 7%, and p,(7) is the resistivity of
pure copper at T%. Each constant was calculated
using values obtained at room temperature.

The electrical conductivity measurements (Fig. 1(a))
show that the electrical conductivities of the casting
alloys are close to their theoretical values, whereas
those of the cold-rolled plates are higher. This can be
attributed to the increased amount of Mn in the latter
specimen type. The results of the cross-sectional
EPMA analysis (Fig. 1(b)) of the Al-15%Mn casting
alloy show that Al-Mn-Fe intermetallic compounds
exist in the Al matrix as particles approximately
10 pm in diameter. In the cold-rolled plate, these
particles have grain sizes of several micrometers.
Additionally, particles consisting of only Al and Mn
were detected, thus indicating that Al-Mn-Fe and
Al-Mn intermetallic compounds were present

simultaneously in the Al matrix phase.

3.2. Electrochemical measurement

3.2.1. Linear sweep voltammetry

Linear sweep voltammogram for 99.5%Mn,
99.999%Al, and the various Al-Mn alloys are shown in
Fig. 2. The voltammograms (Fig. 2(a)) show that the

current density of 995%Mn increases linearly with
the immersion potential (versus Al/AI(III)); however,
for 99.999%Al, the current density only increases
linearly to approximately 0.4V before sharply
decreasing as the potential reaches 0.5 V. The current
density then increases further until a steady-state
plateau is reached at approximately 09 V. A similar
trend was observed for the Al-Mn alloys, where
steady-state current densities were obtained at
potentials above 0.8, 0.9, and 1.0 V for the Al-0.5%Mn,
Al-1.0%Mn, and Al-1.5%Mn casting alloys and cold-
rolled plates, respectively. These results indicate that
the maximum current density increases with the
amount of Mn incorporated into the alloy; however,
no significant difference in linear sweep voltammetry
behavior was observed between the casting alloy and
the cold-rolled plate for each Al-Mn composition. The
maximum current densities for 99.999%Al fell
between Al-1.0%Mn and Al-1.5%Mn.
Voltammograms obtained for the Al-1.5%Mn
casting alloy and cold-rolled plate at scanning rates of
0.3-10mV s7! are shown in Figs. 2 (b)-(e). From Fig.
2(a), the dissolution potential of Mn was determined to
be 0.11 V compared to the Al reference electrode. In
the voltammograms obtained for the Al-1.5%Mn
casting alloy (Fig. 2(b)), the potential associated with
the maximum current density increases with the

scanning rate, accompanied by an increase in the
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Fig. 2 Voltammograms obtained using linear sweep
voltammetry for: (a) 99.999%Al, 99.5%Mn, and
various Al-Mn alloys; (b), (¢) the Al-1.5%Mn
casting alloy at various scanning rates; (d),

(e) the Al-1.5%Mn cold-rolled plate alloy at
various scanning rates. All measurements were
conducted in a 1 : 2 EmImCI-AICI; ionic liquid
at a temperature of 323 K.

maximum current density itself. At scanning rates of
5 and 10mV s7!, the current density reaches a
minimum and remains at that value with increasing

potential, whereas the curves obtained at scanning

rates of 0.3, 05, and 1 mV s! exhibit steady-state
plateaus at approximately 2mA cm ™% At the
beginning of the measurements (Fig. 2(c)), an
inflection point was observed in each voltammogram
at about 50 mV, which increased in magnitude as the
scanning rate decreased. This value is lower than the
observed dissolution potential of Mn (0.11 V) in the
ionic liquid electrolyte. Similar trends were observed
for the Al-1.5%Mn cold-rolled plates (Fig. 2(d) and (e)).

3.2.2. Constant potential electrolysis

The obtained FE-SEM images of the surfaces of
Al-1.5%Mn casting alloys and cold-rolled plate anodes
after constant-potential electrolysis at potentials
between 0.2-1.0 V (electric charge density =30C
cm™?) are shown in Fig. 3. The surface roughness of
the casting alloys and the cold-rolled plates decreased
as the potential became more noble. The SEM images
of the casting alloy specimens (Fig. 3(a)) were
obtained under high magnification (as marked by the
insets in each FE-SEM image), and the linear features
on each surface were analyzed by energy dispersive
spectrometry (EDS). As in the EPMA results (Fig.
1(b)), In casting alloy, particles containing Al, Mn, and
Fe were detected, thus indicating the presence
Al-Mn-Fe intermetallic compounds in the alloys.
These Al-Mn-Fe intermetallic compounds were (91.6-
92.2)at%Al-(4.7-5.0)at%Mn-(3.2-3.4)at%Fe, regardless of
potential. Dissolution at the surfaces of the Al-Mn-Fe
intermetallic compounds was also observed at
potentials above 0.6 V. In cold-rolled plate specimens
(Fig. 3(b)), particles containing Al, Mn, and Fe were
detected, and particles containing only Al and Mn,
thus indicating the presence of both Al-Mn-Fe and
Al-Mn intermetallic compounds in the alloys. Al-Mn-
Fe intermetallic compounds similar to those of the
casting alloy were detected on the surfaces of the
cold-rolled plate specimens; however, the
morphologies of these surface particles differed
considerably from those observed in the casting alloy
specimens, with diameters ranging up to 10 um.
These Al-Mn-Fe and Al-Mn intermetallic compounds
were (89.3-90.0)at%Al-(7.4-8.5)at%Mn-(2.2-2.7)at%Fe and
(93.7-95.1)at% Al1-(4.9-6.3)at%Mn, respectively,
regardless of potential. Dissolution at the surfaces of

the Al-Mn-Fe intermetallic compounds was also
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(a) Casting alloy

Fig. 3 FE-SEM images of the Al-1.5%Mn (a) casting alloy and (b) cold-rolled plate surfaces obtained after constant-potential
electrolysis in EmImCI-AICI; at potentials of 0.2, 0.4, 0.6, and 1.0 V, a charge density of 30 C cm 2 and a temperature

of 323 K.
observed at potentials above 0.6 V. In contrast, Al-1.5%Mn alloy were investigated at a higher electric
dissolution at the edges of the Al-Mn intermetallic charge density (100 C cm™2). Photographs of the
compounds was seen at 1.0 V. Al-15%Mn anodes and Cu cathodes after constant-
Next, the anodic dissolution and cathodic deposition potential electrolysis at potentials of 0.2, 0.6, and 1.0 V
behaviors (i.e., the electrorefining behavior) of the are shown in Fig. 4. At 0.2V, the surface of both the
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100 C cm™

0.2V

Cathode

Casting alloy

Cold-rolled alloy

Fig. 4 Optical photographs of the Al-1.5%Mn casting alloy and cold-rolled plate anodes and a Cu cathode after
constant-potential electrolysis in EmImCI-AICI; at potentials of 0.2, 0.6, and 1.0 V, a charge density of

100C ¢cm % and a temperature of 323 K.

alloy anodes became dark, with the casting alloy
exhibiting more discoloration than the cold-rolled
plate. However, at 0.6 V, the surface discoloration
after electrolysis was reduced. At 1.0V, the cathode
surface exhibited a smoother morphology after
electrolysis, and dendritic electrodeposits were
observed.

The XRD measurement results for the Al-1.5%Mn
casting alloy and cold-rolled plates before and after
constant-potential electrolysis (0.2 V, 100 C cm™) are
shown in Fig. 5. The obtained XRD patterns of both
specimens exhibit peaks consistent with Al,
AlgFegsMnys, AlgMn, or Al,Mn. For the casting alloy
(Fig. 5(a)), the peak intensity of the (110) plane of
AlgFeisMngs and AlgMn (20 =18°) increases after
constant-potential electrolysis. The peak intensity of
the (220) plane of Al also increases after electrolysis,
whereas those of the other Al-associated peaks
decrease. For the cold-rolled plate specimen (Fig. 5(b),
the peak intensities of the (110) and (135) planes of
Al;;Mn and AlgMn, respectively, increase
considerably after electrolysis. Conversely, the peak
intensities of the (111) and (222) planes of Al decrease
considerably after electrolysis, with the latter

disappearing entirely. The other peaks observed in

the diffraction patterns could not be clearly identified.

The Al, Mn, and Fe EDS profiles of the Al-1.5%Mn
anode specimen surfaces and cross-sections after
constant-potential electrolysis (0.2 V) are shown in
Fig. 6. On the surface of the casting alloy (Fig. 6(a)),
several areas with high concentrations of Al and Mn
were detected via EDS. Linear Al-Mn-Fe intermetallic
compounds were also observed across the entire
surface. The surface of the cold-rolled plate (Fig. 6(b))
also exhibited high Al and Mn concentrations;
however, as previously observed in the FE-SEM
images (Fig. 3), the Al-Mn-Fe or Al-Mn intermetallic
compounds differed considerably in morphology
compared to those in the casting alloy. In the cross-
section of the casting alloy (Fig. 6(c)), continuous film-
like products were observed in the surface layer (as
marked by a blue square in the SEM image), which
consisted of enriched Mn. These film-like products
were analyzed further at high magnification (marked
by a red square in the SEM image); here, several
micrometer-scale layers of enriched Mn and Al-Mn-Fe
intermetallic compounds were observed. The Mn
composition was then determined via EDS point
analysis to be 16.4% in the enriched layer (i) and 2.2%

near the interface between the enriched layer and
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(a) Casting alloy (b) Cold-rolled alloy
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Fig. 5 XRD patterns of the Al-1.5%Mn (a) casting alloy and (b) cold-rolled plate before and after constant-potential
electrolysis EmImCI-AICI; at a potential of 0.2 V, a charge density of 100 C cm ? and a temperature of 323 K.

(a) Casting alloy . (b) Cold-rolled alloy

Al-Mn-Fe

——

Fig. 6 FE-SEM images and corresponding Al, Mn, and Fe EDS profiles of Al-1.5%Mn specimens after constant-potential
electrolysis EmImCI-AICI; at a potential of 0.2 V, a charge density of 100 C cm 2 and a temperature of 323 K: (a)
casting alloy surface; (b) cold-rolled plate surface; (c) casting alloy cross-section; (d) cold-rolled plate cross-section.

UACJ Technical Reports, Vol.11 (1) (2024) 57



58

Clarification of the Anodic Dissolution Behavior of Metallurgical Structures during Electrorefining of Al-Mn Alloys in a 1-Ethyl-3-Methyl-Imidazolium Chloride-AlCl; Tonic Liquid

Table 2 Composition of the Al-1.5%Mn specimens after
constant-potential electrolysis at a potential
of 0.2V, a charge density of 100 C cm % and a
temperature of 323 K:
(i)-(ii) casting alloy; (iii)-(iv) cold-rolled plate.

Analysis point Al [mass%] Mn [mass%]
(i) 83.6 164
(ii) 97.8 22
(iii) 89.2 10.8
(iv) 98.2 1.8

Table 3 Composition of anode alloys and electrodeposits
on the cathode before and after constant-
potential electrolysis in EmImCI-AICI; at
potentials of 0.2, 0.6 V, and 1.0 V, a charge
density of 100 C cm % and a temperature of
323 K: (a) casting alloy and (b) cold-rolled plate
anode.

Al: Mn: Fe [mass%]

Anode Cathode
(a) Casting alloy
Before 99.0:1.0:0.0 -
02V 95.0:4.7:03 100.0: 0.0 : 0.0
06V 986:14:00 99.8:0.2:0.0
10V 99.0:1.0:0.0 982:12:06
(b) Cold-rolled plate
Before 99.0:1.0:0.0 -
02V 912:84:04 100.0: 0.0 : 0.0
06V 99.0:1.0:0.0 992:06:0.2
10V 99.0:1.0:0.0 984:1.0:06

the Al matrix (ii). These values were calculated based
on the total amount of Al and Mn detected by EDS.
In the cross-section of the cold-rolled plate (Fig. 6(d)),
the Mn-enriched layer could no longer be observed at
lower magnification (area indicated by the blue
square). However, when analyzed at high
magnification (area highlighted by the red square), a
thin film-like product approximately 1 um in thickness
was seen. Mn was detected in this film. In addition,
Al-Mn-Fe and Al-Mn intermetallic compounds were
observed in the enriched layer. Similarly to the
casting alloy, the Mn enriched layer (iii) and the area
near the interface between the enriched layer and
the Al matrix (iv) were analyzed using EDS point
analysis; 10.8 and 1.8%Mn were detected in the
enriched layer and near the interface, respectively.
(Tables 2 and 3)

The Mn concentrations on the casting alloy and
cold-rolled plate anode surfaces and in the
electrodeposit on the cathode before and after

constant-potential electrolysis are shown in Fig. 7.

(a) Casting alloy

10

—o— Mn (anode)

81 —o— Fe (anode)
- ¢ - Mn (cathode)
6 - & - Fe (cathode)

Concentration, C / mass%
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Potential, E / V vs. Al/AI(ll)

(b) Cold-rolled alloy
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Fig. 7 EDS-measured Mn concentrations in the Al-
1.5%Mn (a) casting alloy and (b) cold-rolled plate
anode surfaces and the cathodic electrodeposits
before and after constant-potential electrolysis
in EmImCI-AICI; at potentials of 0.2, 0.6 V, and
1.0V, a charge density of 100 C cm % and a
temperature of 323 K.

The Mn concentration was calculated relative to the
percentage sum of the Al, Mn, and Fe concentrations
detected via EDS. The anode surfaces were analyzed
using EDS point analysis at three arbitrary areas to
obtain average values for the Mn and Fe
concentrations in each case. At potentials of 0.6 and
10V, arbitrary areas were analyzed, while at 0.2V,
the dark areas observed in Fig. 4 were analyzed. The
electrodeposits on the cathode were also analyzed at
five arbitrary points. For the casting alloy (Fig. 7(a)),
after electrolysis at 0.2V, the Mn concentration on
the anode surface was higher than before electrolysis,
while Mn was not detected in the electrodeposit. At

0.6 and 1.0 V, the anode Mn concentration was similar
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Fig. 8 The changes in the electric charge density with the current density during the constant potential electrolysis for
Al-1.5%Mn cold-rolled plate anode at a potential of 1.0 V, at a charge density of 100 C cm 2 and photographs of the
anode surface at each electric charge density (a) before and after electrolysis of at (b) 1, (c) 3, (d) 5, (e) 10, (f) 20, (g)
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to that before electrolysis, but Mn concentrations of
0.6 and 1.0%, respectively, were detected in the
electrodeposits. For the cold-rolled plate (Fig. 7(b)),
similar concentration changes were observed at both
the anode and the cathode, with 0.2 and 1.2%Mn
present in the electrodeposits after electrolysis at 0.6
and 1.0V, respectively. Negligible differences in the
concentration of Fe were observed between the
casting alloy and the cold-rolled plate; On the anode
surface, Fe concentrations of 0.3-04 were detected
after electrolysis at 0.2 V. However, at 0.6, and 1.0V,
Fe was not detected. In the electrodeposits, Fe was
not detected at 0.2V. However, 0.1-0.2 and 0.6%Fe
concentrations were detected after electrolysis at 0.6
and 1.0 V, respectively.

The change in the current density with electric
charge density during constant-potential electrolysis
(10V, 1-100 C cm™?) with an Al-15%Mn cold-rolled
plate anode, as well as optical photographs of the
anode surfaces before and after electrolysis at each

electric charge density studied, are shown in Fig. 8.

The graph shows that the current density reaches its
maximum at an electric charge density of 5C cm™%
higher charge densities result in slightly decreased
current densities until a cm % The anode surface also
became smoother with increasing charge density (Fig.
3(a)-(h)).

To further investigate the surface changes on the
anode specimens, FE-SEM images were taken after
constant-potential electrolysis (1.0 V) at electric
charge densities of 10, 20, and 100 C cm ? with
additional Mn and Fe EDS analysis (Fig. 9). Here, the
Al-Mn intermetallic compounds (Fig. 9(a)-(c)) exhibit
little dissolution as the electric charge density is
increased. Conversely, the Al-Mn-Fe intermetallic
compounds (Fig. 9 (d)-(f)) exhibit vigorous dissolution
of their surfaces with increasing charge density,
resulting in a considerable reduction in particle size
after electrolysis at 100 C cm ™2

The Al Mn, and Fe concentrations in the Al-Mn
and Al-Mn-Fe intermetallic compounds on the surface

of the Al-1.5%Mn cold-rolled plate anode, as measured
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(@) 10C cm™ (b) 20C cm™ (c) 100 C cm™

Al-Mn

Al-Mn-Fe

Fig. 9 FE-SEM images of the Al-1.5%Mn cold-rolled plate surface and the corresponding Mn and Fe EDS mappings
obtained after the constant potential electrolysis in the EmImCI-AICI; ionic liquid at potentials of 1.0 V for Al-Mn
intermetallic compound at a charge density of (a) 10, (b) 20, (c) 100 C cm % and for (d)-(f) Al-Mn-Fe intermetallic
compound, and a temperature of 323 K.
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Fig. 10 EDS profiles of (a) Al-Mn intermetallic compound and b) Al-Mn-Fe intermetallic compound obtained after
the constant potential electrolysis in the EmImCI-AICI; ionic liquid at potentials of 1.0 V, a charge density of 5,
10, 20, 30, 100 C cm % and a temperature of 323 K.

by EDS point analysis, are presented in Fig. 10. Here,

Al and Mn concentrations in Al-Mn and Al, Mn, and 4. Discussion

Fe in Al-Mn-Fe show little variation as a function of

electric charge density. From Eq. (1), Cy, and pos(7) values increase with
Mn solid solution composition in the Al-Mn alloys.
Thus, from Eq.(2), the conductivity of the Al-Mn
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alloys decreased with increasing Mn solid solution
composition. Additionally, for the Al-1.5%Mn alloys,
the conductivity was higher in the cold-rolled plates
than in the casting alloys (Fig. 1(a)). The EPMA
analysis results (Fig. 1(b)) show that Al-Mn
intermetallic compounds were formed in the
Al-15%Mn cold-rolled plate but not in the casting
alloy; this suggests that Mn was deposited from the
solid solution into the Al matrix phase as an Al-Mn
intermetallic compound via heat treatment after the
casting process. It is, therefore, plausible that the
conductivity of Al-1.5%Mn increased after cold-rolling
because of a decrease in the amount of Mn solid
solution in the Al matrix. Additionally, the EPMA
analysis results show that the intermetallic
compounds in the Al-Mn alloy are fine particles with
diameters below 10 nm; additionally, these occupy a
much smaller area on the Al-Mn alloy surface than on
the Al matrix. Therefore, the Al matrix is the main
conductive part, and the influence of these
intermetallic phases on the electrical conductivity of
the Al-Mn alloys was considered smaller than that of
the Mn solid solution.

The anodic linear sweep voltammetry behaviors of
the Al-1.5%Mn casting alloys and cold-rolled plates
(Fig. 2(a)) were consistent with the typical pure Al
dissolution behavior reported previously in EmImCIl-
AICl; ionic liquids®. In the voltammograms of Al-Cu
alloys, peaks in the anodic current density are
derived from intermetallic Al,Cu'¥; in contrast, no
such peaks were observed in the Al-Mn alloys.
However, in the voltammograms obtained at different
scanning rates (Figs. 2(b) and (c)), an inflection point
near 50 mYV, which is slightly lower than the
dissolution potential of pure Mn, was observed as the
scanning rate was decreased. Because this inflection
point was observed in both the casting alloys and
cold-rolled plates, it was considered that this
characteristic arises from either the Mn solid solution
or the Al-Mn-Fe intermetallic compounds in both
specimens. However, as shown by the SEM images of
the anode surfaces after constant-potential electrolysis
(Fig. 3), dissolution of the Al-Mn-Fe intermetallic
compound only occurs at potentials over 0.6 V. This
indicates that the inflection point is not because of the

presence of Al-Mn-Fe intermetallic compounds, but

because of Mn solid solution into the Al matrix. As
the dissolution potential of pure Mn is approximately
0.1V, it is considered that at potentials below 0.1V,
Mn dissolution into the electrolyte does not occur, and
Al in the matrix phase preferentially dissolves.
Therefore, at these potentials, Mn solid solution in the
matrix phase becomes concentrated at the Al surface,
which may inhibit Al dissolution into the electrolyte
and thus results in the inflection point. The observed
decline in the current density between the maximum
and minimum values is attributed to forming a
solidified layer of electrolyte associated with an
increase in the local concentration of Al ions near the
anode surface®”. Because many intermetallic
compounds are present on the surface of the
Al-1.5%Mn alloy, it is considered that a dense
solidified layer of electrolyte does not form easily,
which would decrease the anode’s resistance to
dissolution. Therefore, the potential of maximum
current density in the voltammograms of Al-1.5%Mn
increases over that of 99.999%Al, accompanied by an
increase in the maximum current density. Conversely,
because there are fewer intermetallic compounds on
the surfaces of Al-0.5%Mn and Al-1.0%Mn, it is
considered that a dense solidified layer of electrolyte
that resists dissolution is easily formed. Furthermore,
SEM-EDS analysis of the anode cross-section after
constant-potential electrolysis (Figs. 6(c) and (d))
indicates that an enriched layer of Mn was formed at
a potential of 0.2V. This is reflected in the
voltammograms of Al-0.5%Mn and Al-1.0%Mn, where
the potential of maximum current density decreases
below that of 99.999%Al. This arises because of
simultaneous the formation of an electrolyte-derived
solidified layer, which acts as a dissolution barrier,
and the formation of a Mn-derived enriched layer,
which are thought to reduce the current density at
this potential. As Al-05%Mn possesses the lowest
number of intermetallic compounds, it is plausible
that a denser Mn-enriched layer is formed on the
surface of Al-0.5%Mn than that of Al-1.0%Mn; as a
consequence, the anodic voltammograms of
Al-05%Mn is shifted to a lower potential than that of
Al-1.0%Mn.

From the SEM-EDS analysis results of the cross-

section of Al-1.5%Mn after constant-potential
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electrolysis (0.2V, 100 C cm™?) (Fig. 6(c) and (d)), it
was observed that a thicker and higher-concentration
Mn enriched layer was formed on the surface layer of
the casting alloy than that of the cold-rolled plate. In
addition, intermetallic compounds were observed in
the enriched layers. This alloy exhibited increases in
the XRD peak intensities at 20 =18° (Fig. 5(a)) after
electrolysis under the same conditions; because only
the Al-Mn-Fe intermetallic compound was identified
in the Al-1.5%Mn casting alloy, these diffraction peaks
were attributed to the AlgFeysMngs (110) crystal plane.
In the XRD pattern of the cold-rolled plate (Fig. 5(b)),
the peak intensities of the (110) and (135) planes of
Al,Mn and AlgMn, respectively, increased after
electrolysis. These results suggest that the
intermetallic compounds did not dissolve under these
electrolysis conditions; instead, the Al in the matrix
phase preferentially dissolved, forming a Mn-enriched
layer interspersed between the intermetallic
compounds on the surface layer as it was observed
that a thicker Mn-enriched layer was formed in the
casting alloy than in the cold-rolled plate, which may
be attributed to the higher amount of Mn solid
solution in the matrix phase.

Their electrorefining behavior was clarified based
on the anodic dissolution behavior results for the
Al-Mn alloys. The measured Mn and Fe
concentrations on the anode surface (Fig. 7) increased
after electrorefining at 0.2 V; however, these elements
were not detected in the electrodeposits. This further
suggests that the Al-Mn-Fe intermetallic compounds
did not dissolve at this potential. Because the casting
alloy had a higher Mn solid solution concentration
than the cold-rolled plate, the Mn concentration at the
anode surface increased further in the casting alloy
anode upon electrolysis. At 0.6 V, the anode surface of
the casting alloy was similar in composition to that
before electrolysis, while small concentrations of Mn
and Fe were detected in the electrodeposit. This
suggests that the dissolution of the Mn solid solution
from the matrix phase and the Al-Mn-Fe intermetallic
compound occurred at this potential, which could be
attributed to the simultaneous dissolution of Al from
the matrix phase. In the cold-rolled plate, part of the
Mn solid solution in the matrix phase was converted

into Al-Mn intermetallic compounds after electrolysis;

thus, the increased Mn concentration in this anode
surface after electrolysis at 0.6 V may arise from the
presence of these compounds. Furthermore, the Mn
concentration in the electrodeposit is lower for the
cold-rolled alloy than that of the casting alloy; this can
be attributed to the increased number of Al-Mn-Fe
and Al-Mn intermetallic compounds on the surface of
the cold-rolled plate. During electrolysis at 1.0 V, the
matrix phase and intermetallic compounds dissolve at
the same rate; thus, the concentrations of Mn and Fe
on the anode surface are the same as those before
electrolysis. However, the dissolution rate of the
intermetallic compounds is increased at
1.0 Vcompared to that at 0.6 V, resulting in an
increase in the concentration of Mn and Fe ions in
the electrolyte. As a result, the amount of Mn and Fe
co-deposited at the cathode is larger at the higher
potential. As observed in the optical images of the
anode surfaces after electrolysis (Fig. 4), the anode
surface becomes smoother at higher potentials
because of accelerated dissolution, regardless of the
difference in the metallurgical structures between the
casting and cold-rolled alloys. Consequently, the
amounts of Mn and Fe co-deposited on the cathode
were similar between the two anode types.

From the SEM-EDS results of the surfaces of
Al-15%Mn cold-rolled plates after constant-potential
electrolysis (1.0 V) at electric charge densities of 10,
20, and 100 C cm? (Fig. 9), it was observed that the
intermetallic compounds dissolved as the electric
charge density was increased. However, the surface
morphology of the Al-Mn-Fe intermetallic compounds
changed more drastically than that of Al-Mn,
particularly at a charge density of 100 C cm™2 This
suggests that Al-Mn intermetallic compounds are
more resistant to electrolysis-induced dissolution than
Al-Mn-Fe. Furthermore, from the elemental analysis
of the Al-Mn and Al-Mn-Fe intermetallic compounds
after electrolysis at various electric charge densities
(Fig. 10), negligible changes were observed in the
elemental composition as the electric charge density
was increased. This suggests that when the Al-Mn-Fe
and Al-Mn intermetallic compounds dissolve, Al, Mn,
and Fe diffuse into the electrolyte at equivalent rates.

Based on the interpretation of the results described

above, an illustration of the proposed anodic

62 UACJ Technical Reports, Vol.11 (1) (2024)



Clarification of the Anodic Dissolution Behavior of Metallurgical Structures during Electrorefining of AI-Mn Alloys in a 1-Ethyl-3-Methyl-Imidazolium Chloride-AICl; Ionic Liquid 63

(a) Casting alloy

Before electrolysis 0.2V
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Fig. 11 Schematic diagrams of the anodic dissolution for (a) the casting alloy and (b) cold-rolled plate anodes

in the EmImCI-AICI; ionic liquid.

dissolution mechanisms of the casting and cold-rolled
Al-Mn alloys are shown in Fig. 11. Such changes in
the dissolution behavior of metallurgical structures
have been previously reported during anodization in
sulfuric acid solutions®™ *. In acidic conditions, Al and
Mn dissolve as Al(III) and Mn(II), respectively™;
however, during anodization in sulfuric acid, Al-Mn
intermetallic compounds do not dissolve and are
included in the anodized film*. However, in EmImCI-
AlCl; ionic liquids, because the anodic dissolution
behavior changes depending on the applied potential
and electric charge density, in addition to the
differences between the metallurgical structures, the
reaction mechanisms involved were not previously
identified. In this study, these complex dissolution
mechanisms have been clarified for the first time. At

potentials below 0.2V, Al in the matrix phase

preferentially dissolves and a Mn-enriched layer is
formed on both alloys, thus preventing the dissolution
of Mn in the electrolyte. Also, Al-Mn-Fe or Al-Mn
intermetallic compounds are not dissolved at this
potential. Thus, Al is preferentially electrodeposited
on the cathode. However, at higher potentials, Mn
solid solution in the matrix phase and Mn or Fe in
the intermetallic compounds dissolve in the
electrolyte, thus resulting in co-deposition on the
cathode.

Additionally, it was observed in this study that the
difference in the dissolution potential between pure
Al and pure Mn was small (approximately 0.1 V). In
contrast, the presence of several metallurgical
structures in the Al-Mn alloys, which are more
difficult to dissolve into the ionic liquid than Mn solid

solutions, results in decreased rates of co-deposition of
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Mn onto the cathode during the electrorefining
process.

This implies that the range of anodic potentials
where high-purity Al can be obtained by
electrorefining is expanded when using intermetallic
compound-comprised Al-Mn alloys as anodes. Thus,
the electrorefining process can be improved by
reducing the amount of Mn solid solution in the
matrix phase and promoting the precipitation of
Al-Mn intermetallic compounds via heat treatment
after the casting process. Combining these controls on
the metallurgical structure and anodic dissolution
potential of Al-Mn alloy anodes allows the dissolution
of Mn into the electrolyte to be suppressed, thus

enhancing the purity of electrorefined Al

5. Conclusion

In this study, the anodic dissolution behavior of
Al-Mn alloys in an EmImCI-AICI; ionic liquid was
investigated. The obtained results are summarized as

follows:

e During linear sweep voltammetry of Al-1.5%Mn
alloy, an inflection point of the current density
derived from Mn solid solution in the matrix was
shown near 50 mV vs. Al/AI(III) as the scanning

rate was slowed.

In the constant potential electrolysis of Al-1.5%Mn
casting alloy and cold-rolled plate, Al in the
matrix phase preferentially dissolved at a
potential of 0.2V, and an enriched layer derived
from Mn solid solution in the matrix phase was
formed on the surface layer. The Mn-enriched
layer was thicker in the casting alloys with a
higher solid solution.

Dissolution of the Al-Mn-Fe intermetallic

compounds and the Al-Mn intermetallic
compounds occurred at potentials higher than
06V, and 1.0 V. Dissolution of these intermetallic
compounds was facilitated by increasing electric

charge density.

Mn was co-deposited with Al on the cathode at
potentials where Mn solid solution in the matrix
phase and intermetallic compounds containing Mn

dissolved.

From these results, a mechanism for anodic
dissolution in Al-Mn casting and cold-rolled alloys has
been presented, whereby the combined effect of low
dissolution potential and the presence of robust
intermetallic compounds prevents the co-deposition of
impurities during the electrorefining of Al, thus
increasing the efficiency of the reclamation process.
This development is anticipated to inform future
efforts into improving Al recycling processes and
further reduce the environmental and energy costs of

Al manufacturing.
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Effect of Brazing Atmosphere and Heating Rate on Brazeability
for Flux Brazing*

Taichi Suzuki ** and Tomoki Yamayoshi ***

During brazing of aluminum heat exchangers, flux is used to remove oxide film from filler surface, and
to promote molten filler to wet and flow. Composition of brazing flux is eutectic mixture of KAIF, and
K;AlIF,. Flux starts to melt at 562 C during brazing, and the oxide film is removed mainly based on
electro-chemical reaction between molten flux and substrate of filler beneath the oxide film. Flux also
reacts with oxygen and water vapor in brazing atmosphere, and effectiveness in brazing is reduced.
However, reaction between flux and water vapor during brazing is not clear, and there are almost no
data on quantitative limit of dew point in brazing atmosphere under various heating rates. Here, we show
detailed mechanism how the effectiveness of flux is reduced by reaction with water vapor. We found that
KAIF, reacts with H,O and becomes K;AlF; under high dew point atmosphere, and eutectic temperature
increased above brazing temperature resulting low or no effectiveness in brazing. Furthermore, we found
that H,O concentration which brazing becomes impossible is approximately one-tenth compared to that of
O,. Our results can be used to estimate condition of dew point and heating rate which the effectiveness of
brazing could be reduced.

Keywords: Al-Si alloy, brazing atmosphere, flux, in-situ observation
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2. EBRFHE
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4047 L L, D DORTEIC A ) M & HLAG D TEBTE
ML, BlEkE, WHIEEEBESEZRET, AIM7 IV
F10%(AHIMEZ100 pm), EZ10mmOJE7T L —
VY= el EIZOME Lz FOTFRET,
3003 HiJE o 1.0 mm DA ER L 726

FRCOBEEAM 2 F T, & MRS FE L 72,
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FAPN 55 PH A 85 125 - 70 TR (ppm 50 T HO MR EE
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Table 1 Chemical composition of specimens (mass%).

Alloy Si Fe Cu Mn Ti Al

Layer

Core | 3003 | 030 | 064 | 016 | 126 | 001 | Bal
Filler | 4047 | 124 | 012 | <001 | <001 | <001 | Bal
3003

Brazing sheet
30mm X 20mm

\

Contact point

15mm X 25mm

»1.6
SUS-rod

(Filler side)

Fig. 1 Schematic image of gap filling test specimen.
Flux is applied only on filler side of brazing
sheet.
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Fig. 2 Actual heat pattern during brazing.
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DP <-70°C / H,0O 1 ppm

DP -50 °C / H,0 39 ppm

DP -35°C / H,0O 221 ppm | DP -29 °C / H,O 416 ppm

100 °C -min™

50 °C-min™

20 °C-min™

Fig. 3 In-situ observation during brazing, just after fillet formation. Arrows show areas in which oxide film remains

without being broken.
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Fig. 4 Appearance of gap filling test specimen after brazing, and measured filling length.
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Fig. 6 Appearance of 3003 after brazing with 5 g/m2 of flux applied before brazing.
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DP <-70°C / H,O 1 ppm DP -35°C / H,0 221 ppm | DP -29 °C / H,0O 416 ppm
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Fig. 7 SEM observation result, flux residue on 3003.
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Fig. 8 XRD profiles of flux residue on 3003, brazed under high H,O atmosphere.
() 100 C -min™", (b) 50 C -min", (c) 20 C -min™".
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Table 2 XRD result of flux residue on 3003, brazed
under high H,O atmosphere.

DP<-70°C/ | DP-50C/ DP -35C/ DP -29°C/
H,O 1 ppm | H;O 39 ppm | H,O 221 ppm | H,O 416 ppm
=
E| kAR, KAIF, KAIF, gilll;"
.. 281k
Og (and amorphous) | (and amorphous) | KoAlF; + H,O K,ALF, - 1,0
(=]
J KAIF,
E|  KAIF, KAIF, KAIF, | ST
Q (and amorphous) | (and amorphous) | K»AlF;5 « H,O 2 K ASIF 2
© 3 6
2 KF(unknown)
2 KAIF, ol
g8 KAIF, KAIF, KLAIF;5 - Hy,O K. Ali‘ . I;L{AO
© | (and amorphous) | K»AlF5 - HO K;AlIF z K 1§1F z
] KF@nknown) | g pnknown)
4. £ &

41 AH5MNBEKPOKDPET T v 7 ZORIE
BINHT T v 7 ADEIFN 28R 5 9 AN
H O JUS D TREMNSARGE L 7 i 13 v as, #l
ZIEKF & AIF; 0 e RIREM & LTIl Fig. 9255
ENTwB9" 9, Zhizknid, KF:AIF#1: 1~
12:1 (wgFhd mollt) &% 2K TKAIF, & KAIF,
PHAET S LTRG24 U, AT 5% 560
CEFTHTT 5, DD, 59 WIMAKICIES )
BUATICHM 7 9 v 2 ADE L TAIMERZE Y, B
LI 2 S 2 2 & CH@A 9 OB % TREIC T
5o F72Fig. 101277F X 912, K;AIF 13 K,AIF; 25500
CHEBETHHTHIEICEVERT B0, DA
AIMNM7 AL R 75 v 7 2135 ) HREMNE T
KAIF, & K;AIF 728 3k S MLk & % 2 e TKAIF, &
KAIF 2 RESNTWEY, 22T, X (1) BXO Q)
WRT & 912, KAIF A 9 fHmEeh a5 B & ok
GERISLTKAIFRRKF 2L 5 &SR TWAY,

3KAIF, + 3H,0 — K;AlIFs + ALO; + 6HF (1)
2KAIF, + 3H,0 = 2KF + AlL,O; + 6HF (2)

7T 7 ADRIBICOWTIRETHHL IR - T
VBT WD, A ) MR HIIKD D% = ITHF
3%, 2F)VHBRPECFEHATTIE, oK
IMZE Y 75y 7 ADERSTH B KAIF, A KAIF R
KF (7272 LALEAH) 122 L THA L, K;AlF 2558
LIl bl ENEZLNL, TOYA, KAIF, &
K;AIF, O HEp5E Lz ik o0, 79 v 2

Pype=1atm.
1200 -

KF + melt KAIF, + melt

1000

* -KzAIFg + malt

€ eool -
@
=
& f -AlF + melt
“é.’ KF + 1 -KzAIF,
2 600 _|
KAIF, + B -AlF,
* -KaAlFg + KAIF,
400 |- |
KAIF, + o -AlF;
KF + B -K3AlIFg f -KaAlFs + KAIF,
200 i
KF + o KGAIF; o -KzAIFg + KAIF .
20 40 60
KF mole % AlF;

Fig. 9 Melting phase diagram for the potassium fluoride
(KF) - aluminium fluoride (AlF5) system”.

Flux Components-Phase Transformation During Brazing

Major Minor

As

» KAIF; and KsAIFzeH,O andior KsAlFs
Manufactured 4 - 2 :._5 2 Y]

FC- (ry+qn)

KoAlF: (1)

KzAIFs ( II) «———

-+

KAIFs + K2AIFg

AtBrazing ,
Temperature

Meit

Fig. 10 Flux components - phase transformation during
brazings.
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DFNAIMPARRRIC D LEZ OND,

2 9 WHNEE O 3003 AR L7 5 v o AR % 5T
L7248, BT S FHRASBEVEE IR 9
5 ZIRDKAIF; (- HyO) R KAIFABE Sz,
D9 BKAIF IOV TIE, 2 (1) ORIEA 5 KAIF, A
MBAFICHO E IS LTHEL 2 DN ETH L EE 2
bN7ze F72K,AIR; (- H,0) 122w TiE500 CTLLED
HERTOREEDPENEEZONDLZ END, 59
FMBABEOGEHLRIAE LD D TH L L% 2 bz,
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Fig. 11 Appearance of 3003 after brazing and SEM observation result of flux residue on 3003.
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Fig. 12 XRD profiles of flux residue on 3003, brazed under high O, atmosphere.
() 100 C -min™", (b) 50 C -min”", (¢) 20 C *min™".
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100 ppm O ZEPHS T TA ) Mz il L 720 2 BH%
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B BIBIZE S L OSEMBIZR R E2RT, 72, XRD
WX SNAEYTTa 7 7 4 V% Fig. 1212, [HE X
N7-E2 bW % Table 31" ¥, FHmEEH LK
DOFER L FRICBREREEH VI E, ARSENIEE
HED7 7y 7 AREFNWIML 7225 BR#EKRE
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I A EHORIEAGRD Sz, F 72 SEMBI%E
BLUOXRD DR, 75 v 7 ZAKiEDL LR ED
KAIF{L AW MK BIROKAIF, TH L L EZ bR
720 BEFIEFE100 ppm T20 CT/min i TA ) L
723 A 11310 wm BL T OBl 22 BCIR o 5 S PEAL & A
A LNT2H, T XRD OFEHRE A 5 KAIF; - H,O T
HY, KGAIFGERO N Lotz 2O EDNSL, K
B OEMEFTHAT TA ) ME L 7254121,
KAIF, S KAIF S fbEWic 2z b Lic < <,
M SZEALL R0 7 5 v 7 ZOWEHBRE D
ZALLICL L, XD BBEOTHA T TS ) 45,
DFENDUNA MENEVEZEZ SN, B0tz b L,
FHENFHAT CIIRBECHAET2H0 EKBT 5
Z L TKAIF A KAIF I L9 <, LR A &
NNT7 Ty 7 ZAOWABRIREDN AT 5720, LD
KIREOZHA T TO A ) MNBATRICRDEEZD
N7z,

B, I FTIIKAIF, & KAIF O35 K6 % i)
WCHEWTERLTE L, ZALERBRETICBVWTIE
KorB L OBMHEIZL 5 KAIFILEWH S OBEL, 2 F
D EIRERIL D HETTHEEZOND, AHIMFHT T v
7 A D EIRERALZE BN oW T BN HRA L 2B RS
NS, —RICHEESE N TIE TR0 M50, &
D b H,0D ML EM O FEnRILZ RS 25 & SNhT
U‘Z) 10>~14)O

D) 0,51 & 0 & H,05 1O h At Fim A5 L
IV,

2) 0,53 F X0 b HO0 5 FO) ALY ERICE T 5
fEHEDTEEL = AV F—2VNE L, fREELCTA F
CHEEELTR TV,

3 HODMEEIC X DA LAH ROH D FA, 0,0
FRHEIC X D AT 7207 X0 b ER LY b T OHLEA
A

FE I 72 IR D 72 D (G B F I e R AL BT H
20, TNOOMENS, WHELFHA T ClREmBE
FHET L R TKAIFLAEM P RIL LR T W EE R
SNb, ZOYE, BILICX ) KAIFILEY DMK A
ZAL L TIPS IZ A 59 % KAIF, B8 L KAIF, O 1t
RRBEDVEAT H720, W7 T v 7 2D EDIK
U2 ) ML EOWIEGEIMRT 5 L E X 5N b,

COXHI, HBELFMR T TIRHODFHEICLD
HIRNMT T v 7 ZAOLEHESEILL, F72KAIF
ILEWAH0ICE DB LS N5 72, EHER IR
ATED AT 2N MEIMRWEE 2
b7z,

Table 3 XRD result of flux residue on 3003, brazed
under high O, atmosphere.

0. 40 ppm 0, 100 ppm

=

& KAIF, KAIF,

|©) (and amorphous) (and amorphous)
g
'

= KAIF, KAIF,

o (and amorphous) K,AIF;5 - H,O
=

[Te)

=

g KAIF, KAIF,

&) (and amorphous) KyAlF; - H,O
[}

N

43 A5EOFRRE L A S 4

HBEEB I UCEREREFHZOVTICBEVTD,
6] U5 PHAIREE Tl 5 ) IO ARASENIZ &5 9 4
HPE TSR TH o720 NI, 600CETOH
WBAEL, TbbARCrIIEHBEL B L
THALMZMA L AN 7 5 v 7 2 & OB
ML, 0% OKAIFILEWOMBEZIL L 7272
HrEZONT, BHEOERITH B, FHKE
KAIF L& o#fkaiiz, X Q) 0 L9125 ) o
AR 2 BE TR L7l & R AR L o T
PTErLEZLND,

Ne=Cy JJ £ (t) dF* (3)

Ne @ 3EfAREL,  Cat FRPHAGREE, () @ ARERE
BR (3) TlRRAREE I C2mES AR E L
THRILZD, IO — h3y — 2 &Y
TR LTOHUEE/EI SO N, /2, X Q)
BV THFHAMOTGEECBEIEE I ERE L Tk,
FRORFEAEL W ETHIE, F—0FHAME TR
2 )W RE & 7 B FflHS S O BRAR L A B R 5
PARECL ST —ETH Y, FHRM R I
B OMEL R AL EZEZONE, 22T, 3204
REBIO#MEOHEY ofREK (3) 1ITH T TEE
T2, HOBIUO,FMATTAINATREE 25
B OB IE TR R %,

H,O0 %A : 1.5-20%10°(C - min * ppm)

:1.8-23%10" (C * min - ppm)
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HABH, FNFEHROSIREOR T % ZEEhid %
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il
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BHEHRT TR 7T v 7 ADFE S THHKAIF,
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WA BRI BE DS B L CTHAR 7 7 v 7 2D A &
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BHARYH5ER )BT L7,

(3) MEERFHAT TD S )M EIHE Uz Ao
W7 7 v 7 ZFEHE1E10 npm BLF OB 2 Bk o
K,AlF;-H,0 TH Y, K;AlF 378 5N e o7,

(4) BmHBEMFHRT T, BEFHATLD 1104
DY FIRGBRE TH ) FAATREIC R 5 &
25N, Thix, HLODKEH0, L0 b A9
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Optimization of Aluminum Melting Process by Data-Driven Model
Using Time Series Data*

& % Kk

Shohei Yomogida **, Saho Kobayashi *** and Yuki Yamamoto

Improving the melting efficiency in aluminum melting furnaces has significant cost and environmental
benefits. A large amount of data, including time-series data, have been accumulated from the use of
aluminum melting furnaces, but no effective method has been established to utilize these data. In this
study, a data-driven model was constructed by combining two machine learning methods: variational
autoencoder (VAE) and artificial neural network (ANN). VAE was applied as a model to quantify
time series data into 18 latent variables, while ANN was constructed as a model to predict fuel gas
consumption from latent variables and other characteristics. In addition, we attempted to optimize
aluminum melting process by simulation using the data-driven model.

Although the aluminum melting process was complicated, we were able to construct a highly accurate
prediction model (R2= 0.69). Furthermore, the characteristics of the fuel gas flow rate in the case of
high melting efficiency were determined by simulation. In fact, the results of modifying the operating
conditions of melting furnace based on the knowledge obtained confirmed a significant improvement in
melting efficiency. These results indicate that the data analysis method used in this study is effective for
process optimization.

Keywords: variational autoencoder, time series data, process modelling, machine learning
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DOWERFN T — % 7 B R FBNARR I OB & i 5
LFEDRDEN TS,

AW T, 25 HCHF 5 b# (Variational Auto-
Encoder: VAE) M =2 -Vt vy VT =7
(Artificial Neural Network: ANN) # fla&bE7:7—
BREN T E TN 2 RET S VAEREKILT =5 25
R EMEEZEL TV TY AL E LTIRESAT
W5, F7:, ANNBEMPEEET IV E L TRL <&
HWHERET VDO —DTHb, CNLEHMAEDLEL
L THRRYT— 5 DR e ER L 727 — & AL E
TNORENNFEI NS, BIZ, Bon-ETVEM
W2y Ial—3a v ilonTh e TER_L, B
BER &N L&D 20 DRESTEORE 175 72,

2. KBIE

21 ERAT—4%
REFNVCTHEHAL727—% % Table 112, £7—7%
DXy vy il % Fig, 1WR$, SHEBIZH W
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HHREMT— 7 II5EHEINE, 22T TaLRT
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EFIUVEED 70— % Fig. 212573, W) 57—
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Table 1 List of data used in analysis.

Data Types Data

Combustion Air Flow Rate
Fuel Gas Flow Rate
Exhaust Gas Flow Rate
Furnace Pressure

Process Data
Explanatory

Variable

Representative Raw Material Amount
Value Time Taken in Melting

Objective Variable Fuel Gas Consumption

Flue
Combustion Air Flow Rate

Furnace Pressure Fuel Gas Flow Rate

, .

Exhaust Gas
Flow Rate

Burner

Raw Material

Fig. 1 Schematic diagram of melting furnace.
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( Process Data ) ( Representative Value]][ Objective Variable )

v
Data Normalization |

A4
Data Standardizatioin| | Data Standardizatioin
(Min: 0, Max: 1)

(Mean: 0, Variance: 1) |(Mean: 0, Variance: 1

Data Split
(Training: 70%, Test: 30%

i v
(Training Data]( Test Data ]
Vv v

VariationalAutoencoder (VAE)
Model Construction

| Model Traininng] Cross—VaIidationl

N
( Process Data }>( Encoder of VAE)

Latent Variables
(4 Data X 18 Variables)

Data Coupling

Input Dataset

Split

)
Data Split Data Spl
(Training: 70%, Test: 30%)

(Training: 70%, Test: 30%

(Training Data]( Test Data ](Training Data) [ Test Data |
v Vi v v

Artificial Neural Network(ANN Model Construction
| Model Training|<—_>| Cross-Validation |

v
[ Fuel ConsumptionPredict Model ]

Fig. 2 Construction flow of fuel consumption prediction
model.
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Fig. 10 Relationship between predicted fuel consumption and latent variable of fuel gas flow rate.

Table 2 Dataset used for simulation. — High Melting Efficiency
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X3 Med. - Std. Med. + Std. e
X4 Med. - Std. Med. + Std. o4
X5 Med. + Std. Med. - Std. £
X6 Med. - Std. Med. + Std. ?, %
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X9 Med. + Std. Med. - Std. %0
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X12 Med. + Std. Med. - Std. Fig. 11 Time series data generated by VAE when
X13 Med. + Std. ) high/low melting efficiencies are expected.
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Table 3 Conditions for melting experiment.
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Fig. 12 Variation of fuel consumption distribution
by melting operation conditions.

Table 4 Statistics and t-test results for each condition.

", Standard
Condition N Mean Deviation t )
Condition 1 1000 0.08 1.32 336 <0001
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Analysis and Control of Textures on Development of
Aluminum Alloy Sheets for Beverage Cans*

Tomoyuki Kudo
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Fig. 1 Procedure for beverage cans production.
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Table 1 Composition of typical alloy for beverage can.
Upper row; lower limit, Lower row: upper
limit (mass%)

Alloy| Si Fe | Cu | Mn | Mg | Cr | Zn | Ti Al
— 1 - Joslo8] 08 - | - | -

31041 6 1 08 |025| 14 | 13 | - | 025|010 B2
o Toso]ozo| - | - | -

31051 66 1 07 1 030| 08 | 08 | 020 | 040 | 0.10 | B2

Table 2 Examples of production process of material
for beverage can.
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Fig. 3 SEM images of resin replicas showing clusters
consisting multiple pits (a) and the rest of
crystallographic dissolutions of (100) faces (b)
caused by selective dissolution of (100) faces,
and TEM image of passive film on the side
walls and tip of pit (0)3).
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Fig. 4 TEM micrographs of the FIB cross section of
the aluminum foil after 50 ms of DC etching.
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Fig. 8 Growth of cube texture during annealing
(Cross-sectional observations with polarization
microscope)lo).
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Fig. 9 Relation between annealing temperature
and ratio of (100) planeslo).
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(b) SEM image of distribution of pits after electrochemical polishing

Fig. 10 Orientation angle of rotation of cube texture
and SEM image of distribution of pits after
electrochemical polishing .
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Fig. 11 Relation between orientation angle of rotation of
cube tex%lre and (a) pit density and (b) ratio of
pits area'’.
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Fig. 12 Crystalline oxide particles and the pit around
the crystal after 50 ms of DC etching.
(a)-(c): MgAlLOy, (d): y-AlOs, (e): Schematic
diagram of nucleation of pit around crystalline
oxide particle (Cross section of unetched foil
and initial etched foil)”.

Fig. 13 TEM images of pit distribution after 50 ms
etching. (a) Pits around y-Al,O3 crystals and (b)
cluster of pits along the rolling direction’.
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Fig. 14 Effects of annealing temperature on capacitance
of aluminum foils containing (a) Pb and (b) Sn,
respectively (80 C, 1 mol/dm?® HCl, 3 mol/dm?
H,S0,)".
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Fig. 15 SEM images of Pb particles on the surface of
aluminum foils containing (a) and (b) 0.6 wt-
ppm and (c) and (d) 5 wt-ppm Pb. (a) In-lens SE
(1.7 kV), (b) and (c) BSE (1.7 kV) and (d) EDS
spectra .
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Fig. 16 SEM images of Pb particles on the surface of
aluminum foils containing (a) and (b) 0.6 wt-
ppm and (c) and (d) 5 wt-ppm Pb. (a) In-lens SE
1.7 kV),15(b) and (c) BSE (1.7 kV) and (d) EDS
spectra .
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Fig. 17 TEM images of the FIB cross-sections of the
aluminum foil containing 0.6 wt-ppm Pb. (a)
Cross-sectional image and EDS O map, (b)
peeled layer and EDS O map, (c) divided
surface oxide layer, and (d) metallographic
image beneath flat area of surface
morphologym).
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Fig. 18 SEM images of the cross-sectional BSE image
of the aluminum foil containing 8.2 wt-ppm Pbh.
(a) Surface perpendicular to the rolling line,
(b): basis metal under flat area, and (c) and (d)
surface oxidation".
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Fig. 19 SEM images of surface dissolutions of aluminum
foils containing 0.6 wt-ppm Pb after DC etching
for (a) 100 ms to 30 s and 40 V anodic oxide film
replicas (tilt 45°) formed at 50 mA cm™ in 0.8mol
dm™ of ammonium adipate electrolyte at 85 C
after DC etching for (b) 5s and (c) 15s (arrows
indicate etching areas) 9,

T Y

Surface
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Fig. 20 TEM images of the FIB cross-sections of the
aluminum sheet containing 0.6 wt-ppm Pb after
hot rolling (a) 4 mm"' and cold rolling (b) and (c)
04 mm;5 (a) and (b) TEM images and (c) SEM
images .
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20um

Fig. 21 SEM images and EDS oxygen distribution maps (3 kV) for the aluminum sheets containing 0.6 wt-ppm Pb
after various stages: hot rolling (a: 4 mm"), cold rolling (b: 1 mm", ¢: 04 mm") and final rolling for foil after final
annealing (d: 0.13 mm" )15).
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Fig. 22 TEM images of the FIB cross-sections and EDS O and Al maps of the aluminum sheet containing 0.6 wt-ppm Pb.
(a) Before final annealing and (b) after final annealingm).
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Characteristics and Formability of Aluminum Alloy Sheets*
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Table 1 Physical properties of aluminum and iron".

Aluminum Iron
Atomic weight 26.98 55.85
Atomic number 13 26
Crystal structure face-centered cubic |body-centered cubic
(fce) (bce)
Density (g/cm?3) 27 7.87
Coefficient of
thermal expansion 235%10° 121x10°
(/C)
Melting point (C) 660 1536
Specific heat
capacity (J/kg + C) a7 456
Thermal
conductivity 238 782
(W/m - C)
Modulus of
elasticity (GPa) 706 2114
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B2 ~ 8O T O, WML 2E5ER%
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|—| Aluminum and its alloys |—|

| Wrought alloys | | Cast alloys |
———

on heat-treatable]| Heat-treatable | [Non heat-treatable]| Heat-treatable
alloys alloys alloys
Commercially Al-Cu alloy Commercially Al-Cu allog
pur&)%luminum [2000 series] pure aluminum [AC1X, AC5A]
1 series] |r - -
Al-Mg-Si allo Al-Si alloy  ||Al-Si-Cu-Mg alloy
[?(I)Ol\gn al!oy] [600% seriesf’ | | [AC3A, ADC1] | [AC2X, AC4X]
series, :
, Al-Zn-Mg alloy Al-Mg alloy A Mg alloy
Al-Si alloy [7000 series] | | [AC7A, ADC5,6] | L_L , 10, 12]
[4000 series]
AI-Mg alloy
Al-Mg alloy [AC7B]
[5000 series]

Fig. 1 Classification of aluminum and its alloy.

A 5052P- H34

Temper designation number.

Figure of goods,
P:Plate, B:Bar, T:Tube, W:Wire, S:Shape

Alloy number;
first digit shows alloy series.

— Letter “A” for aluminum and its alloys.

Fig. 2 Wrought aluminum designation system.

4000 (ALSi) 5, 5000 (Al-Mg) %, 6000 (Al-Mg-Si) &,
7000 (Al-Zn-Mg, Al-Zn-Mg-Cu) 5%, 8000 (Z Dt 4:)
BTNV I = AEERFKT,

T I AR T, 1000, 3000, 4000, 5000
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M4 OB XY, SREE, BOBYE, B &SSO~

Hot working Cold working|
(H1n)

Adequate annealing
(H2n)

l Stabilizing(H3n)
Annealing (O)
Paint baking (H4n)

(1) Non heat-treatable alloys

Tensile strength, TS
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Fig. 3 Relations between production procedures and temper designations with properties diagram

for wrought aluminum alloys.
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Table 2 Mechanical properties of aluminum alloy sheets®.

Tensile Yield strength Totali Unifor}‘n Local.
Alloy-Temper strength (MPa) elongation elongation elongation n-value | r-value
(MPa) (%) (%) (%)
1100-O0 94 32 433 333 10.0 0.29 0.85
1100-H24 143 140 10.0 - - - -
3004-O 175 62 26.5 22.0 45 0.28 0.71
3004-H24 220 181 9.0 7.8 1.3 0.12 0.70
5052-0 210 106 275 25.3 2.3 0.32 0.74
5052-H24 263 212 175 14.0 35 0.13 1.05
5182-0 261 121 29.8 27.0 2.8 0.32 0.61
5182-H24 337 255 138 125 1.3 0.13 0.75
6061-O 124 44 31.0 25.8 5.3 0.28 0.66
6061-T4 276 190 24.0 20.8 33 0.20 0.74
SPCE* 306 185 44.8 22.3 225 0.21 2.00

* Steel plate cold deep drawn extra

ing| Punch
Die
-
Flow

S |
lowy Q?i)
Bulge E;ﬁding Expanding
forming

W E§ s

Fig. 4 Four elements of press forming and characteristics
of material deformation®.
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24

<Punch> Diameter: 50mm _
Shoulder: RSmm
<Die> Diameter: 52.8mm
Shoulder: RBmm
<Lubricant> DN coat NR3

23 |-

2.1
o
[m]
-1 20
1.9
1.8
17 O 0 0 O D Ak A 3
@o A L «%’\ &
STLLE IHEPE <
* Steel Plate Cold Deep Drawn Extra
Fig. 5 Limiting drawing ratio (LDR) of various
aluminum alloy sheets?.
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o
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1-9 L L L L
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Fig. 6 Relationship between limiting drawing ratio (LDR)
and r value?.

Table 3 Mechanical properties of asymmetric warm-
rolled and conventional cold-rolled sheets”.
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<Punch> Shape: ball
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Fig. 7 Limit dome height of various aluminum
alloy sheets?.
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Fig. 8 Relationship between limit dome height and
total elongation?.
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Fig. 9 Comparison of computed forming limit diagrams
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Table 4 Bending limit of aluminum alloy sheets
(180° bending)”.

Bending radius

Alloy-Temper (O: No cracks, X: Cracks)

OmmR |[05mmR| ImmR | 1.5mmR | 2mmR

1100-O /0O

1100-H24 /O

3004-O O/0O

3004-H24 O/ x —/ % —/O

5052-0 O/0O

5052-H24 X/ % X /X x/O | O/—

5182-0 O/0

5182-H24 X /% X /% x /O x/— | O/—

6061-O O/0

6061-T4 X/ % X/ % X /% /O

SPCE O/0O

Sheet thickness: 1.0mm
(L direction)/(LT direction): Bending moment direction

Second phase particle

with cavity Shear bands

Crack propagation route

Fig. 12 Schematic diagram for cause of the crack
by bending process”.
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Fig. 13 Effect of Mg content and tensile test temperature
on the stress-strain curve of annealed Al-Mg

alloys'™.
The arrows indicate the maximum uniform
strain.
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Fig. 14 Schematic drawing of warm forming
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Fig. 15 Superplastic forming limit diagram'?.
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Fig. 16 Schematic drawing of typical hot blow forming'?.
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Fig. 18 Hot stamping (HFQ") process®.
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Fig. 19 Products (high strength 6000 series alloy)
formed by hot stamping (HFQ®)®.
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Fig. 1 Schematic drawing of the structure of (a)
transmission electron microscope (TEM, right
side) and corresponding optical microscope
(OM, left side) and (b)scanning electron
microscope (SEM).

WMABERTE S X H125100 nm LA o #BCR I T &
nNTwas,

% LCFig. 1 (b) ISR &N 5 X )RR T-BMEE
EWE L HEMBEORE LY & EOTH 2T THE SN
TWb, BHIZESEFBMEE CIEEL»ITIOE S
N, BISHBICE IR S n 505, EAE B
T B L ~ X (magnetic lens) T— B IZILR
L, 3 L7 R&ET (secondary electron : SE) %
JitkELE T (back scattered electron : BSE) # i3
%o WORL -8 #t 2 dlphm L ClA L, PORMLEZ
“RETRBFTHELE T OMEEZ NG ST, BTWH
R E TR T %0

2. ET - WEMEER

BBV TED L) 2GR SN LHE,
BFEWEHOMEAERIC Lo TE L, BFLWHED
MEEHOBEZBH L T 2 L3, B MG
DA ST, "WA 2 N7 R RHES 2 ##% T 5 b
THETH D, —RNLEWEMLIEN % Fig. 212
BEAIINTR T

AEREF BB B TEE BT~ RIS s =

Incident high-kV
electron beam

Secondary
electrons
Backscattered (SE)

electrons (BSE) Characteristic
Auger electrons \ / X-rays
(AE)\ ¥ 7 Visible light

‘Absorbed’ electron Electron -hole ‘
dark current = pairs

Specimen \ Bremsstrahlung
X-rays
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y
scattered electrons Inelastically
v scattered electrons
Transparent
direct beam

Fig. 2 Electron-specimen interaction.

WEF, BHEELET, +— Y o8B+ (Auger electron
AE) ZEWC X5 TR I NG, —F, EBETHE
MBI BWTIERAR 2 &8 L 75k &1
(elastically scattered electron), I it §i Ll & T
(inelastically scattered electron) 238 E N5 ETIC
LR B E NS, BFHMEICB T 514
ZHMBTHICRIINSORBICED L, B EWHD
MHEAERZBB L TWAZ ENEEL D,

PWHIZ X 28T 7% EOMER T ORELE, 77+
— FEERY CEMMICRB SN S, HFEL SNz mE
LT OB L, AFHRL T OB« & HELIT IR 0 O
Y, WELWTTHRT o 3HGELA 0 OB E % B WL
fOLLEOETD 0

o=n (Ze/V0)? 2.1

), —HOEE T >90° Lo ICEHE T 5
BLIWE»TH D, S TVIFAFETHROT AV
F—, ZEWHEWET 2 EFOETEFS, el dETFO
B TH Do BT LWEP O IEBEEAN R (%
HEEL) §5 2 LI DARA BRI &R T, T
DOFELEF T EATE R, ERE MG O% A1
b6, BB X FIEWMEREL (inelastic scattering) &
g BGEL (elastic scattering) I HE N5,

LA I3 AR 4 R ELEA D O, BRI
CHEE LNBEET R MG LET & oM EAE
T, BBTORFANT AN F -2l I H4 I8
TOEBHTANF -2 FESEL, TOTARLF—IH
K7t AL, HIMEEG LIARET (et F—
eV) 2 SEKETFEZAR LD, WMHE
7R T & ke LR X#R (Characteristic X-ray) %
BEE L, T2, RTEOBLHTORTOWMHEE,
BeVrOSBFDOAF T ANF—E,$ TIZIAD B i X
#5 (HIE S - Bremsstrahlung X-ray) Z4EK L, F 72,
RS ERAIIRA S AHEF 7 A O&RE) (77 X
EY) RARL, AEBERME (742 YEK) T5. F
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BEPERGELIC & B T AV F—IHAE, BT TRXTOT
ANF—Z LW E NS FTHRIESI NS,
AFEFBENRL HVE L ETERTE 2013, K
HIZ B 22 HEds (nm) H72 ) O F L F—3H%k
dE (eV) FIZX VRO SN L, Fer RPN ER O
ERRNER & UGl 2o A OV F =3k & LRI
WKFEEDDELERADEIICH DY,

dE eV ) _ _ Zo 1.166E
o [nm.] 785[AE]1n[ 7 ] (2.2)

CZTEIZE—2DL A NVF— (keV), ZIZE &S
o\ 3EE (g/cm®), ARETER (g/mol), JIZFHA
F AR T ¥ VT,

J(keV) =(9.76Z + 58527019) x 107 (2.3)

Ll END, K222 THZLILDETOR
B O T H 5 &M (Bethedd) 255K T %, Bl
AFAuUDHE20keVOET X, BB LZ10eV/nm
TIANVF—2kw, ABPFOERER, BBLL
2um & %2 5%,

21 ZREF (SE) 8LV EFHEETF (BSE) O
HH

AR E BB BRI G DRV KRESB LD

BIHELEF DL E BN BT 2 ER LIV TR

X5,

211 ZREF (SE)

ZREFIE, AFE I RGEL CHE285 <R
G LIANET B 5 VIIZETET (ERO%E) i
RIFL72BHAEESN, ZOIANVF—1Z12515eV T
HbHo ZRETIEARP A IEBIERGEL T CTHEA, 2
WCHEBI ALV F—%R) . ZDDEKEDO AN F—
RERE 288 2 B3 % IR I3 & 22 b, BIZIT,
Wy —ry MT, AFHETOZALVF—201keVDY;
B, SRETD67%134eVELT, 90%1384eVILT D
IANVF—%HO7, ZOLHICZKEBETOERHT A
WEF—IZIEFITE DT, B S I B om ISHIBR S
b,

MEOFHET, BfERDEHOLN TV S ERE
THEMFEIFIC KRB TICLVGEREIT) DT, =
WREF LR OB EAE T HMFEOBFED 72012
ZEETH L, BEFE—LBRBEMMICAL L, UK
Y — A0 A4 XOMHROEEE T REF DA A G
¥ 5, ZIRET OB S H#HPH T AGTH K ET (SE)

ERMT o AFHEFIREART S 5IZRCAD ZKE
FRELHT 5%, BT AV F—D/MEWRKE
FRIFFIHAHATEEIIRINEINT LT ). AH
B, TORLEELEZMDEL, BB 2 HITHEL
B E L TARHMIIRE > TETHERmASHH S
%o ZOWKFIZ, BINOZKET (SE,) B ZIT) o
CRE T OEERFRIE ZKET BN &, A5 (—K)
BB N; DO 0 TRHli SN %,

& =Ng / Ny (24)

O DX RIR0ADH12TH 525, LEL7ZMEDOH
EXHEETH 5, RO EBRILDRH (B 21E,
WK, ALFABHIK, RALKEZ: &) &, o iz B
RMWERCILEME R 572 bDET D, — N RE
AR T MO EZE (FRE~ 10" Pa) TiEA 4+ v E—
AP L2 LT, RMENIIT & A &R BRI IR
& L7-ERAbW), BAKRFEALY LALSWE KT OB %
REWE R D, ZRETICXBMBKFET Y MT AT
25 DOIEFICHETH LY,

T/, CRETREREEEERM 0 OB E % 5
—RETFVHAEANAD L, ECZREFBIIRSICE
WU, BB TOZKRBFAERREI—ETH 5o
—RETORBOHHIIBHER SN T, BRA0O
EE (secant) THIML, FHUItbvRETEREX
By 5. —%, RKE~ORNBLEEIE, KRR
MHTH L, ZOZORMLTL 2 ZKETOBKIEE
T 5 CLAE BB B3 2 L IR LS, ERHE 0 OIF
&) (secant) THIINT 50 ZD X9 % REFHDIFT
KO E T3 2 HaH 2 AKAE R, WROIRE IR
FTRMEN T Y b R MERICEE #2372,

2.1.2 #%FHHEETF (BSE)

AEANAG L2 — KRBT OWN, HOEE?SBHY
550 EBHMELET L) ZRETEREET 27T
ol AT, WEPEEEL L, FHEok
KCHMELRHFELO%, RBANAG Lo onm X
LAY, HREELTINSOETIEAGE
WKIRD, B2 LHE T, IS oBFHELE T
ERETHEMBROE T OEERE S E MR L, B
ORFEDTERICE A TV D, B BELE 715 5 1330k
M, TER, HRES, #alEEolMEEZATED,
Z OWELG S 13BE 2 S BT nm 12 K e

AE AN L BT HELE T AV F -2 - TH
D, REERZI ULV FRITL, ErOEER
I G L v XHsfy, SRS EE, BB A 7 — VEi % L)
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Zl272&, SE;L b s =M H O RES & Bk
§ 5o ERESHMBEO IRKEFRIZSE, SE, SE;®
WAL LTHREEKL TWwb, SEqid, LIFLIEESR
B HMSEROEZR TS ELHRME 25,

—77, BITBELEF & BRI T A B
BeWlTHZ Lk, HFHTH L, BRITBELEFHAE
SRTTEELE AR Ry TERL S,

n = NBSE / NB (2.5)

EEFEENDL, TTTNERFHCAFENZZETD
B, Npsp 3B GTBAELETFOBTH 5. BRTIE, #H
AL T ORI 1L, —#MICEy T A v I 2L
—varvEHAvG, #0ELAFEOMEOMERIE
EOXE n DB THLpTIHME N, p= (g NV
nN&&éoéwaLfA%Imw$ E,=20keV &
KIEERAOEE (D F ) RMEICEE 2 E— L) IZBWT
mﬁumm%¥ﬁ%%yzlu—bték,N=mmo
HLEETld 7~ 015 (Si) Tp=25% & HAED 5N B,
JEF 5 ZOBE L Ui iELE F AR5 o 5
7 R 7 0 S A S, A R 0 R VSR S 7 TR
TiTh, ZOWIIZE p T HFICEmS % 2 & 28
MERENTWD, AT HRIVF—20keV TOH I 2
MWEYICE DL, ZITHT 2 g0, Z=14(Si)
TORETHFZOY -7y P Tikdb KR&EL, BBLE
I (Z =26 (Fe) D) 1ICA D LM EIZ7ZATZANEL
VY, WZ(Z=79(Auw) PLE) TliE, BoixkBETIFL
AEZALL 7 % B0 Reuter' 12X %20 keV DfEHD
B 74974 Y ZABELBREN S,

n =-00254 + 0.016Z — 1.86 x 10™* Z*
+83x 103273 (26)

D74y T4 7, WET—FDOENITTED nDHE
’ﬁﬁﬁ“(“%éo F7o, BABELEFREE, B4
JE%(F& BV, Bz, fbFEimmibaw, 77
%%0) BT, MOt EOE MK ETN
%“h@ﬁ@ﬁ:i’?@rzﬁﬁﬁ%EﬁE WZRD D EHHKD ),

7 mixture — 2 771C1 (27>

CZTCIIEE (ER) LT, ikGInsiHkend A
VFE I ATHD, nE ZOBROMEER R L 52 A
BXANF—TIr9 &, 500549keV DO AT 1V
F—THIPLREKEEL 2R L, 20keVO A —T7TIEIT
RECT&ZY, CooBHREETFEHVSE, A

WSO ANV F—IZBRZ M Z BB L 72584
THBBHRZ /D 2 LKL

21.3 FHHEXHER

FEMVEHELC B WT, WBEFZMERIE L 7256
BT 2 E RIS N T25, BAVE THEEZ BE T
Z)Fm WZHRAET 2O XHTH 5, Fig. 3ITRT X

) ICKBEDOETFH, AGEFIT LY BFAHET5H & R
XaEnsé, BETFEAF AELAREE 25, il
TEOCRITFENBREN, X 0/EOLEN»HE
TOBERTLE, BLUBEMOT AV F =Y T 5 X
WDFET D, TNPFFEXHTH 5. FEHEEHGEL T
A RIE I N 2B FPENKZEOLAITKH, LD

FIILBEMIEN L. FEXBOFFO T AL F—
Table 1127”9 & 9 (0 HRBITRBEIN 2 = AV F— 2R
720, WEHIZINLCELET 5 2 LA KD,

22 BEBFHLCBFOEFER

T B A BT O J7 I & 2 1UE B Z AL
LCo i wBBETICER 20 BBETHHEEOR
PRI 0T, AFETFOIEL A EDEBT 5o
A PSS 50T IR 13 A b AL I
PERCEL L, WL T3 F— & 5T 5%, BRET

WS OLGAGIIRTTOBTEIME L ANTF -2
Incident
electron -

o Characteristic

m X-ray
K

Activated electron

Inelastically @
scattered electron

Fig. 3 Schematic drawing of the generation process of
characteristic X-ray and the energies for some
element.

Table 1 Energy of Characteristic X-ray (keV).

Element K L
Mg 1.25 0.09
Al 149 0.12
Si 1.74 0.15
Fe 64 0.71
Cu 8.05 0.94
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L 2 WHHELE T CTh 5, MEHEL I N2E T X
a%&ka@ﬁE@Mﬁ%ﬁ%%%btwﬁ%ﬂ%
FTELOHNIITH LD, WHEHHE
s % LS 2 BRI S8 — 2T % 12,
WHEICAGS 2EFOWEANRT PV &k, PEEELR
DWENZ bVvEE E35E, BELEOE O MR
Fiz, BF2HELS 21T ORELHE T (k-F) TikE
%o BROEFDHAAET DL

F=3f(K)exp 2nir,+ K) (2.8)

Lhb, TTTKIFHEANRY MV (kE ), iIZBE 713
BRTOMERXTZ DIV TH L, WEIFERD ﬁnrﬁi
AR TSRS L, K23 AT oMk X7 h v
GE—3T5EZexp Qriry K) 131 &% )Rk
ERLEFANBEZN, G LT INE E1H
L-10OMZERTH I LR, BTRIZEWICHS
HLAEVHEINIE X v, 72, R IcEB
DIEFHEE S 56328 1%

F=3expQnir,- K) 3./ (K)exp 2riAr - K)
(2.9)

b, TIT, ARHAARTFHO 1 H O O #E
HF, Ar3HEF R o OMHMERZ PV TH S,
K=GCOWHEZ £ (G) exp Qrilr - G) EiEMMEEL
RO L7 2 HCY, AR OMERICKE 5, [
LB FHRIEAFTEFBROWENRT Mz B E
LEBEDGOIZNV—TTREGFOMEERDL, AKXy
RO (B 5 OBRCHIOEFHRIEHT88 — > 2T
’9“Z> (Fig. 4 (a))o FIZETFWRDOIMMHEELEL DT, E

WCE S N5 T ORI, FOBHELEF LD

Fig. 4 (a)Electron diffraction pattern, (b) bright field and
(c) dark field images obtained by selecting a
particular spot in (a). (d) Kikuchi pattern and (e)
electron back scattering diffraction (EBSD).

mCHhoE6IE

BOFHM N FlE7% %,
ZDk ’) &Fﬁ'-é%;’f%li]’}ﬁ/*’ 5 — ‘/lii@i.%?ﬁﬁ%“&i%@

m.%#ﬁ'alﬁ]?ﬁl\ F— U E NS :r’fi D ZHEAT
52128y, ABHRTHELSN LI LR ERL
BT O AT S TR (WS Fig 4 (b)) 2L
720, —HoRIERI LB ToOAT @il S8 TF
(W BLEFE Fig. 4 (¢)) 2T 5 2 &Mk S, BIBLER
Bz, WX 2 BT HROWINR, T XTOE T
WORBEEGAZRE 25 OB & 72256
W Bo —7, FEDOBATETHO M % BN L 728
P51, Fig. 4 (¢) MO E D X5 il 7% EofiE
DOMZHEH L THELL TV EVW I RErH 5, 72,
ZH oM L 72T RO |F| & Wik v
GHHHHFININ 29 2 fF < T LI X D5 afEE Z K
HTENNKS,

FEMPERELZE S LB FHTH THHALIIE &
%o FEHPERELE 7 T A E T OMVAHBRIIHER
N, Z0720H, Sz bYWEPITEFIFEIEEL,
R AE D 5 ity TET 0 R 5 T2 il 2 3 P S TT L2 3y > Tl
Viaske &, wYERGELE 712 X 2 TREPi 8y — 2
123t (Kikuchi line) & HENZ ko T > M5 X b
MRS N5 (Fig. 4 (d). BEOK LD 0)%?{'3???
MNEZY)AE) ML Z L7238y —
(Kikuchi pattern) 23FEH &L 5, _O)Iﬁ%bil_l_@?*

W E2bDTIE AL, “RETZ AT 2B
IEHMEHE AR L, #ErICZ AV F—FHEL L
BHBEEFICORE 5, BTBEETIOEE I NS
BNy — > & BT RGEL T (Electron Back
Scattering Diffraction : EBSD) & -5 (Fig. 4 (e))o 3
HMEE IS T2 EeE 2R 201, RIMK
METAFN LB FICL2HFHELETF 2L T 2
EBSD Z#FIH§ %,

3. REBOBELEFOERE

ERE SR EZME FHMEE, Lok %
Bex BT - WHEMEEHZRCET 2, e 2B
MR TR - WET S EITXD, GBS
BrEATv, MRSHECHY SR b, MBS 53
L, WEMROELVIEFEOZDIIETEETH b,
F9, ERBTHEMBEICHY SN MBI W TH
Bl %,

3.1 Everhart-Thornley (ET) t&H2%
ERELHMBETHWON S KRB FHIH O E
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7 b D%, Everhart-Thornley (ET) ¥eihigsTdH %7,
ETHe23E Fig. 513" T X9 1210kV H B v g2l
Lo ENEZ#HT-ECEREEE N 2 HOBE
(Scintillator) Z My, I AN F—0 " KE
T T, #EEARE 2015 R EE) T AL F—
O S THRINT %0 HOUMEHT —HRIITEFMN
ISR LB R PRS2 T FAF v 2 HF AT
Hbo MiFMEoHEARE, FOFFEFTIHELTCLE
V720, HOWEREEEEEL THD, BTIEIIOEE
Ji 2 B R SR T B0 MWV EILICEIN S iz
I, TOFEF TR —KET 2 H5IMFTEOUEDS
bz 5, £ CaLHIE, BRWIHHE S b
BEOE VOIEEN % NS L7z Faraday cage TH &
N5, FEFIENZ A NVF—DZKET1L, Faraday
cage DFFWEM THIEWITH VIR TED L Z L2
¥, X EVEMEZENS Mz RN RS, &
WRIERTHEEFE L, HO6KRIZT 4 P4 F (Light
guide) T SN7EE A IV IES N, &
WKETES G LTHiigsh s,

3.2 Through-the-Lens (TTL) — kX EF#tse®

WE, ZREBFRIBHFEIIDL 2 XL ToREE
FRICHE SN LAY, BAMEEFFRE» OB 5
BRI T 5 ICSE, R, HiENEEZ B2 2810k
DHELDSE;DMEFICHRIELTLE 9. ETH %
Fig. 6D X5 2L v XX 1) EIZi%iE 9 5 Through-
the -Lens (TTL) ZKRETHIZIC L ) SE; O 2 )
W92 kD, Sl W SE, & SE 3L ¥ XD
W ZONT, Ly Az 58 ARIC ER L
THCEDET B 0%, el SR CE S N7z SEy 1
Ly Az BA MRS, RMICEDSR 52 LK
o ZD7OSE MR B 2 LAk, SE
SOBREEZ N L5 e kD,

33 #%AHEEF (BSE) #&itidR"

—KBEFDOIZLNVF—E D E>5kVTIE, i#lH»5
B E N2 BT HELE FIEAS T AV F—D50%H 5
WIZZNDEZHMEFELTB Y, RITEHELE SR
MEITIEEE 2 2§ Il & TRINT & 2. 306
T, BEZINEE TR CRIEL, TR IEE)
eSSk 2 HOGRAH W S, B S 7t e g
74 M4 FTROLN, HEFHHEEMZR 5N D,
HOGARBI G O IR b p B2 2, R
MRS X o THHRDIED S,

AL, CEERBRIES L CHVLN S, A
MR TR T ANV F—EF &2 71 2 OWFEHEFEIRICR

Faraday cage &=
-50V~+300V

Fig. 5 Schematic drawing of ET detector at lower
detector position.

ET detector placed upper part of
objective lens pole piece

SE(E;, E,)passed through
objective lens pole piece

Fig. 6 Schematic drawing of through the lens (TTL)
detector at upper detector position.

ASED T LX) I EL 2 e o X8, R
WZW B A LA E 3 O BT % 22O (R~ L
EF, BT-F—VHEERSE L, @Y REMNEY
AHZEICEY, INSDOET-F— IV & o5 X4,
K OBEMIZHEDOMWET 2 Z LMk L, —DOOET
AR VAHERIC L ) 36 e VO A VT IS 5
728, BIzIE, 15 keV ORI HELE 13 4000 fE O & -F
-F =R AR L, 1nADOBFEELE 7134 nA Ol
EHWITEMR SN D, BRI HELE B SR,
Fig. 7TI2RT Iy aryyznzHuTElsh
B W RIS DY, MoEE L HE L vk
WYL Y ATICHETE 5, KRELV A XL
WCHEC S EAHR L 720, KERVAMERR TV,
T/, mERCESHE, ThEhzilcokitiie L
THEZ, TNENOHRIMED S DEF O 25 % I
HIEICXY, BREO XS g% E5 2 L ASHR
%o IR 7 HORL T 1R i 3O G AR & £ K
FLEFAEY KT A L &S, TRAVE—HERD L2
D1keVro3keVOK LA NF —%2§H, BF-F
— VRO RO 70, BT AV F =5 meFl
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Semi-
conductor
detecto——— E/——

-

Bottom view of semiconductor
detector. Summation and/or
subtraction of each detectors
(A,B,C,D) give the composition

BSE BSE

Fig. 7 Schematic drawing of Semiconductor BSE
detector.

(d)

Au

Fig. 8 Comparison among (a) TTL SE, (b) BSE and
ordinarily (c) SE images obtained from
corresponding area with (d) X-ray energy
dispersive spectrum of precipitation.

RERORELD 5,

FREo &) iR, BRI R —#E
THEAEETHME G285 L, ZTRENEEMN R ER
BTSSR AL 2 k5, Fig. 812, [l—4
if&?b‘ Mﬁ = TTL ZRE R E B THELE 5B L 0

KRBT ERT () OTTL ZREHRIEEW
ﬁﬁﬁﬁb%%%, (b) D#EITHELE 15 (¢) O D~
?k%&%ﬁmiﬁﬁf%%ﬂj%fwt,cw%lﬂafmféﬂ%%f“ésfu\
%o —7, (c) O@EHOIRE T, BilidoswlEE
[ <3Fiﬁfrt:u WZH 570, %ﬁ@ﬂ&ﬁ%&o)
BT TSR I TV 5, (b) OB GHGELE
BTix, MWDORZLZHILPHAFE 22 T A I\’CEH
BTETW5, (b) OBRGHEET R TREZI Y + 7
A b &R LZ8EIE, (a) O TTL ZKETHR, (o) @
BHEOZRETHETIEI Y P IA N 2R THEIN
BV, BT HREEXBE VS EY (D) 12
RTXMANRZ PAfEon, Al M) v 7 A ERE
DEVIEEDOCuZHEATVS Z L5 o7,

Objective
Iens pole

KIkuChI pattern

A .

Screen 001 10

Fig. 9 (a) Geometrical relation of sample and image
detector obtaining electron back scattering
diffraction (EBSD) in SEM, and (b) an example
of EBSD mapping of 1000 series aluminum foil
surface.

3.4 EBFREAHEEEH (EBSD) /N5 — >

BB, bRk L7z & 9 BB o % ~ikibl L
TEFICDRE L, 7272, BT —RIEEEFIXIE
LAERL, ZEMELETICL Y BT — V2B
ENDB7D, FHMNY - ORDBLEINL, HRS
T % EBSD# &L, BRI Z LiFs7z0 L =
Wtk g 2 Bl L9 912, Fig. 9 (a) IR &
Iz, BT E R IO LTS TASL,
B E 1 72EBSD /8% — v % CCD # A T 7 L OW{§R
M TR T AMEL > TV b, fFHN/ZEBSD /Y
7 — VIZWGFNT S, Fig. 9 (b) 12”3 & 9 7% EBSD
<y TP LNE, FIE, 1000 RAIFEO~Y ¥ Y T a
Ao WHIRT X ICTFHMDHEEMRD, #BATL
72 DL AL /10 TD Td %o fid, Fig. 9 (b) /&
TOAT LA BBHEAM = /AN T, FKEEE )
MWTWDHIH M EERL T b Kidh 2 & IHEE
DBAIR SN, EEETFINIR LT T v 2 B
T35

3.5 BTFRENEFM XIRICK 2RI

AEHICAG S NAE T, HTONZET bk
T 5o MRELTEERADOI AN F — 2 Fo K
XieFET 5, ZOLREAOREXHO = AV F
— LBREEZ WRF ISP S 5 2E ST R OV ¥ — 4B RL 4
St2% (Energy Dispersive Spectrometer) Tdh 5, &
Hi 3 E AR 1M, ERE FHEMEIETHE S
NHHEMTH D, HEHKIZFig. 10 (a) (R TLI R SiD
pBlfE & n G OMICLi 2 I S &, v EE - EA
J& A2 TR L 72 Si(Li) AR & D il L Cuniz 919,
BV R AR &l L7 XA L 2 L C
36eVIANF—%L) TLICART L2ET - A — Vit
%, p-nERIC T 72N A T AEEIC L R
L, XOZALVF—%2ERE LTHMET 5. thFH
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(@) X-ray
Li: to fill the recombination
~500V site of electron-hole pairs
— Lia- N} jdrifted
temp.

intrinsic region

(b)

“ under applied reverse blas/

Potential valley which can transfer
electron effectively.

Fig. 10 Schematic drawing of structure and X-ray
detection mechanism of (a) Si(Li) detector and
(b) Silicon drift detector (SDD) for energy
dispersive spectroscopy.
GLAE R g & R FEE U 7228, XMoo —hFmiIcE
WEMET 572012, FFITHECIEEMEI KD LN,
B 231213500 VAR EE O B 2 FINY %0 i O
FL /A XDFREZRWR 572 OB & 3R % 3K T
BRI E L TR T 2 L8 03H - 720 E4E, Fig. 10
(D) IR &) BB - A= V& GHEHET 27200
BIEZ, V)32 ORROMBEBOIE S TR TIE% <,
LG FARICHS U 22 IS & ) BT, kL7
BT 2RI O 7 2 NICHLAAATZEBRIR - 7 >~
A% (FET) CHEMET 22 LI2LD), BVt
— J3f# e % #E4FC & % SDD (Silicon Drift Detector)
BHOVOND X )25 TEAD19, KRNI
TLEMABLDPHER P TH LD, NVF2RTRE
TEBTEL-30CHEDRMTEESEL 2 LA H
K272, WORAHPEHER->TE TV,

4. BFL > AOEIMHES & 2 EhE

WA, BTHEEEICHW SRS L 2 XoMhEDNh L
L., BEMEOZMIMELSMELTETWhH.
o3P RESE AT - B S R M BT O L v XD
G 2 BEBLS 5o

41 SNEEEEEFEMBEAL X

AL AR O 7 A - SRS AN 2 TR T o 531 B oD 1)
EAE L. $72, KT AV F—TOEEE WM
FIHAEE 204 THEA TV 5o FFEBEYWE O FKi DI

WREBISC, MEMMEROBIGEPELRHNTH L, 1€
KD EAETFHMEIT1 keV F TORIMNBET THW
52 ENWERDLH, Ly AONWEEMZ L LN
Wk R e s 2 EPHRE V., 2072
BIAREE D, $100 eV i % TOBEIZRA B O
BESML » ABEE 5,

WA ORI LA TE T WML Pease O LY (23
DT 19684 ITAE S M 7ze BURHET I o I 1 7 5 % i
B 52 &I &) MRR AR L ¥ XA RE & B i
T HMEEN S 720 BT IEH O R B TI®E S U ale
EHIOEL THEOT AN F—ITHESINL Y,
RL Y AEBEBRLOREHEL ¥ A Z2MAGDE
AL Y D Gemini ¥ L~ X (Fig. 11) EIHE
N5 b O IBIFEICELEINY, 2Dk, HAk
ROPMZSNTze TOXHBEETHA ¥ TRIGE
FREUIBILZ T 5124 T3 5.
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Retarding - ‘\
electrostatic lens GND -

Fig. 11 Schematic drawing of compound magnetic and
electrostatic lenses (Jemini Lens) for low voltage
and high resolution SEM.
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Fig. 12 Schematic drawing of spherical aberration (Cs)
corrector for high resolution TEM.
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MEZRRE TR T EELILDTE L EH-HFIL
5 — B &gz, [ - EGEE, R - RS A W 7 1
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rayr 7)Y IR EATAERA A Y E— AT
i (HITACHI FB-2000) % v CTE# L7, Fig. 13
(@ IRT LI, HEHA F v E— 2T 2 THAIR
WKL L2882, ~42a%r 7)) v ZHEHCW T
RYVa itk hESEL, AR ZRMZ EHIC
MEFEL 2 AHHLD RF 7o W7 4 9 XA M %2 U
FHRMTL— b LICEHELZDD (749 A Aty
MWZE, FERAF P E—LMTEEN 745X M
oy P EHRKF KNV S — (Enomoto A&V FIB
Holder : DLUF, BHRBAV T —&32) 12, M7 4
SAYIPEMNCZR S XD, RS+ e
— AMITEERICHALL, ~f7ua%r7) v 7&
N RERZ, 7492 by Yo7 1
T AR, WEARO R Z 7 ICHER L 228
LWTFRY Y a VIZKYREELLRE, 7)) 7
ZEUIDEEL, BAHREBTRERIES ETMLLZ, &

(b) CVD.(faiing (C) FiB

@

Fig. 13 The method of cross-sectional TEM sample
preparation for in-situ heating experiment
including melting process. (a) Micro-sampling
onto filament cassette, (b) CVD protection film
coating by removing and transferring of the
filament cassette to CVD apparatus, (c) partial
removal of protection film by reinstallation of
the filament cassette into FIB apparatus.
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Fig. 14 Cross-sectional view of Pd coated Nb membrane.

Fig. 15 Microstructural change during in-situ heating of
Pd layer on Nb base layer. (a) The cross-sectional
bright field image before heating. The bight field
images at 500 C after (b) 2 min, (c) 7 min and (d)
9 min 30 sec of initial void formation. The arrows
in (b) indicate the initially formed voids.
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Fig. 16 Microstructural change during in-situ heating
of Pd layer with W coating. The bright field
images (a) before heating, (b) at 400 C, (c) at
500 C and (d) at 550 C after heating.
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Fig. 17 Solid-liquid interface of Al. Heating current
(@) 195 mA, (b) 196 mA and (c) 197 mA.
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Fig. 18 Liner relation between reciprocal value of S-L
interface position and heating current.

Nig 200 l Al

Al e e { | zm

Fig. 19 Partially molten Al-5at%Mg. (a)TEM image of
coexisting solid and liquid of the alloy. Low loss
EELS spectra from the area marked by the
circle of white broken line (b) during partial
melting and (c) after solidification.
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54 Al@BRPOILERLE, EB{EEHDRIK

ARLALE BEAHW B OB X 5 SR EILEM O
WA, FOBIET A2 Lk, Al & RS
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Ex RFRAAHEMER SN &, SRELEmIT W
MR EZII LY (Fig. 20 (¢)), HHERHCHEEZ Fio
o RE LIS ZIEET 5 (Fig. 20 (d)). &L 72k
LD BARO T TP A 72RO % Fig. 20 (e) ® X9
XAV F =Xt e e TilE L7z & 2
%, Table 2R T X I ICAVWAHKI6 & 25720 AW
FOIRREX? (Fig. 21 () Ho, KOAKFHTRL:
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(d) O EPSRONLE R85 — >~ (Fig. 21
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ALW i i ) % H W CRoO 2B REH 8y —
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“
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In H“ZL
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Fig. 20 Progress of solid W and liquid Al interaction.
Growth of metallic compound (a), (b) and (c) has
been observed during liquid Al covering the
interface. After colling, (d) facetted crystalloid
of AI-W compound showing (e) EDS spectrum
is observed.

Table 2 The quantified Al/W ratio from the EDS
spectrum in Fig. 20 (e).

Component Mole Conc.
Al 86.5
w 135
Total 100
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Fig. 21 (a) Phase diagram of AI-W system O and (b)
electron diffraction pattern obtained from the
crystallite in Fig. 20 (d) over wrapped with the
calculated pattern of Al;W.

Table 3 Crystal structure of AW 0

Cell Type Hexagonal

Cell Parameters a=4902 A , c=8.857 A

Element Relative atomic positions (u, v, w)
W 1/3,2/3,1/2 2/3,1/3,0
Al 1/3,2/3,0 2/3,1/3,1/2
Al 0,0,0 0,0,1/2
Al 1/3,1/3,1/4 2/3,0,1/4
Al 0,2/3,1/4 2/3,2/3, 3/4
Al 1/3,0, 3/4 0,1/3,3/4
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Fig. 1 Schematic illustration of the AC anodizing
using alkaline electrolyte solution.
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Fig. 2 (a) Surface FE-SEM image and (b) cross section
TEM image of the KO processing sheets.
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Fig. 3 Change in tape peel strength of the KO treatment
sheets stored in air at room temperature.
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Fig. 4 (a) Schematic illustration of mold and aluminum
specimen during injection process. Appearance
of (b) bare aluminum sheet and injected PP resin
in the opened mold after injection and (c) joining
sample of the KO treatment sheet and PP resin.
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Fig. 5 TEM-EDS images of adhesive interface in joining
sample of the KO treatment sheet and PP resin.
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Fig. 2 The Shin-Kakogawa Bridge b

Fig. 3 Nishikaratsu Station over-bridge of JR Kyushu b
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Table 1 Process variations for the friction stir weld of
alloy 7050 *.

No. Process

A 7050-T451 — aging = FSW

B 7050-T451 — FSW — aging

C 7050-T451 — FSW (air cooling) — aging
D 7050-T451 = FSW — SHT" — aging

E 7050-T451 — FSW 2% tensile — aging

* SHT: Solution heat treatment
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BY, 7ot XA THLHED» S N TR L2212
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FSWHICALK®L-70x X, Y2t AC%FSW
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WAL B I OATRR L 7akwx e L, Fu
T AEIZFSWHKIZ 2% D5 IRBIES XA TRFI L7z
TatATHb, Fig. 413 T X H12, B LU B
SO AN LRI 2 FSW %2 FERT 26 (Fat X
D) A b SREATH £ T2 o 72285, OFT AR EL ol
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Fig. 4 Effect of process on tensile strength in the friction
stir weld of alloy 7050 ”.
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Fig. 5 Effect of welding speed on tensile properties in
the friction stir weld of alloy 2013 9.
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Fig. 6 Fracture toughness at Cryogenic Temperature
of alloy 5083 7.
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Fig. 9 Effect of Mg content on the peel strength of FL] joint 9,
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Fig. 10 Appearance of the fractured surface (a), SEM image (b, €), C mapping with EDX (c, f) and higher magnification
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Fig. 11 TEM-EDS images for the cross section of
the interface junction between the KO
treated sheet and resin formed by the hot
press at 210°C .
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Fig. 13 Microstructure of adjustable (A) and conventional
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Fig. 1 SEM images of Al cast sample.
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Fig. 2 High magnification image of Fig. 1 (a).
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