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Effects of a Seam Weld on a High Temperature Deformation Behavior
in an Extruded 6NO1 Aluminum Alloy’

Shinya Yasuda™*, Ken Atsuta™**, Satoshi Wakaguri®***, Koji Ichitani*** and Akira Hibino*****

An aluminum alloy hollow extrusion made with a porthole-die has a few seam welds. It is known that the
deformation behavior of a weld region is different from that of a non-weld region at room temperature. In
the present study, the influence of a seam weld on the high temperature deformation of a 6NO1 aluminum
alloy extrusion bar was investigated. The elongation of the alloy with the seam weld was significantly
lower than that of the alloy without the weld. This was because the alloy with the seam weld started
local necking at a very early stage of deformation. An orientation analysis with an electron backscatter
diffraction suggested that a difference in recrystallization texture between the weld and the non-weld
regions would accelerate the start of a local necking.

Keywords: extrusion, high temperature deformation, crystal orientation
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Table 1 Chemical compositions of the alloy used.
mass%)

Alloy | Mg Si Fe Cu Mn Cr Al
6NO1 | 0.68 0.58 0.20 0.12 0.06 0.06 bal.
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Fig. 1 The shape for the high temperature tensile test
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Fig. 2 The nominal stress versus nominal strain curves
of the weld specimen and the non-weld specimen
from the high temperature tensile tests.
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Fig. 3 The measured thickness distribution of the weld specimen and the non-weld
specimen along the tensile direction at nominal strain of 20%, 40% and 60%.
The photo shows the weld specimen after the fracture.
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Fig. 4 Optical micrograph of cross section perpendicular
to the extrusion direction.
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Influence of Silicon on Intergranular Corrosion
for Aluminum Alloy*

Yoshiyuki Oya** and Yoichi Kojima**

An alternative fluorocarbon refrigerant of a heat exchanger of a car air conditioner may change to
carbon dioxide refrigerant which has lower global warming potential than the alternative fluorocarbon
refrigerant. If carbon dioxide is used as a refrigerant, both pressure and temperature of a heat exchanger
will become higher. Silicon is a potential element added to aluminum to use for the heat exchangers with
carbon dioxide refrigerant because of increase in tensile strength. The operation temperature affects
metallographic structure of aluminum-silicon alloy, might leading to intergranular corrosion. To
investigate influence of Si concentration and heat treatment at 453 K on susceptibility to intergranular
corrosion, in various alloys, electrochemical measurements and observation of the metal textures were
performed. The susceptibility to intergranular corrosion increased with increase in Si concentration and
increased with heat treatment time at 453 K once, but turned to decrease by long term heat treatment at
453 K. Addition of Mg and Mn promoted generation and disappearance of susceptibility to intergranular
corrosion in Al-Si alloy. Si precipitates were observed by TEM. Without and with short heat treatment at
453 K, small Si precipitates were observed on grain boundary and could not observe precipitate in grain.
With long heat treatment at 453 K, large Si precipitates were observed in grains and on grain boundaries.
Short heat treatment at 453 K formed continuous Si depleted layer along grain boundaries. The Si
depleted layer increased susceptibility to intergranular corrosion. However, long heat treatment at 453 K
decreased the susceptibility to intergranular corrosion. Addition of Mg and Mn affects precipitation of Si
precipitates. It is suggested that the susceptibility to intergranular corrosion had dependence of addition
of Mg and Mn.

Keywords: aluminum alloy, intergranular corrosion, brazing process, heat treatment

1. Introduction

Aluminum-manganese (Al-Mn) series aluminum
alloys which are representative as 3003 and 3203 alloy
are widely used for materials of heat exchangers
because of high tensile strength and corrosion
resistance. Heat exchangers in car air conditioners
are produced by a brazing process and CFC-134a
(CHyFCF3) is used as refrigerant. The refrigerant may
change to carbon dioxide (COs) which has lower
global warming potential than the alternative
fluorocarbon refrigerant?. If CO; is used as the
refrigerant, both pressure and temperature in the

heat exchanger would become higher. Copper (Cu)

and silicon (Si) are often added to Al-Mn series
aluminum alloys for increasing in tensile strength.
However, when the high strength Al-Mn series
aluminum alloys with Cu and Si are applied to the
heat exchanger with the CO, refrigerant, solute
elements are precipitated preferentially on a grain
boundary because the operation temperature reaches
to 453 K". The precipitation induces the concentration
difference between the grain and grain boundaries,
might leading to intergranular corrosion.

Al-Mn series aluminum alloys have comparatively
low susceptibility to intergranular corrosion although
the susceptibility increases due to heat treatment and

addition of alloy elements??. The heat treatment such

* This paper is reprinted from Mater. Trans. 54 (2013), 1200-1208
No. 2 Department, Fukaya Center, Research & Development Division, UAC] Corporation
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as at more than 673 K at which AlMn and/or
Als(MnFe) precipitate preferentially on grain
boundaries forms Mn depleted layer along grain
boundaries. Preferential corrosion of the Mn depleted
layer causes the intergranular corrosion. In an Al-Mn
alloy Cu as an alloy element and iron (Fe) as an
impurity enhanced susceptibility to intergranular
corrosion? ¥ but Si inhibited susceptibility to
intergranular corrosion®.

A mechanism about generation of intergranular
corrosion has been investigated carefully for Al-Cu
alloys®. Heat treatment at which Al,Cu intermetallic
compound precipitates on grain boundaries
preferentially forms Cu depleted layer along grain
boundaries. This is reason why the diffusion rate of
Cu on grain boundaries is higher than that in grains.
Since solute Cu makes pitting potential (Epir) of
aluminum alloy noble, Epr of the grain boundary is
lower than that of the grains. Difference in Epir
between the grain and grain boundary causes
intergranular corrosion. Thus, it means that addition
of Cu in aluminum alloy is harmful for the intergranular
corrosion. However, tensile strength of Al-Mn alloys
without Cu is intolerably low for usage of the heat
exchanger with CO; refrigerant. Addition of other
elements to increase tensile strength is imperative.

Si is a major element added to aluminum alloy. Si in
aluminum alloy contributes to increase tensile strength
due to solid solution and precipitation strengthening.
The precipitation of the various intermetallic
compounds containing Si was affected by heat
treatment meaning that susceptibility to intergranular
corrosion also changed®'. The intergranular
corrosion was not observed for water quenched
AlSi® and AL-Si-Mg® 7?9 alloys but was observed for
air cooled Al-Si¥ ALSi-Mg?® 1”9 and Al-Si-Mn 'V. Heat
treatment increased in susceptibility to intergranular
corrosion for Al-Si-Mg% ? 9 and Al-Si-Mn ' ™. These
intergranular corrosion were caused by dissolution of
Mg-Si intermetallic compound on grain boundary in
AlSi-Mg”? or Si depleted layer along grain boundary
in Al-Si and Al-Mn-Si alloys ® ® 191V Tt means that the
cause of the intergranular corrosion depended on the
type of alloys. However, there are few reports about
systematic study about influence of Si concentration

in various alloys and heat treatment conditions on

susceptibility to intergranular corrosion. In this study,
it is investigated that Si concentration and heat
treatment time at 453 K after brazing process affect
the susceptibility to intergranular corrosion using

various alloys.

2. Experimental Procedure

2.1 Process and materials

Chemical compositions of specimens are shown in
Table 1. All specimens were cast in book mold,
homogenized at 873 K for 1.08 x 10* s, hot rolled at
793 K to 35 mm thickness, and then cold rolled to
1 mm thickness. The sheets were annealed at 673 K
for 7.20 X 10°> s. The annealed sheets were heat-
treated at 873 K for 180 s which corresponded to a
brazing process. Finally, the brazed sheets were
reheated at 453 K which is the maximum working
temperature for CO; air conditioners for 0-7.20 x 10° s.
The heat-treated time at 453 K after brazing process
is regarded as HTT (¢ur) in this paper.

2.2 TEM observation

Distribution of precipitated intermetallic compounds
near grain boundaries of the specimens heat-treated
at 453 K was observed by TEM (JEOL Ltd., JEM-
3100FEF, accelerating voltage: 300 kV).

2.3 Evaluations of susceptibility to intergranular
corrosion
Susceptibility to intergranular corrosion was
evaluated by anodic dissolution. A Pt plate was used

as a counter electrode. Test solution was 5mass%

Table 1 Chemical compositions of specimens. (mass%)
Si Fe Cu Mn | Mg Al
0.4Si 04 0.4 0 0 0 Bal.
0.8Si 0.8 0.4 0 0 0 Bal.
1.2Si 1.2 0.4 0 0 0 Bal.
1.4Si 14 0.4 0 0 0 Bal.
0.2Mg-0.9Si 0.9 0.4 0 0 0.2 Bal.
0.2Mg-1.3Si 1.3 0.4 0 0 0.2 Bal.
1.1Mn-04Si 0.4 0.4 0 1.1 0 Bal.
1.1Mn-0.8Si 0.8 0.4 0 1.1 0 Bal.
1.1Mn-1.2Si 1.2 0.4 0 1.1 0 Bal.
1.1Mn-14Si 14 0.4 0 1.1 0 Bal.
1.1Mn-0.2M g-0.6Si 0.6 0.4 0 1.1 0.2 Bal.
1.1Mn-0.2M g-0.8Si 0.8 0.4 0 1.1 0.2 Bal.
1.1Mn-0.2Mg-1.2Si 1.2 0.4 0 1.1 0.2 Bal.
1.1Mn-0.2Mg-1.4Si 14 0.4 0 1.1 0.2 Bal.
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(after this, mass% is shortened to %) NaCl adjusted
pH to 3 by acetic acid. The specimens were
immersed in 5% NaOH at 333 K for 30 s, rinsed with
distilled water, immersed in a 30% HNOs; at 298 K for
60 s and then rinsed with distilled water as a
pretreatment. Applied anodic current density was 10
Am? at which the specimens were polarized to the
potential which is higher than Eprr. The polarization
time is 2.16 X 10" s. After the anodic dissolution, cross
section of the center of the specimen with optical
microscope was observed for identifying corrosion
morphology and measuring corrosion depth. In this
paper, the corrosion depth means the maximum
depth from surface to the bottom of corrosion in

observed 30 views.

3. Results

3.1 AI-Si alloys

3.1.1 Susceptibility to intergranular corrosion

Fig. 1 shows optical micrographs of the cross section
after anodic dissolution for 0.4Si, 0.8Si, and 1.2Si at tur
=0, 864 x 10* and 259 x 10° s. At tur = 0 s, corrosion

0.4Si 0.8Si 1.25i

t. =864 x10's

12}
<
(=1
—
X
(=2}
L
N
1
o)
&

Fig. 1 Optical micrographs of the cross section after
anodic dissolution for 04Si, 0.8Si, and 1.2Si at tyr =
0, 864 x 10* and 2.59 x 10° s.

morphology depended on Si concentration. Pitting
corrosion was observed for 0.4Si and 0.8Si and
intergranular corrosion was observed for 1.2Si. At tur
= 864 x 10* s, pitting corrosion was observed for
0.4Si, while intergranular corrosion was observed for
0.8Si and 1.2Si. The corrosion depth at tyr = 8.64 % 10*
s was deeper than that at tyr = 0 s. Corrosion
morphology was independent of Si concentration,
being pitting corrosion at tyr = 2.59 x 10° s.

Fig. 2 shows relationships between HTT and
corrosion depth for 04Si, 0.8Si, 1.2Si, and 14Si. The
open and solid symbols show pitting corrosion and
intergranular corrosion, respectively. If the current
efficiency is constant in anodic dissolution regardless
of corrosion morphology, the volume of dissolved
aluminum is constant in anodic dissolution applying
constant current density, the corrosion depth would
show a tendency of intergranular corrosion. The
corrosion depth of 04Si was independent of HTT,
being about 5.0 X 10° m. The corrosion morphology of
0.4Si is pitting corrosion. The corrosion depth and
morphology of 0.8Si, 1.2Si, and 1.4Si depended on
HTT. For 08Si, corrosion morphology was pitting
corrosion at tyr = 0 s. Corrosion depth increased at 0
< tur < 864 x 10* s although the intergranular
corrosion was observed at 7.20 X 10° < tyr < 6.05 X 10°
s. Furthermore, the corrosion morphology was pitting
corrosion again at tur = 259 X 10% s. For 1.2Si and
1.4Si, intergranular corrosion was observed at tyr = 0

-6.05 x 10° s, corrosion morphology was pitting

700 —7f
PC 1IGC
600 - —— == (4Si
£ A —A— 085i
a 500 - =O= =0= 12Si
N O -0 14Si
£ 400 ¢ Si O
E o/ 0
= 300
S
[}
|
% 200 G
Q
100
0 [a— ! . ,
0 103 104 10° 106 107
HTT, ty/ s

Fig. 2 Relationships between HTT and corrosion depth
for 0.4Si, 0.8Si, 1.2Si, and 1.4Si. Pitting corrosion
and intergranular corrosion are denoted as PC
and IGC, respectively.
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corrosion at tur = 259 X 10° s. Corrosion depth was
the deepest at tur = 864 x 10* or 1.73 X 10° s and then
decreased rapidly with increase in HTT. That is,
susceptibility to intergranular corrosion showed peak
at tgr = 864 % 10" s for 0.8Si and 1.2Si and at tyr =
1.73 X 10° s for 1.4Si.

3.1.2 TEM observation

Fig. 3 shows bright field TEM images of precipitates
on grain boundaries for 1.2Si at tyr = 0 and 2.59 x 10° s.
At tur = 0 s, Si precipitates with diameter of about
1 x 10" m were observed on grain boundaries and
could not be observed in grain. On the other hand,
Si precipitates with diameter of about 1 X 10° m were
observed in grains and on grain boundaries at tyr =
259 x 10° s. This indicates that precipitation and
growth of Si precipitates occurred by the heat
treatment at 453 K.

3.2 Al-0.2%Mg-Si alloys

3.2.1 Susceptibility to intergranular corrosion

Fig. 4 shows optical micrographs of the cross section
after anodic dissolution for 0.2Mg-0.9Si and -1.3Si
at tgr = 0, 8.64 x 10*, and 2.59 x 10° s. Corrosion
morphology depended on Si concentration at fyr = 0 s.
Pitting corrosion was observed for 0.2Mg-09Si and
intergranular corrosion was observed for 0.2Mg-1.3Si.
At tyr = 864 x 10* s, obvious intergranular corrosion
was observed for 0.2Mg-0.9Si and corrosion
morphology was pitting corrosion for 0.2Mg-1.3Si. At
tur = 259 x 10° s, corrosion morphology was pitting
corrosion in each Si concentration.

Fig. 5 shows relationships between HTT and the
corrosion depth for 0.2Mg-0.9Si and -1.3Si. The open

t,=259x10° s

Fig. 3 Bright field TEM images of precipitates on grain
boundaries for 1.2Si at tyr = 0 and 2.59 x 10° s,

02Mg -09Si  0.2Mg -1.3Si

t.=864 x 10's

t.=259 x 10°s

100 um

Fig. 4 Optical micrographs of the cross section after
anodic dissolution for 0.2Mg-0.9Si and -1.3Si at
tur = 0, 864 X 10" and 2.59 % 10° s.

and solid symbols show pitting corrosion and
intergranular corrosion, respectively. Both the corrosion
depth and corrosion morphology depended on HTT.
For 0.2Mg-0.9Si, the corrosion morphology was pitting
corrosion at fyr = 0 and 7.20 X 10° s. The corrosion
morphology was intergranular corrosion at tyr = 1.44
x 10*-346 x 10° s. The corrosion depth increased
with increase in HTT and showed the maximum at tur
= 864 x 10* s. However, the intergranular corrosion
was observed until tyr = 3.46 X 10° s and the
corrosion depth decreased. The corrosion morphology
was pitting corrosion again at tyr = 461 X 10° s. For
0.2Mg-1.3S], the intergranular corrosion was observed
at tyr = 0-2.88 x 10* s. The corrosion depth increased
with HTT. The corrosion morphology was pitting
corrosion at tyr = 864 x 10" s and corrosion depth
decreased rapidly with HTT. That is, the
susceptibility to intergranular corrosion of 0.2Mg-0.9S1
and -1.3Si showed peak at tyr = 2.28 x 10! and 8.64 X

10* s, respectively.

3.2.2 TEM observation
Fig. 6 shows bright field TEM images of precipitates
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on grain boundaries for 0.2Mg-1.3Si at tur = 2.88 % 10*
and 864 x 10* s. At tur = 2.88 X 10* s, Si precipitates
with diameter of about 4 x 10® m were observed on
the grain boundary and could not be observed in the
grain. A precipitate free zone (PFZ) along grain
boundary was observed. At tur = 864 x 10" s, Si
precipitates with diameter of about 1 X 107 m on the
grain boundary and about a few 10® m in the grain
were observed. This indicates that Si precipitated and
grew by the heat treatment at 453 K. PFZ was also
observed at 864 x 10* s.

3.3 Al-1.1%Mn-Si alloys

3.3.1 Susceptibility to intergranular corrosion

Fig. 7 shows optical micrographs of the cross section
after anodic dissolution for 1.1Mn-0.4Si, -0.8Si, and -1.4Si
at tyr = 0, 864 x 10%, and 259 x 10° s. The corrosion
morphology depended on Si concentration at tur = 0 s.

Pitting corrosion was observed for 1.1Mn-04Si and

500 —7/
450 F PC IGC

| =& =B 02Mg-09Si
=Qw= =Q= ().2Mg-1.3Si

Corrosion depth, D/ um
o
S
{=)

&
0 / ' L ' L

0 103 104 105 106 107
HTT, tyr/ s
Fig. 5 Relationships between HT'T and the corrosion
depth for 0.2Mg-0.9Si and -1.3Si.

Pitting corrosion and intergranular corrosion are
denoted as PC and IGC, respectively.

t,=288x10's

(= 864%10's

Fig. 6 Bright field TEM images of precipitates on grain
boundaries for 0.2Mg-1.3Si at tur = 2.88 % 10" and
864 x 10* s.

0.8Si and intergranular corrosion was observed for
1.1Mn-14Si. At tar = 864 x 10* s, pitting corrosion
was observed for 1.1Mn-0.4Si, intergranular corrosion
was observed for 1.1Mn-0.8Si and -14Si. At tur = 2.59
x 10% s, the corrosion morphology was pitting
corrosion in each Si concentration.

Fig. 8 shows relationship between HTT and
corrosion depth for 1.1Mn-04Sj, -0.8Si, -1.2Si, and -1.4Si.

1.1Mn -0.4Si 1.1Mn -0.8Si 1.1Mn -1.4Si

2]
-«
=]
—
X
<t
<
%)
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.
“:EI

t.=259 x 10°s

100 pm

Fig. 7 Optical micrographs of the cross section after
anodic dissolution for 1.1Mn-0.4Si, -0.8Si,
and -14Si at tur = 0, 8.64 x 10* and 2.59 x 10° s.

/
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Fig. 8 Relationship between HTT and corrosion depth

for 1.1Mn-04Si, -0.8Si, -1.2Si, and -1.4Si. Pitting
corrosion and intergranular corrosion are denoted
as PC and IGC, respectively.
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The open and solid symbols show pitting corrosion and
intergranular corrosion, respectively. The corrosion
depth and morphology of 1.1Mn-04Si were independent
of HT'T while the corrosion depth and morphology of
1.1Mn-0.8S], -1.2S1, and -1.4Si depended on HTT.

For 1.1Mn-0.8Si, corrosion morphology was pitting
corrosion at tyr = 0 and 7.20 X 10° s. and intergranular
corrosion at tyr = 144 % 10* s. Corrosion morphology
was pitting corrosion again at tyr = 6.05 X 10° s.

For 1.1Mn-1.2Si, the corrosion morphology was
pitting corrosion at tyr = 0 s and the intergranular
corrosion at fyr = 7.20 X 10°-3.45 x 10° s. The
Corrosion morphology was pitting corrosion again at
tur = 6.05 % 10° s. The corrosion depth was the
deepest at tyr = 3.64 X 10° s and decreased with
increase in HTT. For 1.1Mn-14Si, intergranular

corrosion was observed at tyr = 0-3.46 X 10°

2]

’

corrosion morphology was pitting corrosion at tyr =
6.05 x 10° s. Corrosion depth was the deepest at tyr =
864 x 10" s and then decreased rapidly with increase
in HTT. That is, susceptibility to intergranular
corrosion of 1.1Mn-1.2Si and -14Si showed a peak at
tur = 346 % 10° and 8.64 x 10* s, respectively.

3.3.2 TEM observation

Fig. 9 shows bright field TEM images of
precipitates on grain boundaries for 1.1Mn-1.2Si at tur
= 0 and 7.20 x 10° s. Intermetallic compounds
observed at tyr = 0 s were Al-Mn series intermetallic
compounds with gray spherical or elliptical shape.
The distribution of Al-Mn series intermetallic
compounds at tur = 7.20 X 10° s was the almost same

to that at tur = 0 s. Dark black compounds were also

£, =720%10° s

Fig. 9 Bright field TEM images of precipitates on grain
boundaries for 1.1Mn-1.2Si at tyr = 0 and 7.20 X
10° s.

observed on Al-Mn series intermetallic compounds,
being Si precipitates identified by elemental analysis.
It is suggested that Si precipitated and grew by the
heat treatment at 453 K.

34 Al-1.1%Mn-0.2%Mg-Si alloys

3.4.1 Susceptibility to intergranular corrosion

Fig. 10 shows optical micrographs of the cross
section after anodic dissolution for 1.1Mn-0.2Mg-
0.6Si, -0.8Si, and -1.4Si at tur = 0, 8.64 x 10*, and
259 x 10% s. Corrosion morphology depended on Si
concentration at tyr = 0 s. Pitting corrosion was
observed for 1.1Mn-0.2Mg-0.6Si and -0.8Si and
intergranular corrosion was observed for -1.4Si. The
pitting corrosion was observed for 1.1Mn-0.2Mg-0.6Si
and intergranular corrosion for -0.8Si and -1.4Si at tur
= 864 x 10" s. At tyr = 259 x 10° s, the corrosion
morphology was pitting corrosion in each Si
concentration.

Fig.11 shows relationships between HTT and
corrosion depth for 1.1Mn-0.2Mg-0.6Si, -0.8Si, -1.2Si,
and -1.4Si. The open and solid symbols show pitting

1.1Mn -02Mg 1.1Mn-02Mg 1.1Mn -0.2Mg
-0.6Si -0.8Si -14Si

2]
(=]
I
=
&

Fig. 10 Optical micrographs of the cross section after
anodic dissolution for 1.1Mn-0.2Mg-0.6Si, -0.8Si, and
-14Si at tyr = 0, 864 % 10*, and 259 x 10° s.
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Fig. 11 Relationships between HTT and corrosion depth
for 1.1Mn-0.2Mg-0.6Si, -0.8Si, -1.2Si, and -1.4Si.
Pitting corrosion and intergranular corrosion are
denoted as PC and IGC, respectively.

corrosion and intergranular corrosion, respectively.
For 1.1Mn-0.2Mg-0.6Si, the corrosion depth was
independent of HTT and the morphology was pitting
corrosion in spite of HTT. The corrosion depth and
morphology of 1.1Mn-0.2Mg-0.8Si, -1.2Si, and
-14Si depended on HTT. For 1.1Mn-0.2Mg-0.8Si,
corrosion morphology was pitting corrosion at tyr = 0
s and intergranular corrosion at fgr = 7.20 X 10% s.
Corrosion morphology was pitting corrosion again at
tur = 6.05 X 10° s. The corrosion depth at tur = 2.88 X
10* s was the deepest within HTT. For 1.1Mn-0.2Mg-
1.2Si, the intergranular corrosion was observed at fur
= (0-345%x10° s. The corrosion morphology was
pitting corrosion at tur = 6.05 X 10° s. Corrosion depth
at tyr = 2.88 x10* s was the deepest. For
1.1Mn-0.2Mg-1.4Si, intergranular corrosion was
observed at tyr = 0-1.73x10° s, corrosion
morphology was pitting corrosion at tir = 346 X 10° s.
Corrosion depth at tur = 346 % 10* s was the deepest
and then the corrosion depth decreased rapidly. That
is, susceptibility to intergranular corrosion of
1.1Mn-0.2Mg-0.8Si, -1.2Si, and -1.4Si showed peak at tur
=288 x10"s.

4. Discussions

As shown in Fig. 1 and Fig. 2, 04Si did not have
intergranular corrosion susceptibility regardless of
HTT. AlSi alloy containing more than 0.4%Si showed
the intergranular corrosion at tyr > 0 or 8.64 % 10! s.

It is clear that the susceptibility to intergranular

corrosion increased with increase in Si concentration.
Therefore the intergranular corrosion which occurred
at tur = 0-259 X 10° s was caused by Si. Because
solute Si makes Epir of aluminum noble as well as
solute Cu'?, it is thought that a mechanism of
generation of susceptibility to the intergranular
corrosion caused by Si is the same as that caused by
Cu. According to the mechanism about the generation
of the intergranular corrosion in Al-Cu alloys, the
intergranular corrosion is preferential corrosion on
grain boundaries caused by difference of Epir
between a grain and Cu depleted layer along a grain
boundary. Thus, it is suggested that the intergranular
corrosion in Al-Si alloys is generated by the Si
depleted layer along a grain boundary. It is expected
that corrosion depth of intergranular corrosion will
increased with Si concentration because of formation
of continuous Si depleted layer and increase in
difference of Epir between grain and Si depleted layer
along grain boundary leading to preferential
dissolution of grain boundaries. This tendency was
found in Fig. 2. As shown in Fig. 2, corrosion depth
increased once and turned to decrease with HTT.
This mechanism, in which corrosion depth had such
HTT dependence, is thought as following. Si
precipitates on grain boundaries at cooling process
after brazing and heat treatment at 453 K, and Si
depleted layer along grain boundaries is formed
continuously. The continuous Si depleted layer causes
intergranular corrosion. However, the heat treatment
for a long time not only precipitates on grain
boundaries but also in grain caused to decrease in
solute Si concentration. The Si concentration in the
grain continues to decrease until attaining to the
concentration on the grain boundary. It means that
the pitting potentials in the grain and the grain
boundary become the same. Thus, corrosion
progresses in both the grain and the grain boundary,
indicating that the corrosion depth decreases and the
susceptibility to intergranular corrosion disappear. To
confirm mechanism, Fig. 12 shows STEM-EDS line
analysis for Si on grain boundary for 1.4Si at tyr = 0
and 259 X 10° s. At tur = 0 s, Si intensity decreased
around grain boundary. The decrease in Si intensity
corresponded to Si depleted layer along a grain

boundary. At tur = 259 x 10° s, deference in Si
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intensity between grain and grain boundary was not
observed.

As shown in Fig. 6 and Fig. 9, regardless of alloy
elements, precipitation and growth of Si precipitates
occurred by the heat treatment at 453 K. It is
thought that generation and disappearance of the
intergranular corrosion were caused by Si depleted
layer along a grain boundary for Al-0.2%Mg-Si alloys
as mentioned in 3.2, Al-1.1%Mn-Si alloys in 3.3, and
Al-1.1%Mn-0.2%Mg-Si alloys in 34 in the same as Al-Si
alloys. Fig. 13 shows relationships between HTT,
when corrosion depth is the deepest, or corrosion
morphology changes from intergranular corrosion to
pitting corrosion, and Si concentration for specimens.
HTT, when corrosion depth is the deepest or

corrosion morphology changes from intergranular

Si intensity, I;/a.u.

— {;=0s

£=259 X 10° 5

1 1 1 1 1 1 1 1 1

100 200 300 400 500 600 700 800 900 1000

0
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Fig. 12 STEM-EDS line analysis for Si on a grain boundary
for 14Si at tyr = 0 and 2.59 x 10° s.
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corrosion to pitting corrosion, little depended on Si
concentration. These were the longest for Al-Si alloys
and were shortened by other alloy element. This is
reason why the addition of Mn and Mg induces
promoted precipitation of some kinds of intermetallic
compounds. These intermetallic compounds promoted
precipitation of Si precipitates because these

intermetallic compounds became a nucleation site.

5. Conclusions

We investigated that susceptibility to intergranular
corrosion of Al-Si alloys, Al-0.2%Mg-Si alloys,
Al-1.1%Mn-Si alloys and Al-1.1%Mn-0.2%Mg-Si alloys
heat-treated at 453 K after brazing process. For a
mechanism of generation and disappearance of
susceptibility to intergranular corrosion, following
conclusions were drawn.

(1) Addition of Si caused susceptibility to
intergranular corrosion for each alloy series.
Susceptibility to intergranular corrosion was
observed for the as-brazed specimen
containing higher than 1.2%SI.

Susceptibility to intergranular corrosion
increased with increase in the heat treatment
time at 453 K once, but turned to decrease.

Short heat treatment at 453 K caused
precipitation and growth of Si precipitates on
grain boundaries and then continuous Si
depleted layer along grain boundaries was

formed. Si precipitates were also precipitated

®) —— ALSi
A= AL0.2Mg-Si
0= Al-11Mn-Si
E O~ Al-1IMn-02Mg-Si
3 o
O \i o
07 08 09 1 11 12 13 14 15

Si content, Cg; (mass%)

Fig. 13 Relationships between HTT, when (a) corrosion depth is the deepest,
or (b) corrosion morphology changes from intergranular corrosion to pitting
corrosion, and Si concentration for specimens.
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in grain at long term heat treatment at 453 K,
solute Si concentration in a grain decreased to
that on a grain boundary. This is reason why
the susceptibility to intergranular corrosion

had time dependence.

(4) Addition of Mg and Mn promoted generation

of susceptibility to intergranular corrosion
because Mg.Si intermetallic compounds and
Al-Mn series intermetallic compounds

promoted precipitation of Si precipitates.

() Addition of Mg and Mn promoted disappearance

—

)

10)
11)

12)

of susceptibility to intergranular corrosion the

same as generation.
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Effects of Deposited Salts on Corrosion Behavior for 1100 Aluminum
Alloy during Constant Dew Point Test*

Takatoshi Shimada**, Yoshiyuki Oya**, Yukio Honkawa** and Yoichi Kojima**

Effects of deposited salts on corrosion behavior for an 1100 aluminum alloy were investigated by a
constant dew point test with NaCl, MgCl, and CaCl,. In the constant dew point test, the corrosion depth
of the 1100 depended on the deposited salts, increased in the order of MgCl,, CaCl, and NaCl. On the
other hands, in an immersion test, the corrosion depth was independent of the cation species in relatively

dilute solutions but depended in concentrated solutions. Furthermore, in a polarization measurement, a

cathodic reaction strongly depended on the cation species in the concentrated solutions. It is suggested

that the deposited salts in the atmospheric corrosion affect not only the time of wetness but also a

cathodic reaction around deliquescence relative humidity where concentrated solutions are formed.

Keywords: constant dew point test, aluminum alloy, deposited salt, concentrated solution
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21 EBREY A JIVEHER

AAHTIE, 5% 6 cm?® Table 11Z/R$HLK D 1100 7
V= Af4a (DIRE1100) 2 L, #240 O SiCHFE
T AME L, B L L C5mass%NaOH (60T)
ARIBEWH 30 siZiE, WA A+ v KPEE, 30mass%HNO;
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B F o bW (Cl) #£6.07 X 10* g cm? (NaCl,
MgClB X 'CaClym TZ £ 1100 x 103, 814 x
104, 950 X 10" g cm?) &% % X H I LT MY 7 A
(NaCl), #ift~27 %> a MgCl), BXUHLH» v
¥4 (CaCly) % 2 mLil F L7zo g, AR
ERICKEAITER SN & 9 IHERE LT 720 KEEDS
TERE S N7 3l & SRRl 1K 2R L 7214, Fig. 1
RO KRG REE 2 B L7294 2 VDI CRER
REM L7, B, WMAMNEIEL00, WK%Y
FBRBA A $2 (I BE 40C,  AHXEEE 30% T 144 ks PRFF
L7zo A4 2 VEIET ~ 2004 7 v & L, B T 1%
PhliE L 72 Tmass% D) AME +2mass% 7 1 A RS RUR
%600 sIRIEXEL I LICXVBEEERYZ RE, Ky
THZME L 728, HIRERIC L D IRBAERS (DI
WEERS) 2R Lize F 7z, Bl f AR % 50 L,
T A 7 VT L ONBIE R RE 2 5051 7 v
$ THELT 726

Table 1 Chemical compositions of the 1100 aluminum alloy.
(mass%)

Si | Fe | Cu | Mn | Mg | Zn | Ti | Ni | Al

1100 | 0.105 | 0.633 | 0.139 | 0.004 | 0.005 | 0.002 | 0.015 | 0.005 | Bal.

100 i . 70
[ —— preneemerenese]
& g0k E H 60
— I 3 H
= b i } ! %
5 | ] ©
3 60 50 g
E £
o 40 40 2
=z £
= LT
2 20 30"
0 1 1 | | 30
0 20 40 60 80

Time / ks

Fig. 1 Variation of the temperature and the relative
humidity during the constant dew point test.

22 REHB

BT, 2X7 em?0 11002 L, 21 & MO
FIALER i L 721, ARoTmB L OWiE %~ A% >~
7L, Table 2I1Z/RTHIKD 25, 508 & N75C DEH
HC, 6048 ksirig L7z, RiEfk, 21 & FBRICLTH
RN REDB LR %E, WERS ZWE L.
%8B, CliEEs39, 9498 X U120 mol dm?ix, Zh
N, NaCl, MgCLB LU CaCLEWD25CITBIT 5
RARIETH B0

Table 2 Chemical compositions of solutions employed in
the immersion test.

Reagents Cl' / mol dm?
NaCl —
MgCl, 1.0x10% | 1.0x10" 1 5.39 9.49
CaCl, 12.0

23 BEXRLFAE

AAHTIE, 15 x4 em*o 11002 AL, 1x1em?%
BLTCYAF Y7L, 21L& RO Z L 7%,
Table 3IZ/RTHE D25, 508 L O75C DEHEHE T,
T/ = RFBEXUA Y — Ntz BREN D S HEE
20 mV min! TEM L 70 WHWIEFHILELTBY, 7/ —
Foiid N AT, Y — R KA Tt
L7z

Table 3 Chemical compositions of solutions employed in
the electrochemical measurement.

Reagents Cl' / mol dm™
NaCl 5.39
MgCl, 2.8x10% 9.49
CaCl, 12.0
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2B 5 MgCLB XU CaCLOEREESIE, NaCloZ
NIDHZENZFNR20BITLIH/ERE V., — I,
KREABFETITBIT 2 W EBOSIEKE L X OaH T, o
FORBRESHENR TV LRETR 2720, 2ol
FICLABEERSOEROFERDO—2 L LT, RFE
OB DD E 2 SN Do HAF 75O i
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Fig. 4 Pictures of the corroded surfaces after 1, 3, 10, 20 and 50 cycles in the constant dew point test with
(a) NaCl, (b) MgCly and (¢) CaCls.

UACJ Technical Reports, Vol.1 (2014) 19



Fig. 51225C @ NaCl, MgCly 3B X U CaCl {5 I IRE
BOBERES OCIRERFAEZ R T, CLBEANLO
mol dm?*LLF OIS BT AR S, CliEICIE
EAERIEL v, L Lad 5, CLEEALO mol
dm? ML EOREERIC B AR S, CLBEA10
mol dm®*LL FOBEWIC B s EN LKL 254,
NaCHAW CTIZFBRETH ), MgCLIE@ TIEmL,
CaCLEW TIZWA 3 4. CILigkE2Y5.39 mol dm? 2B
ARSI, MgCl, > NaCl > CaClLiEEDNEIZK
EL %o EHIT, EBRYA 7 VEBRICBNT,
W EEA T C O R 2 RET T 5 720, KRl
BRI BU 2 ERS B LA, ClRED
5.39 mol dm?IZ BT B AGE X L kL, MgCl, > NaCl
> CaCLERDOMICKE S 7D, INHIE, WERERIC
BWC, hFA UM RAEEICRE 2L RITT
ZEERRT B

o5 R S B 2 R ARAE P A3 L & 1 2 S AN R

0.20

—O— NaCl
== MgCl,

0151, ./ e CaCl,

L
ot
.

/

0.05

Corrosion depth / mm

0.00 PRI R R R T TTT B
0.001 001 0.1

B -3
Cl concentration / mol dm

Fig. 5 Dependence of Cl concentration on corrosion
depth after the immersion test in NaCl, MgCl; and
CaCl; solutions.
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Fig. 7 Polarization curves of an 1100 in NaCl, MgCl, and CaCl; solutions with
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densities at -1100 mV (Ag/AgCl) in saturated
NaCl, MgCl; and CaCl; solutions.
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Fig. 9 Schematic model of the corrosion mechanism during the constant dew point test.
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Effect of Aging Precipitates on the Bendability of an Al-Mg-Si Alloy

Hidetaka Nakanishi**, Mineo Asano** and Hideo Yoshida***

T4 tempered Al-Mg-Si alloys are usually applied the plate material for automobile bodies, because of

necessity of a high bake hardening property. Many reports about the improvement in the bendability of

Al-Mg-Si alloys applied T4 temper has been published, because they easily crack during the hemming

process. On the other hand, Al-Mg-Si alloys applied T6 or T7 temper are used for the material of wiring

plates and heat radiation devices. A high electrical conductivity and a good bendability are necessary for

these devices. In this paper, the effect of the aging conditions on the bendability was investigated. As a

result, the bendability at the T6 temper significantly decreased. The bendability under the aging temper,

and over the aging temper were better than that at the T6 temper. Specimens treated by natural-aging at

high temperature before the T6 temper easily cracked during the bending test. It was postulated that the

formation of shear bands was significant and the bendability decreased during the bending test under the

high density and finely f~ phase precipitate conditions.

Keywords: Al-Mg-Si alloy, bendability, B ”phase, shear band
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(a) As-rolled (b) After SHT at 823 K for 50 s

100 um ND t
RD

Fig. 1 Optical microstructures of a cross section parallel to the rolling direction
(a) as-rolled, and (b) after SHT at 823 K for 50 s.
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Fig. 5 Ranks of the bendability of the specimens aged at
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Fig. 4 Appearances of the specimens of the bending test aged at (a) 278 K-7 d, (b) 293 K-7 d, and (c) 303 K-7 d

followed by 463 K for 0 ~ 48 h.
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(a) 278 K-7 d, 463 K-0 h

(b) 278 K-7 d, 463 K-4 h

(c) 278 K-7 d, 463 K48 h
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Fig. 6 Optical microstructures of the specimens after bending test aged at 278 K for 7 d followed by 463 K
for (a) 0 h, (b)4 h, (c)48 h, and at 303 K for 7 d followed by 463 K for (d) 0 h, (e) 4 h, (f) 48 h.
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Fig. 7 TEM images of the specimens aged (a) at 278 K for 7 d followed by 463 K
for 4 h, and by 303 K for 7 d followed by 463 K for (b) O h, (c) 4 h, (d) 48 h.
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Fig. 8 Relationship between ranks of the bending test and the tensile strength

or the yield stress.
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Table 2 Kinds of phases and their volume fraction of precipitation.

Natural aging Artificial aging Phase and volume fraction of precipitation
condition time at 463 K Cluster B” phase B’ phase
0h @) - (-)
1h O A (=)
2h AN AN (=)
278 K-7 d 4h A VAN ()
8h - A (&)
16 h - AN (~)
48 h - - (O)
0h O A (=)
1h a AN (-)
2h A AN (=)
303 K-7 d 4h - O (2)
8h - O (&)
16 h - O (&)
48 h - - (©)
<Symbols> O:much, A :existent, —:little or nothing, () :guess
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Effect of Heat Treatment Conditions on the Elongation of
1200 Aluminum Sheets*

Mineo Asano™*, Takuro Nakamura***, Hideo Yoshida****

It has been reported that the elongation of the 1050-H26 sheet annealed at 200C is lower than that of the
1050-H18 sheet. In this study, the effect of the annealing time at 250°C on the elongation of 1200 aluminum
sheets was investigated, and the cause of the low elongation was discussed by observing the change in
the microstructures before and after tensile deformation. The elongation of the samples annealed at 250C
for less than 50 minutes was below 1%, and this elongation was lower than the elongation of the as-rolled
and the annealed ones at 250C for more than 150 minutes. In the samples annealed for a short time, the
subgrains with a diameter of about 0.5 ~ 2 um were formed, and Fe and Si, which were a solid solution,
became segregated at the sub-boundaries. These samples were locally deformed in a stress concentrated
area during the deformation, and there was no significant increase in the dislocation density near the
fracture part after the deformation. The cause of the low elongation was considered to be due to the
dynamic recovery that locally occurred in a stress concentrated area during the deformation, because
dislocations introduced into the subgrains by the deformation easily moved to the sub-boundaries due to
the low solute levels within the subgrains.

Keywords: 1200 aluminum, elongation, subgrain, solid solution elements, segregation, dynamic recovery
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Fig. 1 Electrical conductivities, optical micrographs (cross section parallel to the rolling) and transmission electron
micrographs (plate surface) of the samples before and after annealing at 250C.
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Fig. 2 Scanning transmission electron micrographs
and EDS mapping images of the sample after
annealing at 250C for 50 min. (a) HAADF-STEM
image, (b) Bright field image, (c) EDS mapping
image of Si, (d) EDS mapping image of Fe.

MPDOEBEGLLEZONDD, —RBIERA AT
T3 EDOEBROELIZ02%IACSIEEY TH b,
1000 min % §t % 47 - 72 B 0 E B F o 8 &
21%IACSTH 2 Z &h 5, EEBEHMED 1L A
WL EERA IS & BB LN S b, Fig. 21250
min BESHT DL IF A / % W T BEIMSERLR B &
OEDSHMMERE R T 77 LA VRFICHB IO
)3 UANBERITLTBY (BRI, BEks X
OFEEY ) 3 »H3250C-50 min OB CREEERAT L
72t #EZ oMb, Fig. 3121000 min'k?EfM/T@iiiﬂﬂé";
T-BAMEEAREE R T 05~2 umD Y ¥ ZARICH % -
72T (ETREDER) SRR L 724G Sk N © % BiBlgs
én,MBﬁﬁwﬁ%,wfh%vvﬂyf@oto
CONHPIEFRILS 2 Y =7 H3200T TRARBESE 2 1T o
721050-H2n AR CTHRAZZ L7232V a v oM & FfkD
FrEEZLTBY, ¥ 7704 VRRANYY) TV
BEEEARAT L7t FTHERKL, 727 LA vhsh
R LR NICR) ANz E2bN5, &8,
EDSHHI Tk ) a v ol id S ekaskih s hvTtw
R\e TD, T UA VRIRNEERT L 2%
DOEESOFBCEH L TIIHS M TETELY, &
BOMEE Lz,

VLR L7 MR BIEs R  s X OV Sl e i i e
5, FIRABRET OWEH, 50 minBEHH B X U°1000
min BESiM DAL Fig, 4R TN X ) 12£ 2
bN%o WIEMIIKINICEESRS X OCREL ) 2 v
ZLHETLEMENVBIOT T LA UHBREL
MR, 50 min BESIA IR FAFEESSB L ORES ) 2

Fig. 3 Scanning transmission electron micrograph of the
sample after annealing at 250C for 1000 min.
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Fig. 4 Schematic diagrams of microstructures of the samples before and after annealing at 250C.
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Fig. 5 Uniaxial stress-strain curves of the samples before
and after annealing at 250C.
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Fig. 6 Appearance of the tensile test specimens.
(a) as-rolled, (b) 250°C -20 min, (c) 250°C -50 min,
(d) 250°C -150 min, (e) 250C -1000 min.
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Fig. 7 Thickness distribution of the tensile test specimens.
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Fig. 8 Transmission electron micrographs (cross section parallel to the rolling) of the samples before and after the tensile
test. The position at 200 um from the fracture part of the tensile test specimens was observed after the tensile test.
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Mechanical Properties of 7475 Based Aluminum Alloy Sheets
with Fine Subgrain Structure by Warm Rolling*

Hiroki Tanaka™ and Tadashi Minoda***

The effect of transition elements on grain refinement of 7475 aluminum alloy sheets produced by warm
rolling was investigated. The alloy which contains zirconium instead of chromium showed ultra fine
structures with stable subgrains after warm rolling at 350C , followed by solution heat treatment at 480C .
The average subgrain diameter was approximately 3 um. It became clear that zirconium in solution has
the effect of stabilizing subgrains due to precipitation of fine AlsZr compounds during warm rolling. On
the other, chromium-bearing compounds precipitate before warm rolling and they grow in relatively
large size during warm rolling. The warm rolled sheets with fine subgrains have unique properties
comparing to conventional 7475 aluminum alloy sheets produced by cold rolling. The warm rolled sheets
as solution heat treated had subgrain structures through the thickness with a high proportion of low
angle boundary less than 15°. The strength of the warm rolled sheets in T6 condition was about 10%
higher than that of conventional 7475 aluminum alloy sheets. As the most remarkable point in the warm
rolled sheets, the high Lankford (r) value of 3.5 was measured in the orientation of 45° to rolling direction,
with the average r-value of 2.2. The high r-value would be derived from well developed p-fiber textures,
especially with the strong {011{<211> Brass component. The warm rolled sheets also had high resistance
to SCC. From Kikuchi lines analysis and TEM images, it was found that PFZs were hardly formed along
the low angle boundaries of the warm rolled sheets in T6 condition. This would be a factor to lead to the
improvement of resistance to SCC because of reducing the difference in electrochemical property
between the grain boundary area and the grain interior.

Keywords: warm rolling, aluminum-zinc-magnesium-copper, grain refinement, stress corrosion cracking

1. Introduction resistance to stress corrosion cracking (SCC)?. It

would be difficult to establish a process that can

In order to use wrought aluminum alloys for
structural components, it is important to improve
their mechanical properties on resistance to corrosion
and formability as well as strength for high reliability,
good design and weight saving. It is well known in
low-carbon steels that yield stress has a relation with
grain size” ?, and the relation can be applied to
aluminum alloy sheets. Due to the fact, the grain
refinement of aluminum alloy sheets is one useful
method to achieve high strength. On the other hand,
it was reported that the grain refinement of 7075

aluminum alloy sheets has a disadvantage on

achieve the improvement of all properties mentioned
above at the same time. Therefore, in practical use,
some of the mechanical properties should be
improved moderately according to circumstances
where materials are used. In the previous study?”, it
was revealed that the control of second phase
distributions and solution elements leads fine
structure about 7 um on average grain diameter in
7475 aluminum alloy sheets by cold rolling after
solution heat treatment.

The objective of the present work is to form finer

structure in 7475 based aluminum alloys by warm

* The main part of this paper was presented at Trans. Nonferrous Mat. Soc. China, 24 (2014), 2187-2195.
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rolling which can control subgrain stability and to
clarify mechanical properties of the warm rolled
sheets comparing with conventional 7475 aluminum

alloy sheets produced by cold rolling.

2. Experimental procedures

Table 1 shows the chemical compositions of Al-Zn-
Mg-Cu alloys used in this study. The mark M means
an 7475 based aluminum alloy containing zirconium
instead of chromium. The mark S means a
conventional 7475 aluminum alloy. The both alloys
were cast into slabs as shown in Table 2 by a
standard semi-continuous direct chill technique. The
slabs were homogenized at 470C for 10 h followed by
pre-heating at 350C for 10 h before forging at 350C .
In the forging stage, a sample was compressed from
100 mm high to 30 mm high. The forged samples
were machined with dimensions of 30 mm high, 200
mm wide and 100 mm long. These blocks were rolled
at 350C with re-heating at 350C for 1800 s after
every two passes up to 4 mm thick followed by every
pass up to 1 mm thick. 27 rolling passes (one pass
reduction; 2 mm per pass up to 10 mm thick, 1 mm
per pass up to 9 mm thick and 0.5 mm per pass up to
1 mm thick) were carried out in total and the sheets
were finally prepared with dimensions of 1 mm thick
and 200 mm wide.

The surface temperatures of the rolls were

Table 1 Chemical composition of specimens. (mass%)

Alloy| Si | Fe | Cu | Mn [Mg| Cr | Zn | Ti | Zr | Al
M [0.02]0.03]|1.64|<0.01|240 |<0.01|5.55|0.03| 0.17 | Bal.
S 10.04]0.03|151|<0.01|226| 0.21 | 538 |0.04 [<0.01| Bal.

Table 2 Experimental procedure on warm rolling.

Stage Condition
Semicontinuous direct chill
Casting techniques into slab
100 mm X175 mm X175 mm
Homogenization 470C-10 h
Pre-heating 350C-10 h
Forging 350C, 100 mm — 30 mm

30 mm X200 mm X100 mm
350C, 27 passes
350C-30 min
480°C-5 min W.Q.
120C-24 h

Machining

Warm rolling

Annealing

Solution heat treatment

Artificial aging

controlled at approximately 100 C by cylindrical
heaters. The roll was 160 mm in diameter and rotated
120 revolutions a minute. Commercial machine oil was
used in the warm rolling process.

Regarding the alloy S, other sample sheets were
also produced by conventional process in order to
compare mechanical properties of the warm rolled
sheets. Hot rolled plates of the alloy S were produced
by conventional conditions. The plates were heated as
an intermediate annealing at 480C for 2 h followed
by furnace cooling, then rolled to 1 mm thick at an
ambient temperature.

Solution heat treatment was carried out at 480°C for
300 s followed by quenching into water immediately
(T4 condition). After the quenching, artificial aging
was carried out at 120C for 24 h (T6 condition).

Microstructure was observed using an optical
microscope and a transmission electron microscope
(TEM). Misorientation angles between grains were
measured using electron backscattered diffraction
(EBSD) equipment with a scanning electron
microscope (SEM). X-ray diffraction method was used
to describe incomplete pole figures, and orientation
distribution functions (ODFs) were calculated from
three incomplete pole figures of {111}, {110} and {100}
by the harmonic method®. The ODFs were displayed
using Bunge's system®. The mechanical properties of
the samples in T6 condition were investigated. Tensile
test specimens were got from the orientations of 0°,
45° and 90° to the rolling direction. The specimens for
limiting draw ratio (LDR) measurement were annealed
at 360 C for 2 h followed by furnace cooling® (O
temper) to ensure deep drawing property. LDR
measurement was carried out with a punch of 33 mm
in diameter under hold-down force of 3900 N. The
test method of resistance to stress corrosion cracking
(SCC) in T6 condition was based on Japanese
industrial standard, JIS H8711. The specimens for this
test were prepared from the orientation of 90° to the
rolling direction, and were immersed in a solution
containing 3.5mass% sodium chloride for 10 minutes
followed by drying at 25C for 50 minutes with addition
of stress controlled at 85% of yield strength. The
above cycle was repeated until the specimens were
failed. The resistance to SCC was estimated by a time

to failure of the specimens. Exfoliation corrosion
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susceptibility was examined with specimens in T6
condition by immersion for 9 h in a solution
containing 4M sodium chloride, 0.5M potassium
nitrate, and 0.IM nitric acid at 25 C . The
susceptibility to exfoliation was determined by visual
examination according to the standard photographs
in ASTM G34. Specimens of fatigue test were got
from parallel to the rolling direction and machined
with dimensions shown in Fig. 1. In this work, the
axial loading fatigue test was conducted at a room
temperature with the stress ratio of 0.1 and the cyclic
of 30 Hz.

3. Results

3.1 Microstructure in T4 condition
Fig. 2 shows optical microstructures of warm rolled
sheets after solution heat treatment. The structure of

alloy M shows finer grains than that of alloy S. In

50 2 20 24 J‘ 50
Ll Lagiin Y

A

\4

(mm)

Fig. 1 Shape and dimensions of fatigue specimen.

(2) Alloy M

alloy M, fine precipitates were confirmed in TEM
observation These precipitates are identified as AlzZr
of L1, structure tending to be coherent with the
matrix (Fig. 3a). This is a reason to inhibit formation
of large grains. In alloy S, larger precipitates are
confirmed as AlisCr.Mgs phase (Fig. 3b). These
precipitates tend to be incoherent with the matrix, and
they have less effect of inhibiting recrystallization.

Fig. 4 shows the estimation of microstructure
formation in alloy M and S. In alloy M, many fine
binary compounds inhibit formation of large grains
because of coherent with matrix. On the other hand,
in alloy S, large precipitates that are incoherent with
matrix permit grain growth. Due to this effect, alloy
M shows fine grains after solution heat treatment.

In the following sections, properties of the warm
rolled sheets of alloy M are compared with that of the
cold rolled sheets of alloy S.

Fig. 5 shows microstructures on both the warm

Fig. 2 Optical microstructure after solution heat
treatment.

(b) Alloy S

Fig. 3 TEM image and SAD pattern of alloy M and S after forging.
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rolled (alloy M) and cold rolled sheets (alloy S) in T4
condition. In optical micrographs, it is found the cold
rolled sheet (CR) consists of equiaxed grains about 20
um in diameter, whereas the warm rolled sheet (WR)
maintains fibrous structure as mentioned above. In
TEM, it is revealed the warm rolled sheet consists of
fine grains whose average diameter is approximately
3 um. As mentioned above, fine particles are judged
as AlsZr in alloy M (warm rolled sheet) and
AlsCraMgs in alloy S (cold rolled sheet).

3.2 Distribution of misorientation angle in T4
condition
Fig. 6 shows misorientation angle histograms taken
from SEM-EBSD measurements. The measured area
in this work was 100 X 200 um. The warm rolled

sheets have a high proportion of low angle boundary

Al;Zr AlisCraMgs

@3 SO

. )

‘@? éZ? P S

Alloy S (Cr added)

Alloy M (Zr added)

Fig. 4 Schematics of the models for the inhibiting effects
of chromium and zirconium on recrystallization.

Optical micrograph

@
[=2]
18]
E
—
_—
i
[

Fig. 5 Optical and TEM micrographs in T4 condition.

WR : warm rolled sheet (Alloy M), CR : cold rolled
sheet (Alloy S).

less than 15°, whereas the cold rolled sheet has a
high proportion of high angle boundary. According to
this measurement, it is clear the warm rolled sheet

consists of subgrain structure.

3.3 Tensile properties and LDR measurements

Table 3 summarizes tensile test results in T6
condition. The tensile strength of the warm rolled
sheet is about 10% higher in orientations of 0° and
90° to rolling direction than that of the cold rolled
sheet, and the tensile strength in 45° direction is
almost same level in the both sheets. The warm
rolled sheet has an anisotropy on ductility, whereas
the cold rolled sheet tends to be isotropic on it as well
as tensile and yield strengths.

Fig. 7 shows the plastic strain ratio of width to
thickness (Lankford value: r-value) measured at 10%
elongation.

It is remarkable point that the warm rolled sheet
has a quite high value over 3.5 in the orientation of
45° to the rolling direction. The warm rolled sheet
also shows anisotropy on r-value. The average r-value
of the warm rolled sheet is 2.2, meanwhile that of the
cold rolled sheet is 0.6. The results of LDR

measurements are shown in Table 4. The warm

30
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Misorientation angle/Degrees

(a) warm rolled sheet
30

20

10

Relative number (%)
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Misorientation angle/Degrees

(b) cold rolled sheet

Fig. 6 Misorientation angle histograms of (a) warm rolled
sheet and (b) cold rolled sheet in T4 condition.
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rolled sheet tends to have a higher value than the
cold rolled sheet, and it is found that the LDR values
have correlation with the average r-values shown in
Fig. 7.

3.4 Corrosion resistance

Fig. 8 shows the life of SCC in T6 condition. The
warm rolled sheets have better resistance to SCC
than the cold rolled sheets. Fig. 9 shows the
appearances and photomicrographs of the L-ST
section after the immersion test. The both sheets

have the same classification and are estimated of EA.

3.5 Fatigue strength
Fig. 10 gives S-N curves of the samples in T6

Table 3 Mechanical properties of warm rolled sheet and
cold rolled sheet in T6 condition.

Angle to Tensile Yield Elongation
Condition I%D strength strength (:‘,j )
(MPa) (MPa) ?
Al 0° 592 496 13
lloy M S
WRT6 45 522 461 19
90° 601 455 13
A S 0° 522 461 16
lloy N
CR-T6 45 521 457 17
90° 526 468 16
4

Plastic strain ratio of
width to thickness
[\

0° 45° 90°
Angle to rolling direction

Fig. 7 Plastic strain ratio of width to thickness in T6
condition. WR : warm rolled sheet, CR : cold rolled
sheet, r: average r-value.

Table 4 Limiting drawing ratio of warm rolled sheet
(WR) and cold rolled sheet (CR) in O-temper.

Sample WR CR

LDR 2.06 2.00

condition. The fatigue strength of the warm rolled
sheets is about 10% higher than that of the cold rolled
sheets. It is well known that fatigue strength

increases with increasing tensile strength?.

Furthermore, the effect of the fibrous structure in the

warm rolled sheets on the fatigue strength should be

examined in future.

4. Discussions

One of remarkable properties on the warm rolled
sheets is high r-value shown in Fig. 7. According to
the previous work® based on Taylor theory”, it was

predicted that the r-value of 45° orientation would be

800

600

400

Time/h

200

WR-T6 CR-T6

Fig. 8 Life of SCC in T6 condition. WR : warm rolled
sheet, CR : cold rolled sheet.

5T

LL 2

CR (Exfoliation rating EA)

um

WR (Exfoliation rating EA)

Fig. 9 Appearance and photomicrographs showing cross
sections of warm rolled sheet (WR) and cold rolled
sheet (CR) exposed to the test solution for 9 h.
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increased by a {011}<211> Brass component. Fig. 11
shows the ODFs at the surface layer and center layer
of the samples used in this work. The {011}<211>
Brass component is formed strongly through the
thickness of the warm rolled sheet. Another
orientation near a {123}<634> S component was
perceived but its orientation density was lower than
the Brass component. It is well known that f -fiber
orientations involve Brass, S and C components.
However, a {112}<111> C component was not
perceived through the thickness of the warm rolled
sheet. According to the above texture analysis, the
high r-value of the orientation of 45° in the warm
rolled sheet will be derived from the high orientation

density of the Brass component. The present results

200
R
Ay
= 150
BN
O
o
=
=1
=100
g
I
o
17
15
% 50 @ Warmrolledsheet
A Coldrolledsheet
0
10! 10° 106 107 108

Number of cycles to failure

Fig. 10 Stress-number of cycle curves for the specimens
in T6 condition.

Surface

it

Center

Level:Max=66.0 Level :Max=3.5

A Brass|011}<211> W:Goss{011}<100> [ J:cube{001}<100>

Fig. 11 ODFs of warm rolled sheet (WR) and cold rolled
sheet (CR) in T4 condition. (¢2=0").

are in agreement with the previous work® mentioned
above. Regarding to the cold rolled sheets, as shown
in Fig. 11, ND- and RD- rotated cube components as
well as a {011}<100> Goss component are perceived.
Their orientation densities are much lower than the
Brass component in the warm rolled sheets. Besides
of these quite well defined recrystallization texture
components, the ODFs comprise the random
component. Accordingly, the very weak
recrystallization textures with the random component
will lead to isotropic tensile properties of the cold
rolled sheets. The cold rolled sheets consisted of f
-fiber components in as rolled condition, but the
orientation density of the Brass component before
solution heat treatment was much lower than that of
the warm rolled sheets'”. It would be thought that
the strong Brass component in the warm rolled
sheets is due to the formation of fine subgrain
structure that is quite stable thermally.

In the present work, specimens in O-temper were
used for LDR measurements. This O-temper
treatment was carried out at 360C after the solution
heat treatment at 480°C , so that it was confirmed the
textures of specimens didn't change by the O-temper
treatment. Based on this confirmation, it would be
found that the average r-values have correlation with
the LDR values. It would be another subject that
precipitation condition may affect drawing properties,
but this consideration is beyond the scope of the
present work.

In the previous work', influence of alloy elements
in 7075 aluminum alloys was investigated. It was
found in the work that addition of zirconium brought
about reduction of SCC life in T6 condition. The
reason why the warm rolled sheets containing
zirconium have good resistance to SCC may be
derived from its microstructure. In the previous
study on 6061 aluminum alloy extrusions'?, it was
suggested the formation of a precipitate free zone
(PFZ) is restrained at a low angle boundary, which
leads to high resistance to intergranular corrosion.
Fig. 12 shows TEM images of the samples in T6
condition and Kikuchi patterns derived from two
grains facing each other across a grain boundary.
From Kikuchi pattern analysis, it was confirmed that

a low angle boundary is observed in the warm rolled
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PFZ_< 10 um

LN

WR (misorientation angle : 5°)

50 nm

CR (misorientation angle : 41°)

Fig. 12 TEM images and Kikuchi pattern analysis by TSL TOCA system in T6 temper.

sheet and a high angle boundary is observed in the
cold rolled sheet. It is clearly found that a PFZ is
restrained at the low angle boundary, whereas a PFZ
is formed distinctly at the high angle boundary. Other
grain boundary areas of the both sheets showed the
same characteristic on the PFZ formation. In the case
of narrow PFZ formation, the difference of
electrochemical property between the grain boundary
area and the grain interior tends to reduce, which
would prevent a partial anodic reaction and lead to

the improvement of resistance to SCC* ¥,

5. Conclusions

The mechanical properties on the warm rolled
sheets of 7475 based aluminum alloy containing
zirconium with fine subgrain structure were
investigated comparing with conventional 7475
aluminum alloy sheets produced by cold rolling. The
following points can be made:

(1) The warm rolled sheets of 7475 based aluminum

alloy containing zirconium instead of chromium
show fine subgrain structures after solution

heat treatment. The warm rolled sheets also

show the high r-value of 3.5 in the orientation
of 45° to rolling direction due to well developed
B -fiber components, especially with the strong
{011}<211> Brass component after solution heat
treatment.

(2) The average r-value of the warm rolled sheets
is higher than that of the cold rolled sheets, so
that the warm rolled sheets have better deep
drawing properties in O-temper.

(3) PFZ is hardly formed along the low angle
boundaries of the warm rolled sheets in T6
condition, which would lead to the improvement
of resistance to SCC because of the uniformity
of electrochemical property between the grain
boundary area and the grain interior.

(4) The fatigue strength of the warm rolled sheets in
the orientation of 0° to rolling direction is about
10% higher than that of the cold rolled sheets.
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Effect of Precipitation of Impurities on the Recovery and
Recrystallization Rate of 1050 Aluminum Hot-rolled Sheets during Annealing

Hideo Yoshida** and Yoshimasa Ookubo***

It is well known that the recovery and recrystallization of pure aluminum are influenced by the dissolved
impurities, iron and silicon. In this study, we assumed that the dissolved impurities precipitate on the
boundaries of cells or subgrains during annealing and control the recovery and recrystallization rate in
the pure aluminum and adopted a new rate equation developed by Yamamoto, which contains the term of
particle number that changes exponentially. We found that the entire reaction was divided into two
reactions, i.e. the recovery process and recrystallization one analyzed by this equation. The entire

reaction was expressed by superimposing the two processes. In the recovery process, the value of the
time exponent is 0.5, which means the control of the dislocation pipe diffusion, by which impurities
precipitate on the dislocation cell boundaries. For the recrystallization process, the value of the time
exponent is 1, which means the control of the grain boundary diffusion, by which impurities precipitate
on the subgrain boundaries. Therefore, our assumption was verified by this new equation. Judging from

the activation energy, we consider that the precipitation of silicon during the recovery process and the

precipitation of iron during the recrystallization process control the reaction rate.

Keywords: pure aluminum, recovery, recrystallization, rate equation, diffusion of impurity
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Fig. 1 Silicon segregates or precipitates on the dislocation cell at RT (a), coagulates
and forms silicon ring on the cell boundaries at 150°C (b), and this ring leaves

from boundaries at 200°C (c) during annealing in 1050 aluminum sheets
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Table 1 Values of parameters obtained by curve-fitting of the experimental data of Vickers hardness (normalized) using
the new rate equation (Yamamoto's equation) and JMA equation.

Equation Soaking Amzf:ca)lmg A m 71 Ny 7o B ns T3 ny T4
290 0.15 05 30 — — 085 2 5500 — —

No soakin 320 0.25 13 40 — — 0.75 3 700 — —

g 350 03 05 10 — — 0.7 35 105 — —

380 0.2 2 5 — — 08 25 48 — —

290 0.25 05 50 — — 0.75 2.7 1500 — —

. 320 017 1 10 — — 083 25 190 — —

JMA-— 1 600C 8 hFC 350 04 05 10 — — 06 3 34 — —
380 0.25 05 1 — — 0.68 5 10 — —

290 0.22 04 10 — — 0.78 2 1300 — —

. 320 0.31 13 45 — — 0.69 35 260 — —

600C 8 hWQ 350 04 05 10 — — 06 25 35 — —

380 0.25 05 1 — — 0.75 3 13 — —

290 017 05 80 5 60 083 1 6000 8 1300

No soakin 320 027 05 30 6 10 0.73 1 340 10 250

g 350 03 05 10 2 1 0.7 1 15 45 100

380 0.25 05 1 15 8 0.7 1 9 3 55
290 03 05 100 10 10 0.7 1 1200 35 280

. 320 027 05 10 5 15 0.73 1 150 20 45
Yamamoto| 600C 8 hFC 55, 04 05 10 1 2 | 06 1 2 10 10
380 0.12 05 1 1 1 0.82 1 4 5 5
290 03 05 100 5 20 0.7 1 1500 28 900
. 320 03 05 16 5 15 0.7 1 38 28 360

600C 8 hWQ 350 042 05 10 1 2 058 1 14 3 %

380 0.13 05 1 1 1 0.87 1 3 26 6
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Fig. 8 Superimposition of the new rate equation on
the experimental data, which is the normalized
electrical conductivity, A EC using the values
shown in Table 2, which are the same with Table
1 except for A and B.
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Table 2\IR L72EAUZEETO A, Bl iuT@@Eﬁ
TLIZR RS Zholz, HEEFHHHOMT, 600C
/8 h WQUIMIESUREEAML, 7ol Kk
FHIT, WFhoy —F v V& TLBRMELEENE
WML TWwb, BEEFELOMTFig 12%R3 X
I I WEORTF OEHEALAHEST L, BESLRIERM T
WEHEAEASE T L, Fig 21387 X ) ISk RICDH -
7z a -AlFeSiSRNICEEI L, B L Th7zgkRib vk
DL L TR OBEALDSHEIT L 722 LIRS T 5 D
DEEZEZOND, BRIZGEEN S IIWELR,D1ED
NORDPo TS ERDD 5 Z &b o 7275,
Z O AEELRE T OBRACIIREEE I T T3 BHI N & <,
FoBEHIRIFHIZO W IR RE TR E2O TS O
R DB Wz BELE EO-BAIREE TO MG
BREOMNTIZSHOTEE Lz,

6.2 /NT X —HZDYEEIEKR
6.2.1 #EHn
RIZINHDINTG A—=FITDODNWTELET 5, Table 1
VR L7z & 918, IR TIZMBL#EFE TR TR
=057T, HHEHEBIETI R Tuy=1TEDbT I L2s
“C‘%f:o L, IMAR T, midv—Fv74%
PR BESIIRE T 05 ~ 20 HPHOMEZ /R L, nsd FERIZ
2~5DHPHDMEE IR L —EIZ% 5%\ AL )
L2 ) IS IMARITH FRBOEFmMEhz2 L1
Lo TmRnzlI—FEDME % 5o X BIFER 45
T HH T 2 A O OB IEEARWICE T TY —F

Table 2 Values of parameters of new rate equation (Yamamoto's equation) applied to curve-fitting of the experimental

data of electrical conductivity (normalized) in Fig. 8.

Equation Soaking Anr(l%)l ng A n 71 ny T B n; T3 n T4
No soaking 0.2 05 10 2 1 0.7 1 15 45 100

Yamamoto| 600C 8 h FC 350 0.2 0.5 10 2 0.6 1 22 10 10
600C 8 h WQ 0.05 0.5 10 1 2 0.75 1 14 3 25
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6.2.3 RICDFEMET RILF—

WIS, FIBOREERD ST AV F— 25 L,
A OB 2 ZET Do MR & PR BRI
WT, &Y —F Y TEMEICONT, H#miﬁznmmfﬁ%ﬂﬁ
D HTEPAL T AN F =% RO 72, BB OFH
LAV F—1362.0 k]/mol T, FiilihwFEiL86.7 kJ/
mol THh o720 M7 NI 2AORMPIEE L LTIt
JWHREBKTHY, TVI=ZT 2B 2ITWE,
ROWHOE L= ANV F =1, FHICE D LITWE
1249124 ~ 136 kJ/mol, #3135 ~ 258 kJ/mol®, J#
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PEAL T AV F — TS A T LB RS LE DG AL
IANF @RI L DS, 270 PBERE
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T L IZEHOR S N72TEEAL T 4OV F — 134T IL L
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AL RV F = SHIT§ 5 & FRE A IIE T L L

Twilbﬁﬁwl$W$~®ﬁéwﬁ®Mﬁﬁ¢

HMLTWDLEEZ LML, HIH - R MICEY, B
Table 3 Activation energies of recovery and recrystallization

processes obtained from the linear approximation of
the plots between log 7 and 1/T.

Linear approximation (log7-1/T) | Activation

Process No 600°C 600°C A energy E
soaking | 8hFC | 8hwqQ |“*V¢r@&€| (kJ/mol)

Recovery 7502 7346 7570 7473 62.0
Recystallization| 12147 10133 9040 10440 86.7
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Effect of Micro-Voids on Crack Initiation and Propagation in Bending

Yusuke Yamamoto™*, Mineo Asano**, Hideo Yoshida***, Masakazu Kobayashi

AL-Mg-Si R & EDOMT LRI OBREIAES X O
GRS RIZT I 7 0k 4 PO

WA g, LB A SFHOERE, IR, Bz e

Deformation of Al-Mg-Si Alloy Sheets*

eskokok

and Hiroyuki Toda

The crack initiation and the propagation during bending have been considered to be affected by second
phase particles with micro-voids and a shear-band. However, the effect of second phase particle distribution
on formation of micro-voids, and the effect of micro-voids on crack initiation and propagation during
bending have not been fully investigated. In this study, the effect of second phase particle distribution on
the formation of micro-voids, and the effect of the micro-voids on crack initiation and the propagation
during bending were investigated by using the largest synchrotron radiation facility “SPring-8” and
FE-SEM/EBSD. With increasing the bending ratio, micro-voids were increased around the coarse particles
nearby the outer surface. In particular, coarse micro-voids were formed around the coarse particles with
high aspect ratio on the shear-bands. At a large cracking part, the coarse micro-void was observed at the
outmost layer section as a crack initiation site, and coarse micro-voids and a sheared fracture surface were
observed at a crack propagation site. At a small cracking part with no propagation, cube orientation grains
were located under the small crack. It was considered that these cube orientation grains inhibited the
formation of the shear-bands, therefore propagation of cracks did not occur at the small cracking area.

Keywords: Al-Mg-Si alloy, bending, micro-void, second phase particle, crack propagation, X-ray
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Fig. 1 Appearance and schematic diagrams of a bending
test sample.
(a) Appearance of the sample surface.
(b) and (c) Schematic diagram for sample
preparation.
(b) For tomography measurement.
(c) For SEM observation.
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Fig. 2 Schematic diagram of a sample setting for the
tomography measurement.

1 2 Wi 2 SRIR L, 5% UWNE 25 S b X9, Fig. 1(c)
RS EHICrzarkryarE )y yvy— (CP) %
HWTArA A XYW L72. ZOYRHIC B
T, SEM @i X NEBSD ##T % 17 - 72,

3. HRERBLUEE

31 I70KANOFK

Fig. 31y aBe e vin il o S e i i fg b & OF
CTHrEBEEZRd. MEANRLE THEFLAHN
(fracture), RHTZ < O (localized necking) /s
I (crack), HNFINTERAMEZ B 72 2T A3 Bi%E
ENTze A-ABTEICEIT S CTHIESRIE, JEX5 um#%
HRAGDELGTHY, BREBIZ0R, FThb,
370K FiE, REEHETHFIEREINTED,
Fig. 3 (b) HIZKEIT/RT & 9 IR < OISO
ER FECTHRZ I ZuRA FARK STz, il
E R 228, KT CNEROER 1 Tld& A B

56 UACJ Technical Reports, Vol.1 (2014)



Al-Mg-SiZ & EDMF LB MM OBERIEEDL L RIS KIEZT I 7 0R, FORE

AERESNTEBY, AN ETI 2 aR, FOBK
DEHETH o720

F72, 370K, FORELNOGAIERT 5L,
Iz uRS FEERBERETE L, WEATTHD L
7%, BURALGECHEERIIN L 720 Fig. 412HIFHBO
EWRIZ BT 5 R E 1R % /R T, EDSHH ORI,
BRI 70K F, [ ALFe-SURHLFTdh - 720
Fig. 3I/RL72CTHIREGE L MBS, I 7084 g
JEEfE T4 &, BB /4AFTIHA L7z, HEALE
THEMM L7z, S 5 IIHE3/4582 & NG (N
BT 12T, I 70K PRI ALHESR
otz TOXHIBRIZTRS FOGHIREDS,
WERLETER SN2 2084 Fig, iFmTo
EAMBEREKTIEZR L, SFERICEREN/ZI 70
FA FPEEZRDRAL T2 eEZOLNL, L
2L, WERLEO I 7R 4 FigiinFEhossaic
EEEEE L 2wz, BEREROFMIZOWTIES
BoOFEREE L,

Fig. 4o X #8, Y #IHICB W T ALFe-SiRbT-&
I URA FORESA 2 WARFENTIC LD FHIL 720
ZDfER%E Fig. 5183 AlFe-SiRW T2V T, X
PR E D D YHIRD A2 um LT OB T A% o
720 —F, I70XRAL FIZOWT, XHEBL D HYH

Fracture area
Localized necking are
i BT

Crack area

‘ SRy

Localized necking

Fracture area ¢  Crack area
area

Fig. 3 3D perspective views and 3D rendered
tomographic volumes of the bending test sample.
(a) Perspective views.

(b) Rendered tomographic volumes.
Black points are micro-voids.
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Fig. 4 SEM image of the bending test sample through

the gauge.
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Fig. 5 Relation with histogram of Al-Fe-Si particles and
histogram of micro-voids.
(a) X area in Fig. 4. (b) Y area in Fig. 4.

UACJ Technical Reports, Vol.1 (2014) 57



WOHH3 um L FORA FED% <, Al-Fe-SiRb T
LI uRA FORESAPENEEZRLZ, 2O
s, P TE oMU E (5IRET#EE) (2B
%327 0RA FOEEI, Al-Fe-Si%hT- Ok 534
DB ERIZLTWD eSS,

Fig. 62 Fig. 3 DR N HIR O SR B 115 % R
Fo 37 0KRA Fombd L IEh M omic Al-Fe-
SURKLFDAFAE L TV B AT 3% S Bl S 7z LLb
DT ENS, WIFMLEORMItEy, OAl-Fe-Si%k
BF2En, ZoBMIZI 7 aRS FABEKS R,
b L IZ@ALFe-SiRh T & A0 R mE2#BEL, #
BT 7 ukRA ORI zEEZOLND, 22
T, BEHEOCTWEG% T ALFe-SiRbT-£ 370
RA FORBIRE %GR L7225, WiislZ Al-Fe-SiRH
FOVHEETHIZ0RS, LN, 37
ORA FORMZ D %R WHIK 7 Al-Fe-Si;RHb 7 b
5Lt ODBBPENTHL LEZ LN,
COIEH, @A MBI L I 2 a KR4 Fosih
FIMTEORIMIE> TREL 22, @DMgSi ¥ 721
YA RTICHEELTI 2 u RS, FARERESRS 7
—2AbEZOND, SNOLDOEEMHRT L0121,
TN I =T 5 E XBWIREL D 2H/N S W MgSiB &
vy avicLCcHEiEMALZbNES T T 4=
219 E, XORBEORVIIEEIT) 2 LALET
HY, SHEOPELE Lz,

Fig. 72T < ONAHIS O EBSD RHT#E B %2 78§ o
Jifi#E15° D o KA E B TR L, CIME (g &
NI OEHEM, AfEIZ 1) 01 LT oI AT
FoR Lize BT & 200 LA @ Cube i fikLiE 7 L
—THER L7z CHEAO0ILUT &2 27— 21, £
AL LT 5, JE TR B, 4B 2HR T 5 F1E
LTWBEEZLNDD, KHED X 51 ikaDWr

L

Fig. 6 SEM image of the localized necking area.
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Fig. 7 Crystal orientation map at the localized necking
area.Black lines are large angle grain boundaries
>15°. Black area is the area of CI value < 0.1.
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Fig. 8 Scatter diagram of Al-Fe-Si particles.
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Fig. 10 Fracture surface morphology at the fracture area.
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Fig. 11 SEM image of the crack area.
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Fig. 13 Schematic diagrams showing cause of the crack by
the bending process.
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(b) After cracking.
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Development of Single Skin Structures
which Have an Isotropic High-bending Stiffness®

Masaya Takahashi**

Aluminum honeycomb panels have been used for various industrial applications because of their high-

bending stiffness for weight. However, honeycomb panels are too expensive to use in mass production

such as automobiles. In order to reduce the manufacturing cost of high-stiffness panels, I have developed

single skin structures which are easy to make by sheet metal forming using aluminum sheets. This paper

presents the method to create structure patterns which have an isotropic high-bending stiffness. Finite

element analyses and experimental tests were conducted in order to investigate the bending behavior of

the structures. As a result, it was shown that the developed single skin structures have a high-bending

stiffness in any bending orientations and enable more than 50 percent of weight reduction in comparison

to a flat sheet under the same bending stiffness conditions.

Keywords: design, structure, high stiffness, bending stiffness

1. Introduction

Aluminum honeycomb panels are recognized as
lightweight panels with a high-bending stiffness and
have been used for various industrial applications
since around 1950 V.

Weight reduction in all products is an important
issue in order to build a sustainable society. In
particular, the problem of automotive weight
reduction is getting more important to improve fuel
economy and driving performance. However, the
manufacturing cost of honeycomb panels is very high.
In order to use high-stiffness panels, such as
honeycomb panels, in mass production, it is necessary
to reduce the cost of these panels.

Corrugated sheets are used for other conventional
high-stiffness panels. Corrugated sheets are commonly
used as high-bending stiffness panels in mass
production because their manufacturing costs are low.
However, there is a problem that these sheets have an
anisotropic bending stiffness. In order to solve this
problem, I have developed new structure patterns

which have an isotropic high-bending stiffness?.

2. Creation of new high-stiffness structure

Aluminum honeycomb panels consist of two
aluminum face sheets and an aluminum honeycomb
core and adhesives.

The panels need to be heated in order to bond the
face sheets to the core, therefore, the manufacturing
cost of the honeycomb panels becomes high.

There are also other high-stiffness panels, corrugated
sheets and dimpled sheets. These single skin structures
are more suitable for mass production than honeycomb
panels, because they are easy to be made by sheet
metal forming with a low manufacturing cost.

Corrugated sheets are frequently used as high-
stiffness panels in many applications. However,
corrugated sheets have an extremely anisotropic
bending stiffness, because the second moment of area
of the sheet is very high in one direction and very
low in the other direction.

Dimpled sheets are another inexpensive type of
high-stiffness panels. The bending stiffness of dimpled
sheets is about several times higher than that of the

flat sheet in any in-plane orientations®. There are

*
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many concave-convex shapes of dimpled sheets.
However, it has not been clarified which optimal
concave-convex shapes can maximize the bending
stiffness of the sheet.

There are always demands for improving the
bending stiffness of a sheet at higher levels than ever
before. In various machines and appliances as well as
automobiles, there are demands for minimizing the
weight of the material to reduce the material cost.

In order to make single skin structures which have
a high-bending stiffness in all orientations, I have
designed new structure shapes which have a high
second moment of area in an arbitrary cross section.
In this chapter, I present a method to create these
shapes.

Fig. 1 shows a schematic corrugated sheet. The
black part is a convex section and the white part is a
concave section. Fig. 2 shows the fundamental region
of the schematic corrugated sheet. The fundamental
region has an anisotropic bending stiffness. In order
to create single skin structures, which have an
isotropic high-bending stiffness, I designed a unit
pattern using the fundamental region of the

corrugated sheet. Fig. 3 shows the unit pattern which

Fig. 1 Corrugated sheet.

Fig. 4 A-pattern.

Fig. 2 Fundamental region.

Fig. 5 B-pattern.

was created by rotating and copying the fundamental
region at 90 degree intervals. The structure of the
unit pattern could have a high second moment of
area in the arbitrary cross sections.

Fig. 4 through Fig. 6 show continuous patterns
which are created by copying the unit pattern. The
A-pattern is created by spreading the unit pattern, as
shown Fig. 4. The B-pattern is created by putting the
unit pattern in the line symmetry, as shown Fig. 5.
The C-pattern is created by rotating the unit pattern
at 90 degree intervals, as shown Fig. 6. Various
patterns can be produced using the unit pattern. The
concave-convex shapes of these patterns could have a
high-bending stiffness in all in-plane orientations,
because the arbitrary cross sections of these shapes

have a high second moment of area.

3. Finite element analysis

I calculated the bending stiffness of the concave-
convex shapes of these patterns using the finite
element analysis of a cantilever structure in different
bending orientations. Fig. 7 shows the cantilevers of

the A-pattern of which the bending orientations are

Fig. 3 Unit pattern for isotropic bending stiffness.

Fig. 6 C-pattern.
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in the 0 and 45 degree directions. These sheet sizes
are 120 mm long and 120 mm wide. Finite element
analyses were performed in the cases when the
bending orientations of the cantilever were changed
in directions from 0 to 90 degrees in 15 degree
intervals. In the finite element model of the cantilever,
the one end of the sheet is fixed, and the other end of
the sheet is free. The bending deflections D: of the
free end of the cantilever was calculated when the
load F (1 N) was applied. The bending stiffness of the
flat sheet S; was calculated from the bending

deflection Dy and the load F as shown in equation (1).

s, :%f M

The bending stiffness of the concave-convex sheet
S. was calculated from the bending deflection D. and

the load F as shown in equation (2).

Rigid bar element

Load (IN)

Fixed end

(a) Bending orientation of 0 degrees

Rigid bar element Load (IN)

Fixed end

(b) Bending orientation of 45 degrees

Fig. 7 FE model of cantilever of A-pattern.

ST @)

The relative bending stiffness R is defined in

equation (3).

Fig. 8 shows the dimensions of the unit pattern.
The depth of the concave-convex shapes h is 2.0 mm.
The depth does not include the thickness of the sheet.
The incline angle between the top surface and the
side surface 6 is 45 degrees. The length of each side
of the unit pattern L is 24 mm. A concave-convex
shape is formed by sheet metal forming using an
aluminum alloy 3004-O sheet whose thickness before
forming was 0.3 mm. The volume of the sheet is
constant before and after forming. Based on the rate
of increase in the surface area, the sheet thickness
after forming is determined as follows: the thickness
of the A-pattern is 0.265 mm, that of the B-pattern is
0.273 mm and that of the C-pattern is 0.264 mm. For
simplicity, I did not consider the thickness
distribution.

Fig. 9 shows the bending deflection of the
A-pattern, the B-pattern, the C-pattern and the flat
sheet with different bending orientations. Fig. 10
shows the relative bending stiffness of the patterned
structures and the flat sheet with different bending
orientations. The relative bending stiffness of the
A-pattern is 6.7 to 12.1, that of the B-pattern is 10.8 to
16.1 and that of the C-pattern is 8.6 to 9.2.

It turned out that the C-pattern has an extremely

Fig. 8 Dimensions of the unit pattern.
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isotropic bending stiffness and the B-pattern has the

highest bending stiffness of the three patterns.

4. Approach to increase the bending stiffness

4.1 Creation of improved pattern

I conducted trials to further improve the bending
stiffness of the B-pattern by increasing the depth of
the concave-convex shape. The B-pattern is not suited
to increase the depth of the concave-convex shape
because the B-pattern has narrow ribs. Therefore, I
changed the shape of the pattern from the B-pattern
(Fig. 5) to the D-pattern (Fig. 11). The D-pattern has

equal width ribs which are suited to increase the
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Fig. 9 Comparison of bending deflections between flat
sheet and patterned structures.
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Fig. 10 Comparison of relative bending stiffnesses
between the flat sheet and patterned structures.

depth of the concave-convex shape.

Finite element analyses of the cantilevers of the
D-pattern were performed under the same conditions
as the B-pattern in order to compare the difference in
the bending stiffness between the D-pattern and the
B-pattern. As a result, it was found that the bending
stiffness of the D-pattern is almost equivalent to that

of the B-pattern, as shown in Fig. 12.

4.2 Sheet metal forming simulation

The target depth of the D-pattern is 3.0 mm. The
depth is 10 times as long as the thickness of the flat
sheet before forming. One-step finite element analyses
were performed using the concave-convex shape of
the unit pattern to investigate the formability during
the sheet metal forming. Fig. 13 shows the finite
element model of the sheet metal forming. Only a
translation in the vertical direction on the surface is

allowed in the nodes of all four edges of the model.

rdy
15

Fig. 11 D-pattern.

18

14 +
12 +
10 +

+ —E— B-pattern

—&— D-pattern

Relative bending stiffness R

(==} [\ >~ [=7] (o]
L
T

0 15 30 45 60 75 90
Bending orientation/deg.

Fig. 12 Comparison of the relative bending stiffnesses
between the B-pattern and the D-pattern whose
depth are both 2.0 mm.

66 UACJ Technical Reports, Vol.1 (2014)



Development of Single Skin Structures which have Isotropic High-bending Stiffness

The stress-strain curve and the forming limit curve
for the sheet metal forming are shown in Fig. 14 and
Fig. 15. Sheet metal forming simulations were
conducted at 30, 45 and 60 degrees in the incline
angle. As a result, it is clear that the incline angle of
30 degrees is suitable for the sheet metal forming,

because a fracture could occur when the incline

angles are 45 and 60 degrees, as shown in Fig. 16.

P oo
T e
i
"

ST

Fig. 13 Finite element model for sheet metal forming.
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Fig. 14 Stress-strain curve (3004-O).
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Fig. 15 Forming limit curve (3004-O).

4.3 Three-point bending test

In order to investigate the actual bending stiffness
of the D-pattern, I made a concave-convex sheet with
the D-pattern by sheet metal forming using the
aluminum alloy 3004-O sheet, as shown in Fig. 17.
Fig. 18 shows a photograph of the three-point
bending test. The specimen, which was 100 mm in
width and 100 mm in length, was placed on two
supporting pins that were 90 mm apart. The loading
force was applied to the middle of the two supporting
pins. Fig. 19 shows a comparison of the load versus
deflection curves of the D-patterns whose bending
orientations were 0 degrees and 45 degrees. The
bending stiffness of the D-pattern was 13.2 N/mm to
225 N/mm, and that of the flat sheet was 1.0 N/mm.
Hence, the relative bending stiffness R was 13.2 to
22.5.

Failure

Marginal failure

Safety

(a) Inclineangle of 30 degrees

Failure

Marginal failure

Safety

(b) Inclineangle of 45 degrees

Failure

ifiizaseiass
3

Marginal failure

Safety

(c) Inclineangle of 60 degrees

Fig. 16 Simulation results of sheet metal forming.
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(a) Plain view (b) Side perspective view

Fig. 17 Concave-convex sheet of D-pattern.

Fig. 18 Three-point bending test.

= Flat sheet
D-pattern (0 deg.)
D-pattern (45 deg.)

Load/N

0 1 2 3 4 5 6 7 8 9 10

Displacement/mm

Fig. 19 Load-displacement curves of three-point bending
test.

The weight reduction ratio W is expressed as a
function of the relative bending stiffness R, which is

defined in equation (4).

W(%)=[1— [%RD %100 (4)

Fig. 20 shows the relation between the relative
bending stiffness R and weight reduction ratio W.

The concave-convex sheets with the D-pattern could

70

60 |

50 |

40 |

30

20 |

10 |

Weight redction ratio W (%)

0 2 4 6 8 10 12 14 16 18 20
Relative bending stiffness ratio R

Fig. 20 Relation between relative bending stiffness and
weight reduction ratio.

provide a weight reduction of more than 57 percent
in comparison to a flat sheet under the same bending

stiffness condition.

5. Conclusion

In various machines and appliances, there is a
demand for improving the bending stiffness of the
sheet material to higher levels. In order to solve this
problem, I have developed new single skin structures
which have an isotropic bending stiffness. Finite
element analyses and experimental results showed
that the single skin structures could halve the weight
of flat sheet under the same bending stiffness

conditions.
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Effects of Aging Conditions on Creep Behavior of an Al-Mg-Si Alloy*
Makoto Ando** Akio Niikura**, Yoshikazu Suzuki**** and Goroh Itoh*****

Creep behavior of an Al-0.3%Mg-0.5%Si alloy affected by aging condition was investigated to obtain
fundamental knowledge on the thermal stability in the service temperature range for the precipitation-
hardened aluminum heat-exchanger. The alloy was aged at 175C for 3 h (under-aged; the specimen will
be termed “UA specimen”) and 24 h (peak-aged; “PA specimen” ), after solution treatment. These
specimens were subjected to creep testing at temperatures of 150C and 200C . When the creep
temperature was 150C , the UA specimen showed a lower creep rate than that of the PA specimen. On
the other hand, when the creep temperature was 200C , both specimens showed almost the same creep
rate. In accordance with the higher creep resistance, TEM images demonstrated that fine precipitates
were formed in the UA specimen, but not in the PA specimen, during creep testing at 150C . These
results suggest that the higher creep resistance of the UA specimen is derived from the dynamic
precipitation, probably transition from clusters to needle-shaped precipitates, during creep deformation
that increases the numerical density of the precipitates because the testing temperature is lower than the
aging temperature. When the creep temperature is 200C , higher than the aging temperature, however,
the dynamic precipitation does not increase the numerical density of the precipitates, since the UA
specimen as well as PA specimen is immediately over-aged at an early stage of the testing.

Keywords: creep, age hardening, heat exchanger, high temperature deformation.
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Fig. 1 Schematic illustration of a high-pressure hydrogen
storage cylinder.
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Table 1 Chemical compositions of Al-Mg (-Cu) alloys.

(mass%)

Mg Cu Fe Si Ti Al
Al-25Mg-Cu | 251 | 041 | 003 | 002 | 001
Al-5.0Mg 494 | 000 | 006 | 002 | 001 Bal.
Al50Mg-Cu | 498 | 040 | 003 | 002 | 001

Fig. 2 Microstructure images of (a) A25%Mg, (b) Al-25%Mg-
04%Cu, (c) AF50%Mg and (d) Al5.0%Mg-04%Cu.

Table 2 Mechanical properties of Al-Mg (-Cu) alloys.

TS YS EL

(MPa) (MPa) (%)

Al-25Mg 168 56 30.0
Al-25Mg-Cu 199 70 333
Al-5.0Mg 244 97 32.8
Al-5.0Mg-Cu 279 120 31.8

| Sample A (t=1.0 mm) |

l l

| Cold rolling (t=0.8 mm) |

Stabilization
treatment

(230°C for 7 h)

I

Sensitization treatment
(150C for 64 h)

| Sample B | | Sample C |

Fig. 3 Schematic diagram showing two series of
experimental procedures.

Table 3 Mechanical properties of heat treated Al-Mg
(-Cu) alloys.

TS YS EL
Treatment Alloy (MPa) (MPa) (%)
Al-5.0Mg 264 158 233

Sample B
Al-5.0Mg-Cu 335 232 21.1
Al-50Mg 261 155 244

Sample C
Al-5.0g-Cu 326 222 18.2
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Fig. 4 Schematic diagrams of a specimen surfaces during
the SSRT tests under high-pressure gas and
under experimental humidity.
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Fig. 5 Tensile specimen for the SSRT test.
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Fig. 6 IndexI () of embrittlement susceptibility by
the SSRT tests at a strain rate of 6.94 < 107s™.

Fig. 7 SEM images showing the fracture surfaces of
the Al-5.0%Mg-0.4%Cu. Specimens were tested
at a strain rate of 6.94 x 107s? in (a) moist air
(RH90%) , (b) dry nitrogen gas (DNG).

DR FEMeALEZ I B Z R 3o KEMAL & 7R 3 7075-
T6 M 2 & 1% & N7 KR AL R Z R B D 0490 & ik
L, Al-MgRaaikEoRkERIHERTE L KL,
Mz CTHATHE TH® 5T 5 6061-T6# @ K FE
LBZ AR E D - 0,021 L IZIFFASOETH B 2 &2
5, ALMgRE& XM AKFEMRACIEICEND 2 &35 H
%o B, Culdhlg &k 2 KFEMLIEZE~OZEIZ
Al-Mg R A aHEROKRENACRZ IR BAMR N 2 & A
SHERTE v, Fig. 718, AFEMALEZ IR KA
Bl E 7R L7z AlS.0 Mg-Cud &k to SSRT 5|
AR O 2 SEMIC TBIZ L /R 2R T,
RH90%, DNG DWW I OBE T O SSRT 5 kbR IC B
WTh, BT 4 ¥ T IVEAET LI R IZEOB
HABONTVWDL I ENGHD, TNODREDLPDS,
TRAE AL PR & it L 72 AL-Mg R & 4alkt (A) 13k E ML
R LIS W eI L7,

Fig. 812, RUH O Mg &3 (A), St
it L 7w Mg &4k (B), S0 R IC % etk
WLBR % i 2 72 Mg 43k (C) @ RH90% 3 & O'DNG
B TIC BT % SSRT 5 BRAREBR O ) — ZE Rk IX & 7R
To ZORRTIE, FBACLILD A% AT - 7230k (B)
Tlx, DNGEHE T oM~ TRH0% B8 T Tl
MO FHRDONL, —F, RECLIH AN Z 72

78 UACJ Technical Reports, Vol.1 (2014)



KEREARMT VI =y A5 E&0OFMB L OB

#E (C) TiE, RHI0% BRI & 2 OO T 23] S
NTWBEZEDRGh Db, ZORERIZBIT 5 KENALE
ZVEARE R Fig. 91" § . SUBALALILIC X Y RFE AL
&AL % 505, RELLEZMA 252 EI12XD
KFEWALEZ ORIz S b, 2 D RHI% BHE
TOSSRT 5 I5RRERIC BT 2 SLBALL I O Fok (B)
B L OB DK (C) DI % SEM IZ T#i%s
L7z#5 R % Fig. 1013775, BH O TR A 725K
2, RRENELAT BRMENRBHABE IS, 2
DR FENDBIN TV L HIRO R Z KT 5 &, 8
BALLELR DK (B) O T AL &0, REfbiL
P X 2 Mtk 2 B3 o R % W) 3 2 R R Asgi b
%o BAHOHHIREZ MR T 5720, %k o TEM#E
BEITWVFig. 112872, WFho THROEmMgaEER
FHEBWTHRA LI ALMg RILEWTH % B HIAHT
HMLTWDZ 29 h5b, 51T, RE[LALIEZ Nz

'S
=3
S

(a) Sample A '

w
=3
S

Sample A : without heat treatment
Sample B : with sensitization treatment

1 Sample C : with stabilization treatment before
RH90% sensitization treatment

0 2 4 6 8 10

Displacement /mm

N

=1

S
T

Stress /MPa

—_
IS
S

=)

s
IS
S
'S
1=
S

& (b) Sample B & (c) Sample C
S 300t 1 S 300} .
o~
2 P
2 200} 1 2 200} 1
pa} =}
100 o |1 100 — NG|
—RH90% ——RH90%
0 — 0

0 2 1 6 8§ 10 ‘02z 1T 6 8§ 10
Displacement /mm Displacement /mm

Fig. 8 Stress-displacement curves of Al-5.0%Mg based
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Fig. 9 IndexI () of the embrittlement susceptibility
of Al-5.0%Mg alloys based on the SSRT tests at a
strain rate of 6.94 < 107 ™.
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Fig. 10 SEM images showing fracture surfaces of the
Al-5.0%Mg alloys. Specimens were tested at a
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Fig. 2 (a) Nyquist and (b) Bode plots of an impedance
spectrum obtained from parallel RC circuit.
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Fig. 3 (a) Schematic diagram of a simple electrode,
(b) equivalent circuit, and (¢) Nyquist plot of a
typical impedance spectrum.
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Fig. 4 (a) Schematic diagram of an electrode with a

uniform oxide film, (b) equivalent circuit, and (c)
Nyquist plot of a typical impedance spectrum.
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Fig. 5 (a) Schematic diagram of an electrode with an oxide
film having a defect, (b) equivalent circuit, and (c)
Nyquist plot of a typical impedance spectrum.
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Fig. 6 (a) Schematic diagram of an electrode with an
adsorbent when reaction rate on the adsorbent is
higher than that on a metal, (b) equivalent circuit,
and (c) Nyquist plot of a typical impedance
spectrum. (d) Schematic diagram of an electrode
with the adsorbent when reaction rate on the
adsorbent is lower than that on the metal, (e)
equivalent circuit, and (f) Nyquist plot of a typical
impedance spectrum.
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Fig. 7 Typical Nyquist plot of a passive aluminum under
potential control at -280 mV (SHE) in 1 mol dm?
H.SO,.
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Fig. 8 (a) Schematic diagram of a passive aluminum
electrode in solutions without aggressive anions
which cause pitting corrosion. (b) Equivalent
circuit.

86 UACJ Technical Reports, Vol.1 (2014)



TVIZTLDBEOBEILEL 09

OB T, oA+ Y FECT=4 ) OWEEE
BT A ENTETHY, /2, WEAF V2 —DIC
BRELEL RV, ZOXHICLTHE L OHREH
A S A W S N EAIRE (SRl ) 2w, 7
V3= A ORI B 2 BB RLER pH O
BENNT LI ENTELY,

4.2 BRI

05 mol dm?*® NaCl# i 1, -1140, -9608 & O
-940 mV (SHE) I s h7zfi7 VI =T 20
Nyquist#tX% Fig. 91273, -1140 mV IZA )1
B, -9608 L 0°-940 mV (SHE) iZLEETH %,
72, LEMOBLZILFEA Y =5 Y AETIE, B
REVSEEEICRTE LWL SIS 5720, KRk
LEMEETSHET G5 h) HHLTHEHEL T
5o AEREMIC BT S Nyquist BEEICBWT, 418k
Fik, ZooFEMNEMNB X F—D2 05 A8
BEhb, —F, LEHBIBVT, FAEEPEHBIY
FEEEHAB =D T OBIFE I NS, COFREL LV
VRS EMATE ISR B IO TIEL R b,
FLENIAEERE B AAAET 2 KL VAL, S oK
& AR (S B X O, SR ozl
D VITEMAIEFCA T 2ERENICEID A6 E
Nb, REAEBTHNIE, 9 L2KIRITWAEL
OH & B LRI E 528, LA TIE, OH
LS WAE S 5 Clas, w0 e FEIK B o615 % B
T2, JLSEET 2%, JLNSBICBWT, T3
=AW T (14) ROBUSIZ & ) ALY ka3
s, HEALNRE LA E L Tk (15) B LY (16) Ko
BOBAET 5 %9,

Al + 3Cl~ — AICl; + 3e (14)
AlCl; + 6H;0 — AICls - 6H.0 (15)
(@) (b)
6000——n 70 —
- AL 10 mVSHE) ° w50 g @8 g A ooy
g 4000|n 05 mol dm?NaCl - © g o g in 05 mol dm? NaCl
S o o S
< ° o <
B o ERU
N 2000(- © o N
b o o o v -10 & 01960 mV(SHE)
0; OQ 90 B0 Opg o o ©-940 mV(SHE)
1 | Il | 1 50 L L L L L L L L L L
0 2000 4000 6000 8000 10000 0 40 80 120 160 200
T/ Qem? T/ Qem?

Fig. 9 Nyquist plot of an aluminum under potential
control at (a) -1140 mV (SHE) in passive region
and (b) -960 and -940 mV (SHE) in pitting
region in 0.5 mol dm® NaCl.
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Fig. 10 (a) Schematic diagram of an aluminum electrode
covered by a salt film. (b) Equivalent circuit.
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Fig. 11 Bode plots of corroded and exposed aluminum
specimens in 0.1 mol dm® Na,SO,.
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Fig. 12 (a) Schematic diagram of a simple aluminum
electrode. (b) Equivalent circuit. (c) Schematic
diagram of a corrode aluminum electrode. (d)
Equivalent circuit.
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Fig. 15 Dependence of internal DC and AC resistance
of a lithium ion battery on storage time. A plane
aluminum foil and NEXB® was used as a current
collector of both active and negative electrodes.
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Fig. 2 Demand of wrought aluminum alloys for automotive use in Japan.
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Fig. 3 CO; emissions on 10-15 modes of passenger
vehicles in Japan.
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Fig. 6 Various mechanical joining methods for auto
bodies.
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Fig. 9 All aluminum spaceframe of Mercedes Benz SLS
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Nissan Skyline

(b) FSW FC subframe for
Honda FCX Clarity

Fig. 11 Subframes manufactured by (1) MIG and (2) FSW.
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Fig. 12 Hybrid spaceframes manufactured of aluminum
and steel of BMW 5 series.
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Fig. 13 FSSW between aluminum and steel sheets.
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Fig. 16 Dissimilar material bodies of CFRP center cabin
with aluminum parts of Maclaren MP4-12C.
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(a)Surface of aluminum sheet  (b) EPMA result of cross
before joining section in interface
after joining

Fig. 17 KO treatment for joining between aluminum and
plastics.
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Fig. 18 Representative automotive heat exchanger.
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Fig. 19 Inverter cooling systems for power control unit.

98 UACJ Technical Reports, Vol.1 (2014)



BREERELICERT STV I =y 25808 BN

I LETH LY, ZoFHTIE, BEEOL W
EURZETEZRONIZAR=ZATHIL 2T NIER S
Rz, ERIRPLD 7% < BN E D B BRI R R
FFHERDB L OO BIS ) ORI ALEET
Hrbo Fiz, BHMMITENOA LR WEEFMEO S WE
BEATH T ENRLET, &LV OBEEERR AR
OHND,

NA Ty FIERLERHBHTIE, Ehotki L E
ﬁ@#ﬁ%f@éo%mW&&é7wi:@A%®%
BIEBEREED, r—A0BELMEKOEAEICIE
—FHBEEIHONTWD, I TOHEAIS i%@%"
EWNLRENTHBLENTWD A, I TIIERMRTDH
BINZAN—DD S TV I =7 AANDA R HE
N, TVIZAEHORMEBBECVEIII R > T
&72o —O®J)EE LT, Fig. 201283 3T2EGEFSW
MEBOAAPEHEIN TS, T I =7 A LIRS
Dlfp Itz £ TR9 <, Bl CIRTREE R 258 L v
5, BWELL B2 WFSWTHNIEHF 2R E2AE TS S
ERLBADRRTH D0, ERLSHHFETE 5,
CORMERBRTEIMEBO T I va -2k L
TORBEDET L7720, LTI —ﬁAwi%AﬁMi
WA THEOGEFRLOHEGE LI wEIZHERT
5o

[N o)

Fig. 21 IZRE R O 1 EE & AL R S B72 ) o F
MR R OMBRERT Y, FEEROFHERIIEEICT
VI AEEVEDIT WS, Fig. 22128 T
EHEE AR T o REDOHBMTE VONHZED Y TV
A X IIEM 2R TG AT — 7 45T %

WETdhy, HEO N —F 2L THEEOMBIE
MaEGE L THAROBEZIT) 2 H D, A9 fn
=71 734 )V (brazed honeycomb panel) #§i& X #1 X

DEK%%%Wﬁf%bam%%?ﬁ’ﬁménto
BEEHDO) =T E—F —Hh—I121F, Pilerihs & cp

Xf’\*‘/i‘ﬁf‘:7I/—A7b‘f‘o&61‘%1_i7‘ﬁ<)ﬂ°éhfwéﬁf
MEHTHONL YRy VEATIERL, AMY ¥
H—ARE %o 72 ASFSW THLA T H T
2b00H 5, PEEWITIEFHOANOEREEDLS

, EBARDLHENESWIAEMZH WS Z EIZX )2
IO D 7 VI R BEAR DM AT THETETDH %,
Fig. 23 1Z8BEH~DOFSW OFIHBITH % 23,
WA 720)

B
Th <, KRBOBALWERRM A N— 12D [T

Weld center

Al ——se—Cu

Cross section of weld

>
=
N

Eutectic |
layer
: =100nm,
ey
Z Cu |
3 v~
| Al — E
\ S
[ N
J; H
- :
0.00 Distance 0.89 um
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Relation between maximum speed and weight of railway car bobies.
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Fig. 23 Railway vehicle parts manufactured by FSW.
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Fig. 24 Brazed honey-comb panels for rolling stocks.
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Fig. 25 Reinforced and textured adhesive sandwich panel.
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Fig. 28 Hollow construction by the self-reacting FSW
technology for a H-IIB rocket fuel tank.
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Table 1 Research progress in material science.

. . Thermodynamics o L .
Experimental technique Y Precipitation Recrystallization Work hardening
(Phase diagram)
1853 Sorby: Microstructure . e 1829 Savart: Softening by annealing
: 1855 Fick: Diffusion Iz
observation 1873 Gibbs: Thermo dynamics 855 Fick: Diffusion law

1887 le Chatelier: DTA 1889 Arrhenius: Thermal activation
law

1912 Laue&Bragg: X-ray
diffraction

theory
1931 Ruska: TEM 1936 Hansen: Phase diagram

1935 Knoll: SEM
(1950’s - Commercial SEM) (1970’s - CALPHAD)
(1960’s - Commercial TEM)

1984 Dingley: SEM-EBSD 1991 Hillert: ThermoCalc
model

1906 Wilm: Age hardening

1926 Volmer&Webwer: Nucleation

1935 Becker: Nucleation theory

1937 Guinier&Preston: G.P. zone
1949 Zener: Growth law

1960 Wagner: Ostwald ripening

1961 Chan&Hilliard: Spinodal
decomposition
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by the vertex model, (a) initial state composed
of subgrains, (b) partial recrystallized
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Fig. 4 Calculated evolution of the particle size distribution
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3003 alloy (after heating at 20C /s) ?
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Fig. 7 Linkage of material development.
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Fig. 1 Case studies of numerical simulation on DC casting process in UAC] Corporation.
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Fig. 2 Thermal fluid dynamic analysis model of the
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Fig. 7 Calculated temperature and butt curl growth
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Fig. 8 Calculated temperature and stress distributions at butt curl saturation”.
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(b) Low temperature oxy-fuel burner

Fig. 11 Temperature contours in the horizontal middle
plane'.
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Fig. 14 Calculated dendrite growth behaviors in three
ALSi binary alloys'?.
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High Performance Pre-coated Aluminum Sheets

Takehiro Ozawa*
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Fig. 1 Formation of the high performance pre-coated
aluminum sheet.
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Fig. 2 Heat radiation of the heat dissipating pre-coated
aluminum sheet.
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Fig. 3 Adhesive strength of the adhesive pre-coated
aluminum sheet.
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Fig. 4 Uses of the high performance pre-coated
aluminum sheets.
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High Adhesive Aluminum Sheets "KO Processing Sheets"

Shinichi Hasegawa*
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Fig. 1 Schematic diagram of the KO process.
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Fig. 5 Change in tape peel strength of the KO
processing sheets left in air at room temperature.
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Aluminum Foil for Lithium-ion Battery Current Collector

Tetsuya Motoi*, Hiroki Tanaka® and Osamu Katoh*
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Fig. 1 Schematic schematic of a lithium-ion battery LIB cell.
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Fig. 2 Schematic showing of a LIB containing an
intercalation cathode on an aluminum current
collector, an electrolytic solution containing a
lithium salt, and a graphite anode on a copper
current collector.
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Fig. 3 Tensile strength and conductivity of the developed
aluminum alloy foil for the LIB current collector.
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Table 1 Mechanical properties and conductivity of the aluminum alloy foils for the LIB current collector.

Al Mechanical properties Conductivity
0
Y TS (MPa) | YS (MPa) EL (%) (%IACS)
Development foil A730H (1100) 290 250 4.0 56
P 1C32 (IN30) 230 200 45 58
1N30 185 165 45 58
Conventional foil 1085 180 165 5.0 60
3003 270 240 3.0 47
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Fig. 4 The surface profiles of aluminum alloy foils for the LIB current collector.
(a) Advanced Surface Profile Aluminum Foil (Developed)

(b) Plain Aluminum Foil (Conventional)
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Fig. 5 Repertory of the ASP aluminum foil.
(a) Ra: 0.3 um, (b) Ra: 0.6 um, (c) Ra: 1.2 um
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Fig. 6 Adhesion improvement of anode materials by the
ASP aluminum foil.
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Fig. 7 Resistance component measurement result by the
electrochemical impedance spectroscopy, EIS.
R1: Contact resistance
R2: Charge transfer resistance due to an
intercalation reaction of the lithium ion
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Fig. 8 Discharge curves of the current collectors using
“ASP aluminum foil” and “Plain foil” .
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Fig. 9 Outward appearance of the carbon coat foil and
the typical cross section.
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Fig. 10 Surface profile of the carbon coat foil.
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High Formability Aluminum Material for Rapid Blow Forming
“ALNOVI®-U” and its Applications

Tomoyuki Kudo*
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Fig. 1 Schematic of a typical a blow forming.
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Fig. 2 Relationship between grain size and elongation
(Structure of cross-section surface is shown).

(¥k) UACT  AMBHZERR

Human Resources Development Department, UAC] Corporation

UACJ Technical Reports, Vol.1 (2014) 131



kD 7 v — M ECTdH 5 ALNOVI-1 CFIE555 ik
8 um) Mk D 518244 CHFIKESRE16 um) &It
BLTHMMARRARNEAEL TV I L bh 5,
ALNOVI-U DI M 7 8 SRS B R SR TR DR
m, BLOEESRMEORBLICIDERKLZZDDOTH
%o

4. ALNOVI-U D45t

Fig. 313 ALNOVIL-U & fek 448 ALNOVI-1 @ i
JE L O ARHMEEIC T 2 M EEOBRE R L2d O
THbo ALNOVI-UIRGERM & LT, &b &dgk
¥, MEEZETOEVWEEZRT I L2505,
ALNOVI-LZ KR E 470C i { TRADM O Z /1" ¥
7%, ALNOVI-U Z W UE R E % 40 ~ 50T FiF
T3 ALNOVI- & FSEOMUNHE S5 20, BB
FEOKLZX S Z LA TE B, T2 ALNOVI-LIZHT
L, OFAEEZ2~3 L LTOREOMODHES
N5, WIEHMZ 1/2 ~ 1/3 12T 52 AT
7 u— IO AN A RIS 32 2 LA EETH
Bo F—MIICT VI = AE SRR 2B T
HBIEFEERIBIBEL BB EEbNT V5, MM
A3 % ALNOVI-U DRI RIS T TB X 2160
MPak, 5000 R &4 L LTIIEWlREZALTED,
HEYHAM 2 2T LS %KD 515 SR~ i
LHETH %o

5. ALNOVI-UMDY I 2L —2 3 o Hiff

F72, B TIEIMERHIEZ ) T% < ALNOVI-U % H

400

350
ALNOVI-1 (470C)

3
= 300 <
R ALNOVI-1 (450C) ™.,
- ~
<
g
1S 250
m
ALNOVI-U (470C)
200 !
B ALNOVI-U (450C)
N 1
om ALNOVI-U (430C)
150 — S
0.0001 0.001 0.01 0.1 1

Strain rate/sec ™

Fig. 3 Relationship between forming temperature, strain
rate and elongation of ALNOVI-1 and U.
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Fig. 4 Thickness distributions of actual blow formed
panels and the simulation calculation results.
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compression test and the simulation calculation
results. Different thickness distributions of (A)-(C)
are used in the simulation.

(A) Constant thickness (Maximum value after

forming) Tk 89T (Tomoyuki Kudo)
(B) Thickness distribution calculated by the blow g (k) UACJ  AMBIZER

forming simulation.
(C) Constant thickness (Minimum value after
forming)

ALNOVI-U

Fig. 6 The component made of ALNOVI-U (Cowling of
model bike by MMP. Co.).
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Development of a High Strength Aluminum Pipe and
a Processing Method for Motorcycle Suspensions

Katsuya Kato*
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Fig. 1 A front fork for motorcycles.
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Fig. 2 The shape of an outer tube.
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Table 1 Tensile properties of the A6061 alloy outer tube.

Tensile strength| Yield strength | Elongation

(MPa) (MPa) (%)
T8 temper 365~385 340~370 approx. 12
TMT process 400~410 370~380 approx. 12
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Si-ring in Commercially Pure Aluminum

Hideo Yoshida™*

#304ERT, M7V I =7 41050 O % I ELEAS O BESE Ly ar) y @Ay, 3B0CTIIBESINE
2 & BHALKEE 2R L TWT, Fig. LIIRT X9 % Vo 2OV AV Y TORIIMATHRELDES )
2I5CHETRIIMUN T B BBRE ROz, b EFRTWL &, Fig. 3 a), b) »5bh5b L) I
HAHAMBEIIEAOP NI DL WER S, T VDA R EHe SO Ay 7k
W25 9 &, BREHAOKRINME A I 7 ok % Big BRI SRR O HAE T > ) 3 v 25) ¥ 7RI
LTwzn, BuHROKTFOLOPHELHY, & Fo2bDTEHMATH L I LB bhr o722 Y,
NET I HE LD DT LA LENLENS EMBECEE Ld 5 VIS E > 727 4 Ea'~
X720 SEMTHIZT 5L 2o+ ¥ 7RISR MUy 7 AR SHE N, EOR TR 72 LI
TWTC, EDSHHiETHE A HZENIMTL % (LT, WL CHABBZMH L, BHELTL2 L TRAZE
Iz )ay )y 7LIfER), ZhidmMhrd b L# NTWLZEFRbh b, EoITHEHIETIEERD FERICHE
Z, SHIZTEM Cil&ZE 33072, B« BT LT L %o Fig. 410055 SR RS RAT L 72 8%

TEM THIET 5 &, 13 275CHET, Fig. 212 R AFERTY WMEITIE UM KEFEDOHAADE-
RT LD &@%nﬂaﬁ’?ﬁ%ﬂﬂﬁ@ﬁm Zyyaryyr STEM \ﬁfa,?ﬂ;ﬁfr'&fﬂ%}ﬂ‘/‘ﬁo iR A BYAY N kY ST
IR L L BBRINY Y, 2 ORI TR A DSARLFACARAT - AT, BEHEALT 5 2 & THAS AT
& i R O TRRLALER IS 72 > T b, 300C LRIk % RO R B S TV B & OB TR A

Annealing time: 60 min A
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Rolled . o Fig.2 Si rings formed in an 1050 aluminum sheet
Annealing temperature/°C . .
annealed at 275°C. But these rings disappeared at
Fig. 1 Annealing curves of an 1050 cold-rolled sheet. more than 300°C.

[#4)m 1 (64 (2014), 179) DTRDO—H#] ) — XIS iz b DI,

Revision of “Si-ring in pure aluminum” reprinted from “My one shot” series in Journal of Japan Institute of Light Metals, 64
(2014), 179.
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Fig.4 STEM and EDS mapping images of the sample
annealed at 250°C for 50 min. (a) HAADF-STEM
image, (b) Bright field image, and EDS mapping

image of (¢) Si, and (d) Fe.
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2) Fil o, SHWHIEHE, LS BEE, 39(1989), 184-189.
3) AR L, SHHIEHE, LW E AEKESESER 30 (1989),
1-7.
4) FWWA, BAIRER, G HIEHE  BAE, 64 (2014), 279-
284
0.5um 5) FHIIEHE, KAMEIE @ 5124 AN AR BFME (2013),
201.
¢) 200°C/1 h annealed 6) H. Yoshida and Y. Ookubo: Aluminium Alloys 2014-
ICAA14, Trondheim, Materials Science Forum Vols. 796
. . . . (2014) , 734-739.
boundaries, (a) dislocation cells in a cold-rolled 7) HMEHE KAREIE AR, 64(2014). 285291
sheet, (b) Si-ring formed on the dislocation cell 8) ﬂ:fﬂflf&liﬁy FAMEHETE : UACT ’Tech. Rep. ‘1 (2014) '45_54.

boundary annealed at 150°C for 1 h and (c) Si-ring ) HOMARER, RERMEA: EIIFCHE WSIHESS 45 125 AR
left from this boundary annealed at 200°C for 1 h. SEEREE (2013) 117,

Fig.3 Formation of silicon-ring on dislocation cell

WrE LD, HEORESEESTHEEBRLLY, &
DIFENFE T L, ICAAILY TORMIEER [HE
BRI RLY, AREChimfshcnsy, 72
OH275CHHETIRRE 2 D, S HICHIICR S LK
T35, 61, 150CHETIMPOPRBELTL, (Z
LAEMU D HWZ EBAEL D, T HMU DA
NDFEHRIZOWTIE, KEFRSOEFOMET NV—TF
MPHPL LS ELTWAEY, Fig. 37BREEICIHBILS L
7 FRADO—HITH 5,

EHH E# (Hideo Yoshida)
(%) UACJ  #1iTFa S Zern

146 UACJ Technical Reports, Vol.1 (2014)



UAC] Technical Reports, Voll (2014), pp. 147-157

Technical Column

7oAV HoalEdH) 2D 250V3I ¥
— UAC] DWFge it EHH O e AR L —*

WO R

Animation “The Wind Rises (Kaze Tachinu)” and Another Super-
Duralumin, Deciphering from Old UAC]J’s Technical Reports

Hideo Yoshida*™*

1. 1IUBHIC

20134 ke M7z 7 = & [HAZ b da ] 1213, =Dt
ZeREDRRETHEAS, [ERBSR] EARFICA-72 T3
=Y A OHIMEM ZH) 1L THkD TV 5 ¥ — »H3H
T %o A VAV TVBary74%, [Hibda] T
BTV VoML IMOY > TR %EEH 5D
FIEHOY, FLAEMHFEOT A=V a3V
ARy VML B ] TIEE) S0hT, [Runrg,
Vag VI VoML LM EIZEWL b oz ] b
O TVWD, BEERHELNTW A2, aud [l
Ll Fx v R=VHA bPOTE bR ZHAHEL T
b, TOTNVIZTAHERTY2INVIvESRTY
720 TNHBERMICEZYRE I D, V2TV rhb
Y27V ORFEDORERZ M- TS L, [HEALSH
B IR P NI DM TH 2 D%, UAC] DFEAl
BHESRFZE T ICIRAF S T SRR E 0 & B AR
Th%,

LA UAC] OHi & Th 2EKESIE & A A 41,
KPS aitg ORI ez ik eEm, iR L
LTMERHOY 29 VI vBLIU0BMY 25 VI V%
BEL W TH D, €T, BREREL DI
FIHEAEERESB L 20N Th 2 KEE, 1ERM
saE, ERaaaAmMmEn (LT, kLR T) 0
WERZH LI, V2TV IUHhLBYLINI VDR
FEORERZ W THHL, [HZHR]DO%RNPTY 27
WV ESNITEPERMICZYNE) D, TITH
Y L7403 CH 2 002 Gt A i 22 12T %,

2. PZA[RIABH]ICESTS
[33:5L Rakiaryi2

2.1 IR TER & ERBIE

T = A DG T AR, Tk (F U R )
Tld% L, Z2ICED F oL (LM kR,
Fig. 1) ¥, Uitk Ui MBI, Fig. 2)° CTd %,
JURR B O ) T I M R BIRE (1936 47 il 2 HR A,
Fig. 3) ¥, T3k (20 LiBIpg) 2 cFX

VRO

Fig. 1 Experimental 7-shi Carrier-Based Fighter (Gakken
Publishing, Horikoshi Jiro and Zero Fighter, Aug.
Rekishi Gunzo (2013))?

Fig. 2 Experimental 9-shi Single Seat Fighter, Prototype
No.l (Photo, Shigeru Nohara)?

AR, 64(2014), 111-116 1248 & L7z “LM review” (204t

Revision of “LM review” published in Journal of Japan Institute of Light Metals, 64 (2014), 111-116.

* o (Bk)UACT Bt beti7ei

Research & Development Division, UAC] Corporation
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i bER B AR (19404E M UBR ), Fig. 4) ~E%25%,
19324F (BRI 74F) VRS S - Lalliikix, Zom
W F NS, =3 (19204 =28 I REE LG — 1921 45 =
ZEPRBE— 1928 4F = ZE M 22 PE— 1934 4E = H T3¢ Lt
LAV, LIT =2 ERT) OB ARIRARET BB H
& LTI TELT @i G & 5o A B T &
o720 MM LB TIEID - 72708 FRIIEE
BT %  SBARIIRAT 2 0o 72 PIAR Y L)
P EECTH o772V URFEFZ T2V vOKE
IIRTEM BB AT TE o220, FHITE
BIICEMN LY 270 3 Y OMIBIEH TIER L, #l
DEQELETIXRy MRAOLERY, hHEHBXTRERIC
ToRMEESZ L) ELTRLEDEDES 2572
DV FRRBEEO R X2 AN EO WL
ENEFEI AN VB R, HICEREIOKE 72 D
DE ol B, THEIARRET, £H)0nEH
KR TOEEFEZ L I Tn e h oz ]?
LLTC, CoMfERE [$iERT7 V] L BT e
VOT ] EHBLZY Y, ZORERIESEVER,
KR A, KVFH & v o 72 22T A F) 24

Fig. 3 Mitsubishi Navy Type 96 Carrier-Based Fighter
http://www.mbhi.co.jp/cats/airplane/photo/
presea/96sento.html

o - VRN TR

Fig. 4 Japanese Navy Type Zero Carrier-Based Fighter
Model 21 (A6M2b) (Shigeru Nohara: Genealogy of
Zero Fighters, Ei-Publishing, (2008))

oo, HEEE 172350 km/h OB ICERT, £
TeEEEMOREI LCTRBIEE o fee ZFELHE (b
ERITH) b ER TR EDIIABKE o720, 1934
A (BF9E) & 5720 THIER TSI S N7z 029Uk
B Th b, LROT VRO AH» S, JBIKIEY
s D e D H A & & O RIS ETH NI Y A7z~
O BIEVERSRPAR ) O ERIGMEEM T TE
FHiz OSSR ROERICE SR oN, EWH /N
SREAEOHE L HIREEMAGDETHC L OE
Eh, WA VEXOEFERE LEWZEL LTERYE
WUz FMEBICES THRABALEZRY, KO
TR B 72O HEEZ MO TR L7ze =¥
TUHBETREN RS A ER A il LT,
I RHEE 450 km/h 2 52 L 2SHsE72Y ~9, Z ok
HLi 131936 4F 11 A XM S, oSl ik pibg &
o7z JUNAMEE & LRI LT LML TIE R
<, BEROBEAIVIIHZERE TOEMOLS, ZEM%E
529 fabiinidy 5 7208 ORI, D MEW7:
D IARTE G 2 E OB WA E TR IS
7oo EMW LA HIG L TRKHOE W & % - 729
O, AR ORI TR OKEIB DOV, B
HVIdBWVBR L2 L OEVEEHTi 2 E72Y, 2R
MR ORI T, RO+ MR (FWORKIER) ORI
WEEDS o 720

22 F7Zx[HEibH]hORERM

KT, ZOMREEISH VSR IE, =
BRVBEIV2INI VESONEINPTHE, B
RS 27 VI v en) FREHVDIX, TAR
BEICE RO TIIRL, BIZLX{HML6TwT, @
DHBCWIETFZ o720 Ltk v, ZOMMEMICE
LT, WBRIRITRELZHTE20E, WMz T s
VIvEL, o7 T v VIECIHIEM %R 3
HIENTELZNPLTHL Y O LBEBVTWEZTT,
JE NI IEH AT T 5 DA IFHF I E N TV R,
7272, PR TOMA Y 2 IV I VORI,
[EHFO L TREM & = TSI ICESDM &2 flio 72 &
LThH, #EROSDIICIL T, + 5k <300 kg (5
v, 30 kg DMHEV D) OEBEHIRATHETDH > 7217
LFNTEBY, LABEER THWON/zDIESD, T4b
LMY 25V v THLIEDHEN S NG, WIHFES
Rz, [FUREER] CUEE) o Tko & 9 1I2#Hw
TWwb, WRKOFHEL LT, [LROL I3 R0
M7 7 Y VHOMWIEM S TEL Loz L
BEORKZVWHLWI 29 VI VIR E W)
Mo, FEFSER)OEEREZERL EE S, Thid
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KFERZLHDOT, HFTHELKEE T T THRT
%2H 07219 (p164) & F-T, EBIRROHKSE
BETHRLTVWS EDZ &, [HA W T ILEHER IS
B ELTVAH LY 253 vEiE, —Fh3
YW7-045F 07T A TORNCIHZ SNE, HE
DOREGBEET, 4H5F0BYa5VIV]Hbwni
[SDH] &IFIZR T 72, 1Y (p166) & ENTWS (G,
SDH & 35 A NfE =ML S 7Moo 2 &),
CORBBEENZVWE LS, HOT = ATEYL
TLAMHBEMIZY 2TV U TELRL, BY25V
IV, CBMIZIZ RSN T WS 24S (2024) Hax
Wy Zkilhb,
EZADHEIEZE ) HHE TR v, EABRSEOE
FIE [RHIE, FO24SHEO T OISR, W
MI104E (19354F) 4 H 2 A, ZRITHY, OHI224S5%
DIYDEBI 2T VI VEIRRE I ko2 D
%o JURAET I A% AT 2 AT 2 O WA S 7z 0 LI A
94F (19344F) 2 HIZ LT, EAEFN T LT o720
SHB LI LD, EEHE2»S LT 2IT10 » A
D19BAETHIZ L FHEPEE L TWDY, 201 5
WC2USHEBY 25 VI Y HFHVLNRTWE E LS,
A7 L&D PAED S —ERNTIE T RE R D RS H
PEBL TRV EERITEHATERVWEEZON
%o TRMWEDOEHETDH 2 DT, HEEOMEHHE G
ELLETH Do WBKIZV o 20, KR K
SR LIDOTH S ) 0o ZOK, HHEZIT7Z
MRHIE AL T2USRBY 25 VI v DTHH ) H
A R BEMATIN T B0 MBIKOARIZIIBL V2TV
IVOLEFEFRKETHINNT, Y0 jEE KR
INEBHT L R o THMZBHWTWE I L2 HiFE T
DTRIICENTVEY 0P, MY25 VI DL E
WCHITHIRATE 9 &9 2 ERKSR 23 L7z & v ) itk
EHRM725 v, MITHIKDEBIKICERE A vy ¥ a—
SNTHRMEHRP»D Lt v,

3. JaZIy> w0

31 FAYVILEWIBTaFII ORHFEY T YN
1) > RATRANDERA

311 TaTILIDHH

FA Y D7 4V A K (Alfred Wilm) (1869-1937) &
19014, NV Y YERD ) 4 N =)V ARV 7
(Neubabelsberg) 2 & % B T. % /i Yt Bf %8 Bt
(Zentralstelle fiir wissenschaftliche-technische
Untersuchungen) (ZRM S, B4E N A v Linmse i
WEAPOERBEOFERZ TV I =T A5E&TRET

L7200 BERET T THELHIE L 2. M
Al4%Cu &2 MEM U X I ITHRANL T, FIE®ES
155~229 kg/mm? U5 ~7% % 157275, BRI
BT d B % A o 720 19034F & o L H 3k C©
DRP170085 D $§ i % a5 L 720 € O H%AN%E %Ki lT,
1906 47 I %) AL B & % 58 W L 720 190741 H 11 H
Al4%CuBEEN— AW 7 4 T 7 NN EE
RN, 2% UUT O T AT A LSBT O E &
TIVIZT LG4 T, FIZCu 4%I12Mg 025~05% %
BLTNVIZTLAEEVRRNE L CTRFEZHE L
(DRP204543, 19084F11 HF8W ). <~ 7 % ¥ 7 A 2%
DFELZZZEIZowTIE, YRET VI =7 AOMEE
EEOLIIE2% LD T AT AR LERZ L
&, X7 F) T LAEEIREIND I IS h
TBVRFIMEIN TV TH S, TDOHK, Rk
WREREITN, 72T LEELTNVIZT LG
ORI L LT DRP244554 (19094F 3 J 20 H Hi 34,
191243 H 9 HFRW) OFFFFZ AR L7 ZOME O
FEZOWTIE, 19084F A 7 J& 3 SR B 7k S kk o Al ok
S THEHTaLF - X FZ VT =Vt (Diirener
Metallwerke A.G.) TOHESHD THRLEATH NI
B, WEZEIT L Z DFEINCH L2 R h o Tze TR
WS e 7F 2 W 5E L 72 19094F, 1k 2 40 L 72 78 & 28
RRL72720T, 74 VAKOWEEFIEERY, ¥
4V A RIEAFEW 2 B OF TLHEILT 2 720120 %
Fre oL, it ossiks LRIz 5o 7z,
FEWIZH T2V - A VT 2T 4 Vv A OFF
AOMHMELZS T, FAAEMEEONXy 74 (R
Beck) Do b & TLELIZHII L7z 190947 4
NEETFabF « AZ VT VO T OFEN
T 2B OMBLEDH ), 74 VAR N Y
DO &) BIRO hart Z VT, B IV RT3
= 2 (Hartaluminium) &% L7225, EEHY 2%
Z, 77 VAFETHWE W) BIRODurz v
Duralumin {2 L 7zc Duralumin i¥#44 @ Diirener 2 &
K7L EDNTVLEA, BEDOFL Y AD% i
Diiralumin (Diirener-Alumin) & 9 Dur-Alumin & LT
HELTWwbLDZeTHhrY, 2OV2IFNVI vV
(Duralumin) Db I Al-4.0%Cu-0.5%Mg-0.6%Mn
Thbdo

3.1.2 RATHMDEHEALNDERA

WEFE DY 14 v B —AFE (Vickers Company, D
The Vickers Sons & Maxim Ltd.) (1909 4F, WD &
WILEHERATAR Mayfly” O B4 L7z 19104,
TalbF - AZ VTV rfidy a7 VI v &2 1275 b
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VHEFELZD, FOIBLI0ON R T 4 v — At
Ml7ze LML, COMZI0I14EIH, BmiTo 7
DIEME 2 S BB 5 & X1, HfEI ATEZOIH
NTLEo7 SNIEZZOHREST RA VR ZEhs L
DFEE LN LT, T4y h—A%kE, 19114,
TANADLEEOHFHEEMTHL ZOEEDOAHESR
BIa L7212, w1 v —24kiE, ¥R, 750, R
RA Y, RVEFN, 4 5) 7 ELIKETEET S
M2 A L7z,

FAY TR TZZVTFAF YR TH ¥ VxyRY
AR (1838-1917) 12 & - C, MATAEEX HIWE LT,
1898 ERAT AR R XA ASRR . SNz Y 2 v R VD
RATIRORETE I P kDT v Na—F (HA%E) [kFEE
O LA CTIE %R L, B TEMALZIED, 4
Bz (A AR AT ) TH - TEOHITKET A % iED 7
HAFEEHMIERD & v o HHRARITITH - 720 Mt
KROFMAIEETIELDD N o7, BB L
MWREEIN, TIVIZvaABPHuLNLY, vy
YU UREVWEELEbNLTWET VI =Y
L WS A EEZRMA LAY W, 190046 H, K128 m,
EAE1165 mD Y = v Y v SRR LZ] 255
Wl7ze (V2o XY MARIEY 2T VI VIZEZRD
OI4EE TIEZOMEZ vt 7z, RO Y 27V
IVRFELESOTIVI =7 AHART25 ~ 5500k
BE&RFE o TW7225, 191045 4, RATAOMHT I LB 2
Wik 2 k3 2 2 L AWEET, 44, Y=oy
NI DO EER Lize L LY 4 v — A%t
Lo TR T Mayfly (SR ST, 1944EFTIZY 2
TV I VERRAEIE T RE R LAV R Y, RBFRE L
TEZLNTWER I ATV TILAEELVBENR TV
EDGEEH E N W 22, S OE4IT 191448, Sl
Vo y R AT BUE B SR S, 19144E D LZ26
(Fig. 5%) 26V 25 )V 3 Y Hflibh, 19164 F Tl
720 b AREE N2, Fig. 613 Friedrichshafen &
% Zeppelin Museum (2R STV 2 RITHRO FHE &
ZOU— N7+ —3I I TRERLTVS Y,

Voxoy ) URATHNE, Bk iERURER T, #E
ME L TI914-19184E DI 88 X ™, 1 v |
VERZZELUTEHARTL, vy PR E RIS
NA, WENETILIZONT, 4 FY AL EHER
HRBIE T IO LR SN B RATARD B 2 T & 72, Fig. 7
kv 7 AMCTEESNZLIBRITMOEETH
57, FAYTIE, TOY2IVI VIERITMZETT
R MZERRICHIH S, P yoxrh— 2t
1917 AR IS OB I U J4 ISRD T T 2 T IV S V&4l
ML, 19194EICIZWEHRY 25 Vv V2B L2424

[+

Fig. 5 Zeppelin Airship LZ26, which framework was
constructed with roll-formed profiles of Duralumin
sheet for the first time %1%,

Fig. 6 Frameworks of Zeppelin Airship jointed with
rivets and roll forming process of Duralumin
sheets exhibited in Zeppelin Museum
Friedrichshafen.

Fig. 7 Skeleton of LZ33 by New Hall Cottages, Little
Wigborough, Essex. The framework was left
almost intact and provided a useful source of
information for the British authorities'.
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JEREHE T 13 (Fig. 8) b LT 5,

B — R R AR X, TRAT A B R Bk 2 i 1k 0 F
Bl LCTHHT 50 19294, 2 RK2366 mD 7T 7 -
VxyRY PRy R YBOETH o 72
R\ Rlde 7V=FU v AN=—AVEIRFEL,
TR T AR, HAROE i O EIEIC DA
L, ROFHBT ZT > Y 2 )V AIZHHh o 72, 19334F
v 7 — ASEMEIZ R < & RATAR DS AV E (R SR R
EEZ, SHOBREEMES 2, SHICKE R VT
YINT R EEL, 19364E%EM L7z, 2K 2450 m,
BEE42 m, HAFEIME FA4L0T7— - XY VED
150 0T 4 —¥ LTy v 4z #BEL, ko
Wit XIE36 T, FHA0%, FESOHRDFL I L
MNTE, TOMHNIL, F=E, & 09, ML,
YT NV—LEERfiZ, T YIICETNVNIREOY
7 ) ECTHABRAALEERW R EMTH > 72120 1918,
ADO~— 7 ZHiLze v F ¥ 7N 7SI RAEB S
NV ) Yy 72300, FF ADOERTE
BICHEBR L 7228, 19374, =2 v =Y =ML A4 7
— A MEBEERATH THEBESH, [Ty 7V 7 5ok
B LI D% - K EaRRI Lz, COBRBLES
KMFREDOF TN L ) RATH ORI T3 5, it
ZERE DML L LRATHRZ RIS X5 Ik 5727280
T, TF AL > TTRTORITHIIAARS N, fize
BoRMIciH sz 19,

32 KEICHIFZY 1IN ORE
KET S EHEIEH - KR RROFE L &b 12
RATAR OB RE 2 PRZRL, TV A TICAEER

Fig. 8 Junkers F.13 was the world's first all-metal
transport aircraft fabricated with corrugated
panels of Duralmin sheets, developed in Germany
at the end of World War 1. (http://www.idflieg.
com/junkers-f13.htm, ©2006 Andi Szekeres)

U7z 19164, TAIATIET TV ATHRELZY =
v XY YIRATHOMF OB S iiEHE > S5 X 5N TE T,
KEELS FAVIPEHL TR 5E8LHEN»IDE
WIREDO A ENRD LN, SRS OEHE D LI,
TV TIEB R & 43 kg/mm?, 17728 kg/mm? % H
T5Y 27NV v EFAMEAESLITS (Cu 40% Mg
05%, Mn 05%) ZR@m b L7zc ¥ 2J V3 YIZKRET
3 17S EMEFR S 7z, 17S-T4151E R & 43 kg/mm?,
it 7128 kg/mm? MF22% CTH o7z 73 TILiEH
DEET HMATH Y = F >~ 7 — (Shenandoah) 5 ®
7eODVISEEEEM 2T 28 HE A 2 LIk
0, 19224 KT, SEESEM, /25000 ~ > D
EREDTREE 2D, 17SH XK E o721, 19234512
VrxF YT —FiEza—- 74TV b Y (New
Kensington) L¥® L% RATL, WD Bl
L7z LU, 19254F, ZORITIZHED T T=21C
HNTEEL, UBEDPRTT L L) BRI ELL
(Fig. 9) s ZOFROMHHREZTT, TraTidm
TIMOFRIIEEPRR TR Loh L) 0 HRT 5
72T CIZHMBIG M A, TR % iR L TR
BB TRTHECTEEN LW EZ2HEIOT, Z0F
BUSxF L, BEHER R MIT 8320 5, KA O B%EDS
IS NIz, T3 T OB FEFEMAI A
U7 B S OMg % i 2 5 2 & TR L 2 0 BigE % W
L3I lEho® W, S5 AMNN LD,
19284F, 17SARMICEHET VI =7 A ZHRED 22 ~
10% Fm I Y 722 5 > FHM %% L Alclad & '
ATEW,

33 BEXRICHEFZT 153 NDEED~2
HARIZBITF AT 2503 oW IsIZ 191640 &~

Fig.9 Wrecked Shenandoah at the site in Caldwell
County, Ohio, where the rear section of the
airship came down on September 3, 1925, next
to a cornfield. Out of the 11 officers and 31men
aboard, 14 were killed and 2 injured®.
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OFH (Fig. 10) # AF L, WHEIMELICHEKEL 72
LZANBMEL, e AT LK, Z000
FERPLEE SR FRIEDO LM E D LI TIHIIBIT LR
f B %6 % B L 720 191948 T 85 8L 2552 T L,
TR &k S L7z

B — R KR #2134 FE TRATA O Bk 2T e b
HARTIZHHEA I 1 v & — AFETFEE L 72 SS ik
KIRATAR D26 2 ~ 4 i &2 BEZH B I 3 TR 35\ T RE
b5 Z Lo’ SS & 1XSubmarine Scout DEIL
FERS72DDOT, WBABEHEHATH S Z & &2 EIK
T 5o 19214, FERIEFMOTY 2TV vy OTEAE
TR\, u@mﬁﬂ®%0ﬁ$%@i#®%LHﬂ
ELTHERF M R 22 L7z, HLZERDS
Tl&, KIER M, THAERTES AR, B'ULI_’?@E
DITEDN: BT ORIIARE PR BHER, ~o
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19194F I B E R BREEE 131V 29 Vv Y 2w
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ITHEB-6 UM 25K, (Fig. 11) OFEAREREICIZ Lo THER
W25V v afliorz, TORITHIT TR & &g
Az, & 5IT19254E I3 AL 22 ke & B 0 F v
=T EE R (BRI VL EBER) os

Fig. 10 Part of framework of Zeppelin Airship shot down
in near London, brought into Japan by Japanese
Navy and the authentication of Dr. Igarashi on the
box stored in UACJ Corporation'”

Fig. 11 Breguet 14 type aircraft, named “Keigin”
fabricated by Nakajima Aircraft Industries Ltd.
http://www.ne.jp/asahi/airplane/museum/
nakajima/nakajima.html
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7257290 19144 R — VAL 2D, HLwT L3
Z 20T EMIET 5 2 L &2 BIE L TRRIY IF2EET

W % it ©» 2 oJt WF 78 B B (central research

department) #i%3. 55452 & &7, 19194E Technical
Department 2%5i% . &4, Z® FIZ Technical Direction
Bureau & Research Committee ( & @ 1 {2 Research
Bureau) 2@ E S /e —H T, 7 aT7IdACC
(Aluminium Casting Company) ® V) F+ 4+ #f 22 jr
(Lynite Laboratories) & FIZAN7zo Z ORFFEATIE Y,
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FHTOFETH> 724 - V=271 — X+ (Zay
Jeffries, 1888-1965) I%, EHEET IV I =7 AIZDWTD
BHAWBIAN 2 SN TEAYBOHEIT I b2 b %
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A TELD TR TIERD RV EZ R 72, 19204
A MEERTIE T OV 3 7 OIS EHF S L 7ze 1930
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TAGENTE, INEBI 2TV I VL0 HHRT
BELLEOFENESEDNTWEY, 737131928
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YDFALF - A NT VO EEHEMNE TH -
7oA AF —1hid b 19304F, 3 E )8 52 TRl 7E
#£L, miX4” The Effect of Artificial Ageing upon
the Resistance of Super-Duralumin to Corrosion by
Sea-Water”, “The Artificial Ageing of Duralumin and
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mm?iir b, A4 A F —1i+1d% 55 Cull, & Mg.Si
O EzHAELES & XI5 LEZ TS
DI BWGEREAZEEZEZOND, BFOBY 2T
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NHBY 2NV v EEh, ¥ 1 FE2LLEAL
BT AN vEEIFAFRBY 2T VI VERL
TWwz¥®, KA YT, Wido T2 L Frfeko
Y a9V 3 Y681ZB (Al-4.2%Cu-0.9%Mg-0.6%Mn-
0.5%Si) & & DR 10% 7] 1 <272 DM31 (Al-4.2%Cu-
12%Mg-12%Mn-05%Si) £ rY 25V V&4
ZRFELTVAE®: 3,

412 24SHABY 1T I DRR

G AFERBY 29013 VIR L, 24S (Cu 45%,
Mg 15%, Mn 0.6%) 257 )V 2712k - T1931 Ep3E &
N7ze Va5V vhoOoMgREZ15%F THINS &7
bOT, GrAEMNBY 25V YORANLER % L5
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2INIVERLEY, BETEBY 2 v vEn
) E2USEIRT I LN L\, 24S-T31E, LFEMETHIER
& 49 kg/mm? 7135 kg/mm? T, 17SIZH~N
A325% Vo TIFE CTILELEM A 2 BEA NIESE
1EdH 5 WIEERRIS ) 2 i/MRICT 57201215~ 3% D
GIRMLZ23 52 L TRELN LT 5, ZOFIER
BEASE 7200 CIZ17S-T4 12> TR o 72%, ZF1L
TED 7 5 v P Alclad 24S-T3 13 iREHE D IAA O KL
LLTWwWELRBHOLNTWED, ZORUIDORATHED
DC3Td» 5%, DC-31dDC212lk L TEHR & 584 &
Lo, ZOMHEERIIHEN3%I1TEDITEE 0
o720 FNLEIO T A Y 5 A HE O R 28 ik & W% 1L,
REFEFRALZT TILELZ X P2 RS, B
WO BAF R &% 2T 5 2 &L TMEDPED o T
Wiz, & ZANDC3(Fig. 12) i, ZONENITL - T,
HOOMEWNAZITTIA MRS TE, B
SV D LEDO RO 5 RATHE o B,

Fig. 12 DC-3 fabricated with Alclad 24-T3 sheets.
http://www.boeing.com/boeing/history/mdc/dc-3.
page
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Fig. 13 Cover and preface of the first technical report about Extra Super Duralumin
dated October 8, 1935, written by Igarashi®.
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This is Hollow Shell, isn’t this?
- Spherical Compounds in Pure Aluminum-

Tetsuya Motoi**
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Fig. 1 Optical micrograph of pure aluminum ingot and
SEM image of a-AlFeSi compounds extracted by
phenol method.

(a) optical micrograph of a-AlFeSi compounds
in pure aluminum ingot.

(b) SEM image of a-AlFeSi compounds
extracted by phenol method.
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(b)  Outer shell structure?

Hollow?

Fig. 2 SEM image of a-AlFeSi compound that is
“Basket structure” extracted by phenol method
and estimated cut model of a-AlFeSi compound.
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Fig. 3 Cross-section of a-AlFeSi compounds observed by
TEM.
(a) Jet polish method, (b) Microtomy

Cross section

/ Spherical a -AlFeSi

with the outer shell structure forms
a- %lFebl covers
the inner wall

Gas bubble of hydrogen

form

H, gas bubble Solubility of hydrogen
is decreased

by a temperature drop

Fig. 4 Schematic model for the formation of a-AlFeSi
nodule.

(1) evolution of hydrogen bubble during
solidification.

(2) nucleation of a-AlFeSi particles on the inner
wall of hydrogen bubble.

(3) bubble is gradually filled from the wall into
the center with a-AlFeSi particles.

a-AlFeSi fm ms it to the
inner wall of the hydrogen
gas bubble

a -AlFeSi
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