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TECHNICAL PAPER

Effects of Manganese Contents in Solid Solution
and Microstructures on Creep Behavior of
3003 Aluminum Alloy Extrusions”

Hidenori Hatta™ *, Shinichi Matsuda** and Hideo Yoshida***

The creep behavior of AA3003 alloy extrusions with various manganese contents in solid solu-

tion and different microstructures was investigated. Proof stress decreased with annealing time at

400°C in both fibrous and recrystallized structures. These microstructures did not change during

annealing. Specimen with high manganese contents in solid solution showed higher creep strength

than that with low manganese contents even if proof stress were same at 200°C. Further, in the

same manganese contents in solid solution, the specimen with the fibrous structure showed higher

creep strength than the recrystallized one due to subgrain structures.

1. Introduction

It is well known that manganese is one of the
useful elements for controls of the microstruc-
tures on aluminum alloys. There are many alu-
minum alloys that are added manganese as an
additional element. In these alloys, simple Al-
Mn alloys like AA3003 are more understandable
to study effects of manganese addition than the
complex alloys. Some reports with creep behav-
ior on AA3003 alloy at high temperature were
published” ?. In these investigations, the creep
behaviors on common aluminum sheets or ex-
trusions were discussed. However, manufactur-
ing conditions have not been taken into account.
On the other hand, it is known that manufactur-
ing conditions such as homogenization, extru-
sion and annealing change the content of solute
atoms in the matrix and the microstructures” ™.
In this study, the creep behavior of AA3003 al-
loy extrusions with various manganese contents
in solid solution and with different microstruc-
tures was investigated, and the effects of micro-
structures and manganese contents in solid so-
lution on creep behavior were discussed.

* The main part of this paper was presented at ICAAS,
Materials Science Forum, 396-402 (2002) 1297.

#+  No.l Department, Research & Development Center

##x No.l Department, Research & Development Center, Dr.
of Eng.

2. Experimental Procedure

The chemical compositions of AA3003 alloy
for this study are shown in Table 1. The ingots
for extrusion were prepared by DC casting with
90mm diameter. The homogenizing and the ex-
truding conditions are shown in Table 2. In this
study, the ingots were homogenized at 630°C for
10h followed by water quenching to inhibit the
precipitation of manganese solute atoms during
cooling process. These ingots were extruded at
450°C and 300°C into the rod with 20mm diame-
ter. The samples extruded at 450°C and 300°C
were named the sample A and B respectively. As
cast (non homogenized) ingot was also extruded
at 450°C to compare with homogenized one. This
extrusion derived from as-cast ingot was named

Table1 Chemical compositions of 3003 alloy (mass%).

alloy Mn Fe Si Cu Al

3003 1.19 0.47 0.13 0.17 Bal.

Table 2 Homogenizing and extruding conditions.

Extruding conditions
Homogenizing
Sample . Temperature | Diameter of rod
conditions

Q) (mm)

A 630°C-10h (WQ) 450

B 630°C-10h (WQ) 300 ¢ 20

C non (as cast) 450

WQ : water quenching
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the sample C. These extrusions were annealed at
400°C up to 64h to control contents of solute
manganese atom in the matrix. The electrical
conductivities were measured at 20°C. Tensile
test and creep one were performed at 200°C in
the extruding direction. Thermal exposure at
200°C for 100h was performed for specimens
prior to each test. In tensile test, the test pieces
with 7Tmm diameter and 25mm gauge length
were used. In creep one, the test pieces with 6mm
diameter and 30mm gauge length were used.

3. Results

3.1 Electrical conductivity

The change of electrical conductivity during
annealing at 400°C is shown in Fig. 1. The elec-
trical conductivity increased with annealing
time at 400°C for all extrusions. It is well known
that the electrical conductivity increases with
the decreasing of the contents of solute atom,
that is, solute manganese atoms precipitate in
the matrix as the fine particles, e.g. AlsMn or
AlFeMnSi. The electrical conductivities of sam-
ple A, B and C became almost same after anneal-
ing at 400°C for 64h.

3.2 The microstructures

Effect of manufacturing conditions on micro-
structures before and after annealing at 400°C
are shown in Fig. 2. Recrystallized structures

are observed in sample A as an extruded condi-
tion. The grain diameter of sample A was about
90 yum. Sample B and C showed fibrous struc-
tures as an extruded condition. Some investiga-
tors showed that the evolutions of these struc-
tures were effected by second particles and seg-
regation in the cell boundaries”. These struc-
tures did not change after annealing at 400°C.

3.3 Creep tests

Creep rupture tests were performed in the
sample A-64h, B-64h and C-64h in Fig. 2. The
creep curves of specimens annealed at 400°C for
64h, which had same electrical conductivities but
different microstructures are shown in Fig. 3.

The fibrous structured specimens indicated
50 A
»n
Q
<
S\i
> 40
=
ron)
[8]
=2
T
o
o
° 30 F
] Mark] homogenization [extrusion
s O[A [ 630°C X 10h(WQ) | 450°C
2 A{B | 630°C X 10h(WQ) | 300°C
pud O|C | non 450C
20 L. L
as-extruded 10 100

Annealing time (h)

Fig.1 Change of electrical conductivity during annealing
at 400°C.

Fig.2 Effect of manufacturing conditions on microstructures before and after annealing at 400°C.
(a) A-Oh (b) B-Oh () C-0h (d) A-64h (e) B-64h (f) C-64h.

2
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Fig.3 Creep curves of specimens annealed at 400°C for 64h,
which had same electrical conductivities but differ-
ent microstructures.

50
200°C A B-8h (40.5%IACS)
40 - 49MPa O C-64h (49.5%IACS)

Elongation(%)

0 50 100 150
Time(h)

Fig.4 Creep curves of specimens, which had same proof
stress but different electrical conductivities. The
microstructures of both specimens were fibrous.

longer times to fracture than that of
recrystallized one in spite of having same electri-
cal conductivities which related to manganese
contents in solid solution.

Further, creep curves of two fibrous struc-
tured specimens that have same proof stress
(0.2%P.S.) at 200°C, but different electrical
conductivities, are shown in Fig. 4. The speci-
men with low electrical conductivity showed
longer times to fracture than that with low
manganese contents in solid solution. It sug-
gests that creep strength is also related to man-
ganese contents in solid solution.

4. Discussion

4.1 The influence of the microstructures
Tensile properties at 200°C are shown in Fig.5.
In specimens annealed at 400°C for 64h, sample C

with fibrous structure indicated higher tensile
strength and proof stress than that with
recrystallized one. TEM structures of specimens
annealed at 400°C for 64h are shown in Fig. 6.
Subgrains are observed in the sample B-64h and
C-64h. Sample A-64h showed recrystallized one
with large grain size. These results show that
the tensile strength and the creep strength of
sample B-64h and C-64h become higher than
sample A-64 because of subgrain structure. Gen-
erally, it is well known that large grain size is
advantageous for higher creep strength. But
Fig. 3 shows that subgrain structure causes in
the improvement of tensile properties and creep
strength.

4.2 The influence of manganese contents in

solid solution

Electron microscope photographs are shown
in Fig.7. Sample B-8h showed higher creep
strength and lower electrical conductivity than
Sample C-64h. Subgrains are observed in both
samples. It suggests that it is difficult to evolve
dynamic recovery during the creep tests because

‘@120

o
o

os]
o

N
o
|

Tensile strength(MP
[ep]
o
\

R
NN

o

as extruded 64h

120
100
80
60
40 -

20 .
o

0.2%P.S.(MP

N

64h

120
@100 HE2A

(=]

o]
(@]

H
o O

Elongation(%

™~
o

RN

:

o

8h
Annealing time

Fig.5 Tensile properties of specimens at 200°C after ex-
posed at 200°C for 100h. Specimens were annealed at
400°C for Oh, 8h and 64h.
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Fig. 6 Transmission electron micrographs of AA3003 extrusion annealed at 400°C for 64h.

(a) A-64h (b) B-64h (c¢) C-64h.

of the manganese solute atoms. It is well known
that solute atoms have drag effect for the mobil-
ity of dislocation. In the creep behavior of con-
ventional Al-Mg alloys, the dislocation density
during creep tests under a constant stress is con-
stant in spite of different magnesium contents
in solid solution®. It is different from the effect
of manganese atoms in solid solution. Minimum
creep rate dependence on applied stress at 200°C
is shown in Fig. 8. The minimum creep rate of

each samples increased with applied stress.The
minimum creep rates of the samples with fi-
brous structures like B-64 and C-64 were lower
than that with recrystallized one like A-64.
However, the effects of the amounts of manga-
nese content in solid solution for the minimum
creep were small. It is suggests that the micro-
structures are more effective than manganese
content in solid solution for creep behavior.

Fig.7 Transmission electron micrographs of specimens after creep tests. (a)(c) B-8h (b)(d) C-64h.
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Temperature
200°C
10° F ®
ool
g 10 A B-gh
g O A-64h
IS 107 F A A B-g4h
» ® C-64h
108
30 40 60 80 100

Applied stress (MPa)

Fig.8 Minimum creep rate dependence on applied
stress at 200°C.

5. Conclusions

(1) Tensile strength decreased with annealing
time at 400°C in spite of fibrous or recrystallized
structures.

(2) The specimen with high manganese contents

in solid solution showed higher creep strength
than that with low manganese contents in solid
solution even if tensile strengths were same at
200°C.

(3) In the same manganese contents in solid so-
lution, the specimen which had the fibrous
structure indicated higher creep strength than
the recrystallized one because of subgrain for-
mation.
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Influence of Iron Content on Mechanical Properties of

Al-Mg-S1 Alloy Sheet

Tadashi Minoda, Hidetoshi Uchida, Kazuhisa Shibue and Hideo Yoshida

The influence of iron content on mechanical properties of Al- 1.0mass%Si- 0.5mass%Mg-
0.1lmass%Mn alloy T4 sheet was investigated. The amount of Al-Fe-Si second phase particles in-
creased with iron content. This causes the consumption of silicon atoms by the formation of Al-Fe-
Si particles. Furthermore, tensile strength of the samples in T4 condition was not influenced by
iron content, but the paint bake response decreased over 0.5mass%. This was the result of lowering
age hardening rate at the early stage of artificial aging because of the loss of silicon atoms. Also,
the bendability of the samples became worse with iron content. But, it was the worst at 0.5mass%
of iron content, while it became better or the same over 0.5mass%. The reason was considered as
follows. Cracking by bending occurred along the second phase particles and the shear bands. The
second phase particles increased with iron content, thus the bendability became worse. On the
other hand, the solution content of silicon decreased with iron content, thus the formation of shear
bands decreased and the bendability became better. The bendability of the samples was determined
by the amount of second phase particles and the solution content of silicon, therefore the

bendability of the sample was the worst at 0.5mass% of iron content.
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Fig.5 X-ray diffraction patterns of the T4 samples.
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Fig.8 Effect of iron content on bendability of the T4 samples.
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Effects of Trace Elements on DC Etching Behavior of
Aluminum Foil for Electrolytic Capacitors

Nobuo Osawa and Atsushi Hibino

Effects of trace elements, lead, bismuth, indium and tin with characteristics of the low melting

points and the low solubilities to the aluminum, were studied on DC etching behavior of aluminum

foil for electrolytic capacitors. The maximum DC etching capacitance for the foils containing in-

dium, tin and lead were gained by the heat treatment at 793K or so, except for bismuth.

Futhermore, enrichments of each element were analyzed by TEM, AES and SIMS, and morpholo-

gies of surface enrichments were investigated. Each element existed along the rolling lines of alu-

minum foil surfaces.

1. #&
B YT v HEMET VI =9 AEMIcBULT,
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DIRIEE o b FAEDOBIRE I~

i

2. £ B A &

BN, SiT, Fel5, CubOppm & U 7 &g 7 v 3
= v A =EEFHAIC, Pb, Bi, In, Sn 20 L bkl
=RV, %.:fﬁﬂ@ﬂ:%ﬁ 5% Table 1 12/R9 48, —
O IR T IS4 In % 98ppm, 1% T T 1
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CPR% 14 459 ) 1o T—854,
AL B, 54 (2003), 51 i< —HEHEk

o WIEBAYEE v & —  EHPUEB, T

12

mINMULEEH W, 7, BOSMERSTERBO %
B 75 TRE TRAXIIC 110pum E X125 K F4E L 7214, Ar
7 2 FPHS T 320~560°C D EEHEPH T 5h #EH L 72,
BT v F v 7Bk, 16+ R o B T
WV, HAREE TR T ZESHIE EIAJ RC-2364A (7 v 3

Table1l Trace elements of specimens. (ppm)

Trace element

. Pb Bi In Sn
Specimen

Base <0.1 <0.1 0.1 <1

P-1 0.2

P-2 0.8

P-3 1.2

B-1 0.2

B-2 0.6

B-3 2.0

I-1 0.3

1-2 0.6

1-3 1.1

S-1 1

S-2 3
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Fig. 6 SEM micrographs of cross-sectional oxide replicas of etched specimens annealed at various temperature.
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Fig. 10 TEM micrographs and EDX spectra of Al-98ppm In
alloy annealed at 560°C for 5h obtained by jet
electropolishing from one side. (a), (b) Surface of
specimen, (¢) EDX spectra.
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Fig. 12 Morphologies of surfaces of Al-98ppm In alloy annealed
at 560°C for 5h afer being immersed in hydrochloric
acid. SEM micrographs of (a), (b) anodic oxide film
replicas formed at 40V and TEM micrograph of (¢) sur-
face oxide film, (d) jet electropolished specimen from

one side.
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Effects of Mg and Cu on the DC Etching Behavior of
Aluminium Foil for Electrolytic Capacitors

Atsushi Hibino, Nobuo Osawa and Kunio Takei

Effects of magnesium and copper on DC etched morphologies of high purity aluminium foils for

electrolytic capacitors were investigated in this study. The amount and the size of MgAl:Os spinel

were increased with increasing magnesium content, and the dissolution during pre-treatment and

early stage of DC etching occurred around these crystalline oxides. Therefore, uniformly distrib-

uted vertical tunnel pits were obtained under optimum conditions of magnesium content and the

intensity of pre-treatment. The capacitance was improved with increasing copper content because

of the increase of the number of pits and the uniformity of pit distribution. In a higher copper con-

tent foil, lead and magnesium were distributed uniformly near the surface of foils in addition to

copper. It is considered that these behaviors are relative to the distribution of tunnel pits.
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Fig. 2 Anodic polarization curves of aluminium foils containing
1~123ppm Mg in 30°C,3% ammonium tartrate solution.
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Fig.3 TEM micrographs of oxide film on aluminium foils
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Fig.1 TEM micrographs of oxide film on aluminium foils containing 1~123ppm Mg.
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Fig.9 Cross-section of aluminium foils containing 1~123ppm Mg after 2°¢ DC etching.
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Fig. 10 Surface pit morphologies of aluminium foils containing 1~123ppm Mg after 2™ DC etching.
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Fig. 17 Surface pit morphologies of electro polished aluminium
foils containing 26 and 106ppm Cu after 15t DC etching.

Table 1 Relationship between Cu content and number of pits,
and pit size after 15 DC etching.

Cu (ppm) N (10"/em?) av. pit size (um)
26 2.5 0.47
106 2.8 0.43
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Fig. 18 Relationship between pit size and number of pits of
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Grain Refinement of 7475 based Aluminum Alloy
Sheets by Warm Rolling with Heated Rolls and Its
Effect on Texture and Mechanical Properties”

Hiroki Tanaka* *, Tadashi Minoda* * *, Hiroki Esaki* * *,
Kazuhisa Shibue** and Hideo Yoshida™* **

The effect of temperature of the rolls in the range from 2°C to 110°C in the warm rolling process

was investigated in order to refine the structure of the 7475 based aluminum alloy sheets including

Zr. It was found that lower temperature of the rolls led the alloy sheets to coarser grain structure

after solution heat treatment. The {100} <011> Diagonal Cube component appeared in the surface

layer, which suggested that strong shear bands had been formed during the warm rolling in the

layer. It was thought that these shear bands acted as nucleation sites for the recrystallized grains

in solution heat treatment and contributed to the development of the coarse grain structure in the

surface layer. Regarding the center region, low temperature condition on the rolls did not cause

sufficient plastic deformation because of the cyclic occurrence of hardening and softening at the

surface layer in the warm rolling process. Consequently, the center region also became coarse

grain structure after solution heat treatment. On the contrary, in the case of a higher temperature

of the rolls, the subgrain structure less than 3um was formed uniformly through the thickness of

the plates after solution heat treatment with the strong Brass texture component. The warm-

rolled sheets consisting of fine grain structure had a high Lankford value in 45° to the rolling di-

rection.

1. Introduction

7000 series of aluminum alloys have been used
widely as structural materials for transports be-
cause of their high strength property. It is an
important subject to increase the strength fur-
ther for the total weight reduction of the trans-
ports. To achieve this subject, it would be a
proper approach to consider a general relation-
ship between yield stress and grain size pro-
posed by Hall” and Petch?. Some studies”™”
were carried out to reduce grain size of the al-
loys, which showed the possibility to make fine
grains about 10um after solution heat treat-
ment. It is also important from a viewpoint of
practical use to check other mechanical proper-

* The main part of this paper was presented at the 8th
International Conference on Aluminium Alloys, ICAA-
8, Cambridge, UK, July 2-5, 2002.

«+  No.l Department, Research & Development Center.

No.1 Department, Research & Development Center, Dr
of Eng.
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ties, corrosion resistance and formability, ac-
cording to the refinement of microstructure. In
the previous study”, it was found that AA7475
based aluminum alloy sheets containing Zr in-
stead of Cr rolled at 350°C were possible to be
fine subgrain structure after solution heat
treatment. But it has been still requested to
steady the subgrain structure without forma-
tion of coarser grains after solution heat treat-
ment. Though the temperature of specimens be-
fore rolling has been noticed to make sheets in
many studies, the effect of roll temperature has
not been considered well regarding its influence
to the microstructure and mechanical proper-
ties.

In the present study, the effect of roll tem-
perature in the warm rolling process was inves-
tigated in relation to the formation of steady
subgrain structure.
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2. Experimental procedure

Two Al-Zn-Mg-Cu alloys were investigated
with their chemical composition given in
Table 1. The mark M means AAT475 based alloy
containing Zr instead of Cr. The mark S means
a conventional AA7475 alloy. The alloy M was
cast into billets of 90 mm in diameter by a stan-
dard semi-continuous direct chill technique. The
process on alloy M is shown in Table 2. The ho-
mogenization was carried out at 470°C for 10 h
followed by the pre-heating at 350°C for 10 h
prior to the forging process at 350° C. The
forged sample was machined as shown in
Table 2. This block was rolled at 350°C with re-
heating at 350° C for 30 min after every rolling
pass. 14 rolling passes were carried out in total
and the sheets were finally prepared with dimen-
sion of Imm thick.

The specimens were rolled in the range of the
roll temperature as shown in Table 3. In C and
D processes, the roll temperature was raised in
the last 7 rolling passes (from 8mm to lmm
thick). The rolls were heated by cylindrical heat-
ers. The solution heat treatment was carried out
at 480° C for 5 min followed by quenching into
water immediately. Regarding alloy S, a com-
mercial hot rolled plate of the alloy was used.
The plate was heated at 480°C for 2 h followed
by furnace cooling as an intermediate annealing,

Table1 Chemical composition of specimens. (mass%)

Alloy Si Fe Cu Mn Mg Cr Zn Ti Zr Al

M 0.0z 0.03 1.64 <0.01 2.40 <0.01 5.55 0.03 0.17 Bal.
S 0.04 0.03 1.51 <0.01 2.26 0.21 5.38 0.04 <0.01 Bal.

Table 2 Experimental procedures.

Stage Condition
. Semicontinuous direct chill techniques
Casting ) ) o
into billets of 90mm in diameter
Homogenization 470°C-10h
Pre-heating 350°C-10h

Forging 350°C, 100mm—>40mm

Machining 30mm X 100mm X 100mm

Warm rolling 350°C, re-heating/pass, l4passes

Annealing 350°C-30min

Solution heat treatment 480°C-5min W.Q.

then rolled to 1 mm thick at the ambient tem-
perature. The above solution heat treatment was
carried out to the cold rolled sheets. Microstruc-
ture conditions were investigated by optical mi-
croscope and TEM. The X-ray diffraction
method was used to describe pole figures and the
orientation distribution functions (ODFs) were
calculated from the pole figures using the har-
monic method”. The mechanical properties of
samples aged at 120° C for 24 h after the solution
heat treatment (T6 condition) were investi-
gated.

3. Results and Discussion

Fig. 1 shows the sample temperatures meas-
ured after each rolling pass. The temperatures
keep 300°C and above up to 8mm thick, then they
come down with the decreasing of sample thick-
ness because of the consequence of heat transfer
from a sample to the rolls. There is no signifi-
cant difference on the sample temperatures
among four warm rolling processes.

Table 3 Roll temperature of each experimental process.

Thickness of plate
Process
30mm — 8mm — Imm
A 2~10°C 2~10°C
B 20~30°C 20~30°C
C 1 60~80°C
D i 90~110°C
350

—-A:2-10°C

Temperature (°C)
N
b=

—A—B:20-30°C
—&— C:60-80°C
200 —~@—D:90-110°C
1 50 L 1 ) i 1 i L 1 "

27 20 14 8 6 4 2
Thickness {(mm)

Fig.1 Temperature changes of the warm rolled sheets with
different thickness after each pass.
Roll temperature : (A) 2-10°C, (B) 20-30°C,
(C) 60-80°C and (D) 90-110°C.
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Fig. 2 shows the optical micrographs after so-
lution heat treatment. In the cases of roll tem-
perature above 60°C (C and D processes), fi-
brous structures are kept without a coarse
grain. In B process, coarse grains are formed in
the surface layer though the center layer shows
a fibrous structure. The sheet of process A had
a different state from other specimens. There is
almost no fibrous structure after solution heat
treatment, and coarser grains are formed in the
center layer than in the surface layer. TEM im-
ages of each center layer position are shown in

100um

Fig.2 Optical micrographs after solution heat treatment.
Roll temperature : (a) 2-10°C, (b) 20-30°C,
(c) 60-80°C and (d) 90-110°C.

Fig. 3. In B, C and D processes, fine grains less
than 3um are formed uniformly. In the previous
study”, it was found that these structures were
recognized by EBSP measurement as a subgrain
structure with a high proportion of low-angle
boundary less than 15°. On the contrary, in
process A, large grains were formed in almost
all regions.

Fig. 4 shows (111) pole figures of warm rolled
sheets on the surface layer and at the center
layer in a thickness of Imm. In Fig. 5, ¢.=0°
sections of the corresponding ODF's are shown.
At the center position, the {011} <211> Brass
orientation evolves as a main element of the roll-
ing texture in all specimens. The higher the roll

Fig.3 TEM images after solution heat treatment.
Roll temperature : (a) 2-10C, (b) 20-30°C,
(c) 60-80°C and (d) 90-110°C.

Lurface

Fig.4 (111) pole figures showing the texture on the surface layer and at the center layer in the thickness of 1mm.
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temperature is, the stronger the Brass compo- in Fig. 2. In the other sheets, the Brass compo-
nent develops. On the surface layers of A and B nent is still main orientation at the center layer.
processes, the {100} <011> Diagonal Cube ori- It is suggested from the formation of the Diago-
entation® develops well though the Brass compo- nal Cube component in the surface layer that
nent is the main element in the sheets of C and strong shear bands had been formed® during the
D processes. Fig. 6 shows (111) pole figures of warm rolling in the layer. It is thought that
the specimens after solution heat treatment. In these shear bands acted as nucleation sites for
the sheet of process A, it is hard to specify a the recrystallized grains in the solution heat
strong component on the surface layer, and treatment and contributed to the development of
there are some strong components at the center the coarse grain structure in the surface layer.
layer due to the coarse grain formation shown Fig. 7 shows the variation of Vickers hardness
A 2~10°C B : 20~30°C G : 60~80°C D : 90~110°C
=} 5% Wl o [N ] k1]
IR EEY = RN =2 IR 1 ] T
g NN S e N A7 [ L ERKie
T D {{[L D¢ Pl 1. (A ] A
3 By s me A e\ ) R L\
7 i i St S
A A _7/’“~_N ~] —~ T T~ r T 7 J) <
o /{(. "r..- - m \\\ an__4 A{.{J Li \‘\—‘ \ B0 Iy 50 F
Leve) BAX=G Lave! WAK=S Layel BaX=10 12
1] L Ww| e w| ¢ 90
C[LIALT PEIR SNV NANARVE JHIAE IRIVA IR NER
IR\ VL -~ {1 ) ] ] N
REs=s J [T EL N 4 7
2 A JAPZY = INI[B N7V - )
s /l A Y IR { > 1 { 2K ¢
ism\ =5 SIS oars
N AT A LN N T [~
/A /AR M a4 F LT ! |
ol I /11 { Joo 1T/ AL del ] F N ool 117 {14
Levsl MAX=24 F Lovel| WAX=46 | Level BAX=49 avel WAX=54
11
A O11)<211>  m [100}<011> f"“

Fig.5 ODFs of the warm-rolled sheets before solution heat treatment. ¢, =0°

Fig.6 (111) pole figures showing the texture on the surface layer and at the center layer after solution heat treatment.
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through the thickness of the sheets in as-rolled
and annealed conditions prepared by A and D
process. The annealing condition was intended
to imitate the reheating condition in the warm
rolling process. In the as-rolled condition of
process A, the surface region is harder than the
center region. But, after the annealing at 350°C,
the hardness situation through the thickness is
reversed. From this results, it is indicated that a
low temperature condition of the rolls did not
cause sufficient plastic deformation in the center
layer because of the cyclic occurrence of harden-
ing and softening at the surface layer in the
warm rolling process. Consequently, the center
region also became the coarse grain structure
after solution heat treatment. On the contrary,
in the case of higher temperature of the rolls,

the variation of hardness between the surface
and center region is small in as-rolled and an-
nealed conditions. This means that an effective
deformation for the formation of steady
subgrain structure tended to be carried out uni-
formly through the thickness in process D.
From the above results, the coarsening mecha-
nism on process A is illustrated as shown in
Fig. 8. At the surface layer, strong shear bands
promote recrystallization during the solution
heat treatment. In the center region, coarser
grains are formed because the cyclic occurrence
of hardening and softening at the surface layer
in the warm rolling process leads the center re-
gion to insufficient plastic deformation.

Table 4 shows the mechanical properties of
the warm rolled sheet by process D and the cold

0 1 L 0 i |
100 - o 100 - o
o o
200 () 200 @
] [
300 @ 300 (
o ]
400 o 400 -
500 - [ ] 500 - o
00 600
wm) wm)

as WR ———— 350°C-30min

S5 O o (o)
NI & Y R
!

0 1 0 | [
100 - o 100 - o
o L
200 - o 200 @
L] o
300 - { ] 300 o
o o
400 ] 400 o
500 | ® 500 o
500 600
(em) &Lm)

as WR ——» 350C—-30min
Vickers Hardness

Fig.7 Microstructures of A and D process sheets before solution heat treatment and microhardness data as a distance
from surface to center region in as-rolled and annealed conditions.
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afterrolling <—REPEAT 5 re_heating Table 4 Mechanical properties of the warm rolled
Surface sheet (WR) of M alloy by D process and
hardening e softening layer the cold rolled sheet (CR) of S alloy in T6
/ 7 7 7 7 7 7 7 Shearbands condition.
/(insufﬁciem defom‘nalion)/ //////
Ll Ll sl L L ALL LS L cener
f thickness Tensile Yield
of thickness o Angle to e ' Elongation
. Condition strength | strength r-value
after solution heat treatment RD (%)
——F7 7 (MPa) | (MPa)
T T
! : 0° 592 496 13 0.44
\L_L’ Alloy M
hiielin il 45° 522 461 19 3.66
WR-T6
Fig.8 Schematic illustration of the coarsening mechanism 90° 601 455 13 0.85
in process A.
0° 522 461 16 0.53
. .. Alloy S N
rolled sheet in T6 condition. The strength of the CRTE 45 521 457 17 0.76
warm rolled sheet is higher than that of the cold 90° 596 168 16 0.68
rolled sheet. The most noticeable property is
Lankford value (r-value) of the warm rolled
sheet. The r-value of 45° to rolling direction in Acknowledgements

the warm rolled sheet is above 3. This property
should be brought by the existence of the strong
Brass component”.

4. Conclusions

It has been found in the present investigation
that the roll temperature in the warm rolling
process has strong influence to formation of a
steady subgrain structure on AA7475 based alu-
minum alloy containing Zr instead of Cr. In the
lower temperature of the rolls, coarse grains
tend to be formed after solution heat treatment.
In the cases of the roll temperature at 60°C and
above, fine grains less than 3um are formed uni-
formly through the thickness after solution
heat treatment. These sheets containing the fine
structure have the strong Brass component that
raises Lankford value of 45° to rolling direction
significantly.
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Mechanical Properties of 7475 based Aluminum Alloy

Sheets with Fine Subgrain Structure

Hiroki Tanaka, Hiroki Esaki, Kenji Yamada,
Kazuhisa Shibue and Hideo Yoshida

In an attempt to refine the grain structure of 200mm wide sheets of 7475 based aluminum alloy
containing Zr, a new warm rolling method under the control of both roll temperature and material
temperature was used. The warm rolled sheets as solution-heat treated had subgrain structure
through the thickness with a high proportion of low angle boundary less than 15° The average
subgrain diameter was approximately 3um. The strength of the warm rolled sheet in T6 condition
was about 10% higher than that of a conventional 7475 alloy sheet produced by cold rolling. As the
most remarkable point, a high Lankford value (plastic strain ratio of width to thickness) of 3.5
was observed in the orientation of 45° to the rolling direction, with the average Lankford value of
2.2. Tt was thought that the high Lankford value should be derived from well developed B -fiber,
especially the strong {011} <211> brass component. The warm rolled sheet also had good resis-
tance to SCC. From Kikuchi lines analysis and TEM images, it was found that PFZ was hardly
formed along the low angle boundaries of the warm rolled sheet in T6 condition. This should be a
factor to lead good resistance to SCC because of reducing the difference in electrochemical property

between the grain boundary area and the grain matrix.
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M AE TR Tl & 7z 7475 A I b T6 3 i o
SRS L, M SCCHMNRELMETZ T EMnbh-
72 R E Vo s S id, BUE L iR
100mm F2EE &RV 7o D RRET A TA TOW I - 72,
ZITAME TR INE ToOMRICKE D Z 200mm iED
TR ERERR M 2 Ve U, BT b &, W
T T475 &G TEAER AT & Ll U TS 2 3 2 L 7o

2. £ B A &

bt & U< Table 1 IR g &8 M 2iaEl L, Pl
BediiEEEIc L > T 175X 175mm D R 5 7 A2 H 1, 25
7 % 100mm/E i UJWrf%, Table 2 ic/x9 T2 TH %
R L 720 & 99 KREUF T 470°C-10h OEEILILEE AT\,
350°C-10h @ F % 350°C THE ARG L TR &
30mm 1Tl B e, & SITkERNTIC & - T 30 X200
100mm ({1 11, 200mm % g7 i L 350°C ¢ ELE
T o1 TOBEIS0CITHEMAER L 7o REF 2V,
JEE dmm £ Tld 2 /¥, T D% 1 /¥ XM 30 471
OFIMEAEIT > T Imm FTHIEL 7o b — & ¥ 2HK
2T /%2CTh - fco WMEELERFD B — Vg7 — 1) v
UMb — 5 — %o — LhLlicE LiAA, o — VERR
A 100°C =10°CIHlf# L 720 JERED — v D ER 1 160
mm, ©— V[AEEEIT 120rpm TIEAE 21T - 7o, AL
DiFEHIE LT, HRD < v vzl ic, SRR
12 350°C-30min @B 2 KKF TITV, & HICiEg
(LA & U CHRi8 4R ©480°C-5min @ BVILEEE,, Ik HEA
NEHEL 720 BB A A VN2 2V, 120°C-24h
D T6 MELZFT - foo WA & LT, Tablel 29 1L

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| 2.40 [<0.01| 5.55 | 0.03 | 0.17 | Bal.

S 10.040.031.561|<0.01| 2.26 | 0.21 | 5.38 | 0.04 |<0.01| Bal.

Table 2 Experimental procedure on Alloy M.

Stage Condition
) Semicontinuous direct chill techniques into slab
Casting
100mm X 175mm X 175mm
Homogenization 470°C-10h
Pre-heating 350°C-10h

Forging 350°C, 100mm—>30mm

Machining 30mm X 200mm X 100mm

Warm rolling 350°C, 27passes

Annealing 350°C-30min

Solution heat treatment 480°C-5min W.Q.

A G L, RESE TGN cHe S (475 12
WA OBMIELENR (8mm) A2V, F 4 R&UF
T480°C-2h (JF1s) OBMMEZITV, T ORISHIHLE
T Imm ok B 7c, SRR S X ORERILER 13 _FoR
DR & [R] U S T17 - 720
SIBBOIREA TN 2 120, AR B L O
TEMARRE &8I U 7o & o f RS A7 b 2 SEM-
EBSP #& (Oxford Instruments ! OPAL system)
ZHWTIT - 720 MR EE W THE L 72,
% 72, Bunge 218 U 7oz Bi® & iV TR ST 6L
4y % B8 % (Crystallite Orientation Distribution
Function, B L T ODF) %k, &M =koch
T 21T - 725 ODF f#fris {111}, {110}, {100} A~
FEeM X ZRE L, BEIAO IR 22, AEIHD
B EZ 19 & LCRHE L 7c, BEEH R LTO0°,
45°, 90° Al 54 v SV AR L, JIS5 SEER A A
R L ChlkidBi it o7 727 74— FiE (r fE)
13 JIS Z 2254 1ICHE U, 10%Z IR O albi igs L O
BAoES P OSEH L2, RAKDD I (LDR) Ol
FEZ P3BmmOFEHE vy FE2HYL, Lb#HIZ %A
3900N IZF%E LTI L 7o MMAIICY a vy v Ty
7 2%\, BEBARRAESTROMLEZEKS 51t
O MHELALERY D3 A32T, IR LAUERZ 1T 360°C-2h (i)
OB AT > teH v T NTT 5 v 7RIEL 2o it
SCC HaRtiatER (3 JIS H8T11 1T#E L, TERLERH & ]\
THT > 720 LA NS LT 90° Aol ikt i A2 BRI L,
AILFRE L C#EHRMB : =5/ —v=1:9FKPT
10V-3 53 (%) D EBMREFIERIKBEZ 1T - TRkl &I %=
FHEE L oo B~ O RiEE M JIS K 6859 ICH#E L 7
27 v 7RI AFEEZ A, WIS IR 2 i)
D 8% ITHFE L, 3.5%NaCl i 10 23R L 7o
25°CEPHA T 50 izl & 8 2 9B R AR 21TV, )
Wrd % £ TcOREIZRIE L7z, it SCC ¥EiZ 3 Kikhs
Fr ok R TR L 7o RUBERS A ElER 13 ASTM
G34 (EXCO test) ¥ L, T6 WM % 4M-NaCl,
0.5M-KNOs, 0.1M-HNO; gz 9h iz & &%, S48
BLOWHBE 21T - 7o, BHHBIC AV AR %=
Fig. 1 12/R9, T6 WFEM O L A (FZES AT LT
04D oy 7 VERIL, WA Z1ER L 7, il
T ER A ERA L, B R=01 (F#bD 5l
D), PR EHER T, REREEE T 1800cpm TIT - 72,

QP(? )
& \ A
[
A _w}
L« :L 2 g2yl ple 0 5
P 168 .

(mm)

Fig.1 Shape and dimensions of fatigue test specimen.
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Fig.2 Optical micrographs of warm rolled sheet after
solution heat treatment.
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Fig.3 Optical and TEM micrographs after solution heat
treatment. WR : warm rolled sheet (Alloy M),
CR : cold rolled sheet (Alloy S).
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Table 3 Mechanical properties of warm rolled sheet and

cold rolled sheet in T6 condition.

o Tensile strength | Yield strength | Elongation
Condition |Angle to RD
(MPa) (MPa) (%)
0° 592 496 13
Alloy M c
45 522 461 19
WR-T6
90° 601 455 13
0° 522 461 16
Alloy S N
45 521 457 17
CR-T6
90° 526 468 16
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Fig.4 Misorientation angle histograms of (a) warm
rolled sheet and (b) cold rolled sheet after so-
lution heat treatment.
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Table 4 Limiting drawing ratio of warm rolled sheet
(WR) and cold rolled sheet (CR).

WR CR
LDR 2.06 2.00
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Fig.5 Plastic strain ratio of width to thickness in T6
condition. WR : warm rolled sheet, CR : cold
rolled sheet.
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Fig. 6 Life of SCC in T6 condition. WR : warm rolled

sheet, CR : cold rolled sheet.
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TECHNICAL PAPER

Mathematical Models and Flatness Control
for Aluminum Foil Rolling Mills”

Yoshihide Okamura** and Takashi Ichikawa* **

Flatness control in aluminum foil rolling is an important technical subject for quality and pro-

ductivity. Poor flatness leads to foil wrinkling or the foil tearing easily ; moreover, it significantly

reduces productivity. Many flatness control algorithms for aluminum foil rolling have been pro-

posed, but these approaches could not sufficiently cope with the actuator dynamics and the detec-

tion time delay. Moreover, it is necessary to cope with the rolling load variation, which influences

the flatness variation during the mill acceleration and deceleration in thick foil rolling. Therefore,

flatness control models are desired to be able to represent the plant characteristics sufficiently. In

this paper, we propose the mathematical models for flatness control of aluminum foil rolling. The

models are based on results from the experimental study in an actual plant and make it possible

to use the differences between the characteristics of the mechanical actuators positively. A new

flatness control based on the above mathematical models has been developed to cope with the detec-

tion time delay and the mutual interaction between the actuators. The maximum flatness error

has been improved more than 50% in comparison with the conventional flatness control in an ac-

tual plant.

1. Introduction

Flatness control in aluminum foil rolling is an
important technical subject for quality and pro-
ductivity. Poor flatness leads to foil wrinkling
or the foil tearing easily ; moreover, it signifi-
cantly reduces productivity. Various actuators
have been developed for the flatness control in
aluminum foil rolling, for instance, the variable
crown roll (VC roll), the work roll bender (WR
bender), the roll coolant and so on"?.

One of the most significant features in foil
rolling is the work roll kiss rolling. The effect of
the work roll bender on flatness is restricted
near the foil edges under the kiss rolling condi-
tion. Further, under the condition of low heat
generation by plastic deformation, the flatness
control by the roll coolant becomes difficult. For
these reasons, it is important to use the flatness
control characteristics of the actuators.

* The main part of this paper was presented at SICE An-
nual Conference in Osaka, August 5-7 (2002).
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Many flatness control algorithms for alumi-
num foil rolling have been proposed®™, but
these approaches could not sufficiently cope
with the actuator dynamics and the detection
time delay. It is important to have high control
performance even at a low rolling speed in which
the detection time delay is significant. Moreo-
ver, it is necessary to cope with the rolling load
variation, which influences the flatness varia-
tion during the mill acceleration and decelera-
tion in thick foil rolling. Therefore, flatness con-
trol models are desired that could represent the
plant characteristics sufficiently.

In this paper, we propose mathematical mod-
els for flatness control of aluminum foil rolling.
The models are based on results from an experi-
mental study in an actual plant and make it pos-
sible to use the differences between the charac-
teristics of the mechanical actuators positively.
A new flatness control for aluminum foil rolling
has been developed to cope with the detection
time delay and the mutual interaction between
the actuators. The new flatness control has been
successfully applied to an actual plant.
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2. Mathematical models

2.1 Calculation of the strain component

Fig. 1 shows an example of the flatness sensor
output, that is, the strain distribution of the foil
elongation calculated from the measured foil
tension distribution. The aim of flatness control
is to obtain a uniform distribution of the foil
elongation strain. Flatness error means a lack of
distribution uniformity. Here, I-unit means a
unit of strain, and one I-unit is equal to 10°.

Fig. 2 shows the foil rolling mill equipment
and the flatness control actuators. The mechani-
cal actuators, VC roll, WR bending force, the
WR bending force difference between the opera-
tor-side and the drive-side and roll gap tilting
between the operator-side and the drive-side,
have a high response to the flatness control, but
these actuators could not cope with the local foil
elongation. The roll coolant copes with the local
elongation strain, but the response of flatness
control is lower than that of the mechanical ac-
tuators. Many approaches to express the flat-
ness numerically have been proposed. In this pa-
per, foil strain components /; are defined as fol-
lows".

e(x) =AP(x)+ - AP(x)+- ey

where e(x) is the strain distribution of the foil
elongation in the width direction, and x is the
normalized position in the width direction.
P.(x) is the Lagendre orthogonal function series
as follows.
di
dx'
Fig. 3 shows an example of the foil strain dis-
tributions of A,. Here, /1, means the strain dis-

(x°—1)

1
P(x) TR @

tribution of tilting, /1, means the strain distri-
bution of the symmetrical center buckle or edge
wave, and /1, means the strain distribution of
the symmetrical quarter buckle or center and
edge waves.

2.2 Plant models for control of the me-

chanical actuators

In general, the variation in the strain compo-
nent order when the mechanical actuators are
manipulated depends on the ratio of the work
roll barrel length by the work roll radius. This
ratio is more than 7 in this foil rolling mill;
order of the strain

therefore, a higher
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Fig.1 Flatness sensor output.
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Fig. 2 Foil rolling mill equipment and the flatness control
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Fig.3 Example of foil strain distribution.

component is variable in foil rolling.

It is known that the combined usage of the VC
roll and the WR bender makes it possible to con-
trol the complicated flatness error of the sym-
metrical part”, and the combined usage of the
WR bending force difference and the roll gap
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tilting makes it possible to control the compli-
cated flatness error of the asymmetrical part™®.
Therefore, we studied the variation in the strain
component based on an experimental result.

Fig. 4 and Fig.5 show the experimental re-
sults in which the variation in the strain compo-
nent when the VC roll pressure or the WR bend-
ing force is manipulated under several rolling
conditions. For a wide foil width, the VC roll
pressure and the WR bending force variations
mainly influence the 2nd and 4th order of the
strain components. For a narrow foil width, the
VC roll pressure variation mainly influences the
2nd, 4th and 8th order of the strain components.
Moreover, it is clarified that the rolling load
variation influences the flatness variation. From
these results, the mathematical models of the
plant are given as follows.

44;| | Ky Ky || 4P| | K
= + 4P
44, Ky K || 4P, Kip

where 4/, and 4/; are the 2nd order strain com-

3)

ponent variation and 4th or 8th order strain
component variation, respectively, 4P, is the VC
roll pressure variation, 4P, is the WR bending
force variation, 4P is the rolling load variation.
K.y, Ky, Ky, Ky, K;p and K, are the parameters
that depend on rolling conditions. Here, the WR
bending force variation under the work roll kiss
rolling condition shown in Fig.5 (b) makes the
strain components change complexly. In the case
of such condition, the parameter K,, and K, are
considered and the other parameters are ig-
nored. These parameters could be calculated us-
ing a physical model, but this model is too com-
plicated to use in actual application. Therefore,
an experimental model has been utilized for the
flatness controller. This model consists of sim-
ple polynomial functions in which the variations
are the foil thickness and width. The models of
the actuators, VC roll and WR bender are given

as follows.
d ref
Yﬁgdﬂz—dﬂ+dﬂ 4
d _ ref
TBEAPB =—4dP,+ 4P, )

where 4P and 4P,” are the VC roll pressure
reference and the WR bending force reference,
T, and T, are the time constants of the VC roll
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and WR bender, respectively. The other order
strain components can be controlled by using
the WR bending force difference, the roll gap
tilting and the roll coolant in this plant. How-
ever, the details are omitted in this paper.

3. Design of the controller

3.1 Design method
To obtain high performance of the flatness

control, it is important to cope with the
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detection time delay and the mutual interaction
between the actuators. In this section, the de-
sign method for a controller of only two actua-
tors, the VC roll and the WR bender, is de-
scribed. To the
precompensator which considers the steady

simplify controller, a

state is designed as follows.
4P| _[K, K,| [4pPf
4P} K, K; APy
Ky K|l 4P¢
= | K K| 4P 0
K}y Kjy)| 4P,
where 4P; and 4P, are the control signals of
the VC roll pressure and the WR bending force,
respectively.

To cope with the detection time delay, a PI
controller using Smith's method is designed.
Here, the proportional gain, K,,, K,;, and the in-
tegral time, T}, T, are designed as follows.

Ko=T,/T;, Ty="T, M

Ko=T,/T;, Tp="1T, €©)

If T, is assumed to be equal to 7}, each closed
loop transfer function can be approximated as

follows.
1
G,(s) _7T‘Is+1 €©);
. 1

where 7} and 7T, are the tuning parameters,

G,(s) and G,(s) mean the approximated closed
loop transfer function of the VC roll control sys-
tem and the WR bender control system, respec-
tively.

A predictive compensator to cope with the
rolling load variation is then represented as fol-
lows.

AP = Au,— K,AP
APy = du,— K, AP

an
(12)

where du, and du, are the references for the
above PI controller. Fig. 6 shows the block dia-
gram of the proposed flatness control system
using the VC roll and the WR bender. Here, L is
the detection time delay of the flatness sensor.
3.2 Tuning method of the parameters
Considering the balance between the actuator
response and the stability of the system, the pa-
rameters 7, and 7, are selected referring to the
design result using the H-infinity control the-
ory. The weight functions W,(s) and W.(s) to
design the H-infinity controller are selected as

follows.
W,(s)=c,(c,s+1) (13)
W.(s)=1/s (14)

where ¢, and ¢, are constants. Fig. 7 shows the
gain characteristics of W,(s) and 4(s) of the
VC roll control system. 4(s) means the
multiplicative plant uncertainty. The parameter
T, is selected to obtain the similar gain charac-

i AP .
Kr [ Kir
|
K'P ‘ KP
|
‘ VC pressure
_ | relgontrol device
~|PI controller using % I AA; _Ls
rof Smith's method g \ Trs+1 Kiv [ £
AN | AAi(t- L)
Kis | Kis
\
Kjv | Bending force Kiv
or } mgontrol devic
A4, PI controller usin, !AB? 1 B AA,
g A . —Ls
_>0'_> Smith's method Kis | Tes+1 Ko e —r
T (Controller) ‘ (Plant) AAi(t= IL)
L
T

Fig. 6 Block diagram of the flatness control system.
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teristics of the H-infinity controller. The pa-
rameter 7, can also be set in a similar way.

4. Practical results

Fig. 8 shows an example of the practical re-
sults. The flatness components 4/, and 4A, are
quickly regulated by the simultaneous manipu-
lation of the VC roll and the WR bender. The
other order strain components are controlled by
the roll gap tilting, the WR bending force differ-
ence and the roll coolant successfully. The maxi-
mum flatness error has been improved more
than 50% in comparison with the conventional
flatness control in this plant.

107 :
10° 102107 10° 10" 10* 10°
Frequency[rad/s]

Fig.7 The gain characteristics of W,(s) and A(s)
of the VC roll control system.
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5. Conclusions

This paper describes the mathematical models
and a new flatness control for an aluminum foil
rolling mill. The mathematical models are based
on results from an experimental study in an ac-
tual plant and make it possible to use the differ-
ences between the characteristics of the me-
chanical actuators positively. The effectiveness
of the new system has been shown by applica-
tion in an actual plant.
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Anisotropic Yield Function of Sheet Forming
Simulation for Aluminium Alloy by using Commercial

FEM Software “LS-DYNA V950" *

Kenji Yamada**, Hideo Mizukoshi**, Koushi Okada™**,
Ninshu Ma*** and Nobuhiko Sugitomo™* * *

Generally, commercial finite element method (FEM) software was used for sheet forming simu-

lation. In this study, anisotropic yield function for aluminium alloy sheets was investigated by us-

ing commercial FEM software “LS-DYNA V950”. Cup deep drawing and punch stretching test

simulation have been carried out using 5000 series aluminium alloy (4.5%Mg, 1.0mmt) sheet.

There was a little difference among the forming limits of cup test simulation by using various

yield functions. The forming limit and the principle strain near the fracture zone measured by ex-

periment (using scribed circle method) were in good agreement with the results calculated by us-

ing Barlat model (1989). Barlat model would be suitable to sheet forming simulation for

aluminium alloy.

1. Introduction

It is important to select anisotropic yield func-
tion for sheet forming simulation. Sheet form-
ing materials have initial anisotropy based on
rolling Therefore, selecting
anisotropic yield function was one of the main

each texture.

factor to determine its calculation accuracy.
Most  of
anisotropic yield function for sheet metals have

previous investigations about
been carried out, e.g. Hill's quadratic”, Gotoh's
biquadratic”, Logan&Hosford” and Barlat®. In
these studies, calculated yield loci were com-
pared with experimental results.

Generally, commercial finite element method
(FEM) software was used for sheet forming
simulation. The commercial FEM software has a
lot of yield function, but it was a few paper that
investigates the effect of yield functions, which
are adopted by commercial FEM software, on
sheet formability”. Therefore, users of commer-
cial FEM software have selected the yield func-
tion for each analysis problems depend on re-
quired calculation accuracy.

* The main part of this paper was presented at 6th Euro-
pean Mechanics of Materials Conference (EMMC6),
Liege-Belgium, September 9-12, 2002.

#+  No.l Department, Research & Development Center.

«+x The Japan Research Institute Ltd.
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The objective of this study is to investigate the
effect of anisotropic yield function on the form-
ing limit of cup test simulation, and to select the
suitable yield function of sheet forming simula-
tion for aluminium alloy. The effects of various
yield functions on the forming limit of cup test
simulations were investigated using commercial
FEM software “LS-DYNA V950”. Cup deep
drawing and punch stretching test simulation
carried out using 5000 series

have been

aluminium alloy sheet (4.5%Mg, 1.0mmt).

2. Simulation

2.1 FEM software

Cup test simulations were carried out using
various yield functions which were adopted by
commercial FEM software “LS-DYNA V950”.

“LS-DYNA” is one of the famous FEM soft-
ware using dynamic explicit code.

2.2 Test material

Test material is Al-Mg alloy sheet (Al-
4.5%Mg, 1.0mmt). Table 1 shows the mechani-
cal properties of test material.

2.3 Formability test model

As the basic formability test for sheet metal,
cup deep drawing and punch stretching test have
been used.
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2.3.1 Cup deep drawing test

Fig.1 (a) shows the equipment of cup deep
drawing test. Cup deep drawing test have been
carried out using flat head punch (punch diame
ter : ¢ 50mm), ¢ 112.5mm diameter blank and
34kN blank holding force.

2. 3.2 Punch stretching test

Fig.1 (b) shows the equipment of punch
stretching test. Punch stretching test have been
carried out using hemisphere punch (punch dia
meter : ¢ 50mm), ¢ 120.0mm diameter blank
and 40kN blank holding force.

2.4 Estimated yield function

Table 2 shows evaluated yield functions.The
evaluated yield functions are i) von Mises (iso-
tropic), i1) Hill (isotropic in plane), iii) Barlat
(1989), iv) Hill's quadratic (1948). These yield

functions were selected from FEM software

“LS-DYNA V950", and have been mainly used
for sheet forming simulation. Generally, Hill's
quadratic yield function was used for steel sheet
forming simulation.

2.5 Analysis model

Simulations were performed on the 1/4 sym-
metric area. The blank and the tools were mod-
eled by using 4node-shell element (Belytschko-
Tsay shell), and the tools were assumed as rigid
bodies. The coulomb friction coefficient between
the blank and the tools was 0.17. The forming
speed of simulation was 1000mm/s. Table 3
shows the number of total elements and nodes of
this analysis models.

The stress-strain curve was converted to the
true stress-logarithmic plastic strain, and ap-

Table1 Mechanical properties of the aluminum alloy sheet (Al-4.5%Mg).

Tensile Yield Stress Tensile Stress .
. . Elongation n-value r-value
Direction (MPa) (MPa)
0° 145 290 0.31 0.30 0.80
45° 144 291 0.33 0.31 0.76
90° 147 293 0.31 0.30 0.96
Average 145 291 0.32 0.31 0.82
¢ 52.8 ¢ 52.8
Die ! ) Die ! N2
— VAN | R
ldlder Holder Lock bead
- . ..
| |
¢ 50 N ¢ 50
¢ 70

(a) Cup deep drawing test

(b) Punch stretching test

Fig.1 Cup test model.

Table 2 Evaluated yield function.

Mat No. Yield function
24 von Mises (isotropic)
37 Hill (isotropic in plane)
36 Barlat (1989)
42 Hill's quadratic (1948)

47

Table 3 Number of total elements and nodes each
simulation model.

) ) Number of Number of
Simulation model

total elements total nodes

Punch stretching test 2224 2363

Cup deep drawing test 3549 3775
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proximated as the multi line. As material con-
stant, Young's modulus was 68.6GPa, and Pois-
son's ratio was 0.33. And the exponent index of
Barlat model M was 8.0. The number 8.0 was the
typical number for Face-Centered Cubic materi-
als (e.g. Aluminium, Copper).

2.6 Fracture criterion

The principle strain of each element during
plastic deformation was compared with the
forming limit diagram (FLD) measured by ex-
periment. The forming limit was defined as the
punch stroke where its principle strain crossed
by an FLD line.

3. Results and discussion

Fig. 2 shows the example of sheet forming
simulation, Fig.3 shows the comparison be-
tween the forming limit calculated by using each
yield functions and the experimental results.
There was a little difference between the form-
ing limit of cup drawing and punch stretching
test simulation using various yield functions.
The forming limit of Barlat model was in good
agreement with the experimental results.

Fig. 4 shows the principle strain near the frac-
ture zone using each yield function of punch
stretching test simulations. The principle strain
calculated with Barlat model was close to the
plane strain in comparison with those of the
other models. Therefore, the forming limit cal-
culated by using Barlat model was lower than
the other models. Fig. 5 shows the photograph
of specimen after punch stretching test, and
Fig. 6 shows the comparison between the princi-
ple strain calculated by using Barlat model near
the fracture zone and the experimental results
on punch stretching test. The principle strain
near the fracture zone measured by experiment

(a) Cup deep drawing test

(using scribed circle method) was in good agree-
ment with the calculated result by using Barlat
model.

Fig. 7 shows the comparison between the yield
loci calculated by using each yield functions. The
yield locus of Barlat model was similar to the
hexagonal shape (Tresca type), but those of the
other models were the elliptical shapes. The
yield locus of Hill model (isotropic in plane) was

3
€
2 g
£508
o Q
£3 06
E3
o9
L5804
% @ Deep drawing test
£ 0.2 OStretching test
0.0
von Mises  Hill(isotropic Barlat Hill's
in plane) quadratic

Yield function

Fig.3 Comparison of the forming limit between calculated by
using each yield functions and the experimental results.

0.3
0.2 9
A
.g A L)
& A o
S A
©
= 0.1 O von Mises -
’ A Hill/is otropic in plane
A Barlat
® Hill's quadratic
—— FLD
0.0 ‘
-0.1 0.0 0.1 0.2
Minor strain

Fig.4 The principle strain near the fracture zone in punch
stretching test simulation.

EERERRE}

(b) Punch stretching test

Fig.2 Maximum princinle strain distribution.
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smaller than those of other models at the near
biaxial tension. The expansion of yield locus cal-
culated by using Barlat model (M=8) from
plane strain to biaxial tension was smaller than
those of other models. If the element trace this
stress path, Barlat model yields earlier than the
others. And the direction of the incremental
plastic strain according to the outward normals
to the yield locus was close to the plane strain.
Therfore, the plastic strain were growth to the
direction of plane strain by using Balrat model.
Fig. 8 shows the comparison of the equivalent
plastic strain distribution between punch
stretching test caluculated by using Barlat
model and Hill's quadratic. The equivalent plas-
tic strain calculated by using Barlat model was
higher than Hill's quadratic at the punch shoul-
der that the principle strain was similar to the
plane strain.

After all, the difference between the forming
limits of cup drawing and punch stretching test
simulation using various yield functions was
due to the difference of the plastic strain and the

Fig.5 Photograph of specimen after the punch stretching test.
(using scribed circle method; ¢ 6.35mm)

(a) Barlat model

0.4
[ ]
[}
0.3 °
£
g (¢}
202
8
©
=
01 O OK(experiment) |
: ® NG(experiment)
/A Barlat(calculated)
— FLD
0.0 |
-0.1 0.0 0.1 0.2
Minor strain

Fig.6 Comparison of the of principle strain near the fracture
zone between punch stretching test simulation and ex-

periment.
1.5 —— -
Biaxial tension
Hill's quadratic
1.0 4 —
t? Hill/isotropic in|plane 1. von Mises
~ \|
b f\
Barlat/MZ5 | | |
ar =
0.5
/ Plane strain
Uniaxial tension
0.0
0.0 0.5 1.0 1.5

0y / 0g

Fig.7 Comparison of yield locus.

(b) Hill's quadratic

Fig.8 Comparison of equivalent plastic strain distribution.
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principle strain because of its yield locus shape.

The calculation results of Barlat model were in
good agreement with the experimental results,
because its yield locus was similar to that of

aluminium alloys.

4. Conclutions

Influence of anisotropic yield functions on

sheet forming simulation was investigated us-

ing commercial FEM software

“LS-DYNA

V950" to select the suitable anisotropic yield
function for aluminium alloy.

The main results as follows,

1.

There was a little difference between the
forming limits of cup drawing and punch
stretching test simulation using various yield
functions. The forming limit calculated by
using Barlat model (1989) was in good agree-
ment with experimental results.

. The forming limit calculated by using Barlat

model was lower than those of other models
because of its difference on the principle
strain near the fracture zone. The principle
strain near the fracture zone calculated by

50

using Barlat model was close to the plane
strain. The principle strain near the fracture
zone measured by experiment (using scribed
circle method) was in good agreement with
the results calculated by using Barlat model.

3. As the yield locus of Barlat model (M=38)

was similar to Tresca type, the expansion of
yield locus from plane strain to biaxial ten-
sion was smaller than the other model.
Therefore, the forming limit calculated by
using Barlat model was lower than those of
other models.

4. Barlat model would be suitable for aluminium

alloy sheet forming simulation because of its
yield locus similar to aluminium alloys.
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Simulation on 3-Points Bending Test of
7000series Aluminium Alloy Extruded Shapes

Koushi Okada, Hideo Mizukoshi and Kenji Yamada

Recently, aluminium use for automobiles is growing steadily to reduce fuel consumption. For

example, aluminium alloy extruded shapes are used for sidedoor beams, which is installed in vehi-

cle doors to protect crews in the event of side crash. To maintain the safety requirement, sidedoor

beams need good characteristics for 3-points bending test. On the other hand, the cross section of

aluminium extruded shapes influence 3-points bending properties (maximum load, mean load and

deformation). In this paper, the relation between cross section and characteristics of 3-points

bending test have been investigated by using a finite element method.
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Bending span:L=800mnn
Radious of bending jig:R=6inch(152.4mnm)
Radious of support jig:r=25mn

Fig.1 3-points bending test condition.
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(a)Square (b) I (¢) 11

Type of channel
Flange width:W:=25~45mm
Flange thickness:T:=2.5~4.5mn
Web thickness:Tw=1.5~3.5un

Fig. 2 Cross section type.

v alb—va vEFEL I, Table 1 IZfEHTE:%,
Fig. 3 ICfifilr & 7V %2 /RT

R EUIMEIL 7000 % (AL-Zn-Mg %) BFEG S
Thh, ZoO5[IEHE % Table2 I</Rd, TOELIEF
o —JEIR T O AEETH B, T E 7 VITIIESI-
O AR ZEHIEL L TATI L,

3. BHRRUER
3.1 EATAR LTt RfR

7 5 v VhE A0mm, 7 5 v YRIE 3.5m,
2.5m & LG o SHEAERIC B Y 2 W&
Fig. 4 12" d . A4 7, ITMF v v 2 VRO THF 4
¥ 2V THIMA T REDS KIGIT I 5 72, /X1 7T

v = 7TRIE

=
2
~ R

Table 1 Analysis condition.

Analysis software Marc

) 3dimension
Analysis type ) )
elastic-plastic

Elemnt 4-node shell
Yield condition von Mises
Friction 0.2
coefficient (Coulmb model)
Displacement === Bending jig

Fig.3 FEM model.

Table 2 Tensile properties.

0.2% .
Tensile Total
proof .
Strength elongation
steress
(MPa) (%)
(MPa)
530 570 15
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Table 3 Schematic of test piece.

Tensile properties

o .
Alloy-Temper Cross section 0.2% proof Tensile Total
stress strength elongation
(MPa) (MPa) %)
ZK80-T6 II channel 536 072 15
Table 4 Characteristics of 3-points bending test.
Maximum load (kN) Mean load (kN)
Analysis Experiment Analysis Experiment
11.34 11.19 9.45 9.40

]
|
Fig.9 3-points bending test.
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Fig. 10 Comparison of load-displacement curve between
analysys and experiment.
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Fig. 11 Cross section deformation after 3-points bending test.
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Influence of Refrigerant Side
and Air Side Heat Transfer Characteristic
on Fin-and-Tube Heat Exchanger Performance

Shiro Kakiyama, Naoe Sasaki, Akihiro Kiyotani and Noriyoshi Sanuki

The purpose of this study was to clarify the performance difference factor between two sets of

fin-and-tube heat exchangers, heat exchanger A and heat exchanger B, with the same specifica-

tions. The air-side and the refrigerant-side performance was experimentally investigated using

R-410A and hot water to study the influence on the heat exchanger performance. The inner groove

deformation of heat exchanger B in the mechanical tube-expanding process using bullets was

greater than that of heat exchanger A. The capacity during condensation of heat exchanger B was

7% lower than that of heat exchanger A at a 1.0m/s frontal velocity. The air-side heat transfer co-

efficient of heat exchanger B evaluated using hot water was 8% lower than that of heat exchanger

A at a 1.0m/s frontal velocity. Moreover, the condensation heat transfer coefficient in tube B re-

moved from heat exchanger B was 20% higher than that in tube A removed from heat exchanger

A at a 140kg/(m?® -

s) refrigerant mass velocity. It was considered that the capacity during con-

densation of the heat exchanger decreased with a reduction in the contact conductance between the

aluminum fin collars and the tubes. On the other hand, the capacity during evaporation of heat ex-

changer B was 1% lower than that of heat exchanger A at a 1.0m/s frontal velocity. Also, the

evaporation heat transfer coefficient in tube B was 20% lower than that in tube A at a 200kg/

(m? + s) refrigerant mass velocity. It was considered that the condensed water existing between

the aluminum fin collars and the tube lead to the smaller performance difference between the two

heat exchangers during evaporation than that during condensation.
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Fig.1 Dimensions of test heat exchanger.
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(a) tube before expanding.

4

(b) tube A after expanding.

]

|

]

(c) tube B after expanding.

Fig.2 Cross section of test tube.

Table 1 Dimensions of the test tubes.

before after expanding

Type of tube expanding A B
Outside diameter [mm] 7.00 7.43 7.40
Wall thickness [mm] 0.285 0.281 0.280
Groove depth [mm] 0.150 0.140 0.139
Fin included angle [ ] 53.0 47.6 46.1

Helix angle [ ] 18 15 16

Number of grooves 60 60 60
Tube-expanding rate 6.11 0.77
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Fig.3 Schematic diagram of experimental apparatus.
Table 2 Experimental conditions for heat exchanger using
R-410A.
Type of test Condensation Evaporation i
Dry bulb temp. 293 [K] 300 [K] -

Air . u .
» Wet bulb temp. 288 [K] 292 [K] Air Air
side

Frontal velocity | 0.8, 1.0, 1.2 [m“s] | 0.6, 0.8, 1.0 [ms]

]

Saturation temp. 315.2 [K] 283.5 [K] Refrigerant | é« Refrigerant .)
Ref.
"'| SHx at Inlet SH=20 [K] x=0.25 ﬂ mm
side

SCSH at Outlet SC=17 [K] SH=2 [K]

x : Vapor quality, SH : Degree of superheat,
SC : Degree of subcooling

Condensation and Water Evaporatlon

Fig.4 Tube and flow arrangement of test heat exchanger.
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Table 3 Experimental conditions for heat exchanger
using hot water.

Type of test Hot water
Dry bulb temp. 293 [K]
Air side Wet bulb temp. 288 [K]
Frontal velocity 0.8, 1.0, 1.2 [ms]
Inlet temp. 313 [K]
Water side
Mass flow 3, 4,6 [£,/min]

Table4 Experimental conditions for horizontal tube using

R-410A.
Type of test Condensation Evaporation
Saturation temp. 323 [K] 275 [K]
Inlet SH=40 [K] x=0.2
Outlet SC= 5 [K] SH= 5 [K]
refrigerant mass velocity 100~300 kg, (m?+s)]

x : Vapor quality, SH : Degree of superheat,
SC : Degree of subcooling

ar = Qw / (Ao M AT) (6)

ZIT, Quld, KOIEC, BJEKHACREE

| Tur— Tz |, B X CEBUKHE W 22 5k (D T
RSN B,
Qw - Cp ° Ww ° | T'w]_ Tw2 ‘ (7)

X 5IT, SRR L OREEAT IE, B0 A0
BLOHOEHE S fafRE Ty 8 LU T & ERERE
T, vtk 8) TitFEans,
AT = | (Ty+Tw)/2—T. | ®

T, mAEOERRE T, [3EXIEPEC X bl
E Ll AW,

(2) ENEI1HEE

BN SHBR A P BATTASTET S Py I THATRIT
J1 P, BIUOMHZAEEES LER XL (9
TitHE N %,

APpn= (Pu—Px) /L ©))
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Fig.5 Capacity variation with frontal air velocity for
condensation of heat exchanger.
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Fig.6 Air pressure drop variation with frontal air velocity for
condensation of heat exchanger.
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Fig.7 Refrigerant pressure drop variation with refrigerant
mass velocity for condensation of heat exchanger.
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mass velocity for condensation of horizontal tube.
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Refinement of Bismuth Particles in Cu-Zn-Bi Alloy

Tetsuya Ando, Tetsuro Atsumi and Yoshihiro Yoshikawa

Bismuth appears to have significant potential as a nontoxic alternative to lead for enhancing the
machinability of alpha + beta brass because of similarity of features between lead and bismuth,
e.g. low solubility for copper alloy and low melting point. It is reported that dispersing bismuth
particles finely and uniformly, which means decreasing an average spacing of them, is effective on
improvement in machinability of bismuth substituted lead free free-cutting brass. However bis-
muth particles in this alloy grow following to grain growth of alpha matrix because of the high
wettability of bismuth at grain boundaries of alpha copper and so this alloy is inferior to leaded
free-cutting brass in machinability. In this paper, the refinement of bismuth particles in Cu-Zn-Bi
alloy was investigated. A refinement of matrix of this alloy by means of decreasing extrusion tem-
perature made little effect on refinement of bismuth particles at low extrusion ratio. In considera-
tion of spheroidized of bismuth particles in beta phase which decrease difference of surface energy
against bismuth, this alloy has been extruded at high temperature during which matrix is only
beta phase. As a result, refinement of bismuth particles in this alloy was achieved independent on
extrusion ratio. And cutting chips of this alloy with fine bismuth particles were cut apart finer
than of one with coarsened bismuth particles. Furthermore refinement of bismuth particles could
not reduce the cutting resistance of this alloy as the same level of leaded free-cutting brass. It was

deduced the difference of lubricity between bismuth and lead was involved in this case.

Key words : lead free free-cutting brass, bismuth, machinability, refinement, wettability, surface

energy, extrusion, control of microstructure
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Table1 Cutting conditions.

Cutting mode Cylindrical turning

Tool type TPGN160304

Holder type CTGPR2525H3

Tool geometry (0, 5, 11, 6, 30, 0, 0.4)

Tool material K10

Cutting speed 100m /min.

Feed rate 0.05, 0.10, 0.15mm/rev.
Depth of cut 1.5mm
Lubricant none
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Fig.1 Backscattered electron images of extruded 60%Cu-Zn-3%Bi alloys at 873, 973 and 1073 K.
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White particles represent bismuth.
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Fig.2 Appearance of chips of extruded 60%Cu-Zn-3%Bi alloys at
973 and 1073 K in comparison with JIS C3602 by Cylin-
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Fig.3 Influence of feed rate on cutting forces of extruded
60%Cu-Zn-3%Bi alloys at 973 and 1073 K in compari-
son with JIS C3602.
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Ant's Nest Corrosion and Its Prevention of
ACR Copper Tubes based on Experience”

Tetsuro Atsumi* *, Kozo Kawano*

* * k%

and Koji Nagata

Ant's nest corrosion has frequently been observed in ACR copper tubes from the late 1970s. Re-

sults of case studies and simulation tests have suggested that the corrosion medium is carboxylic

acid or chemical substances that have decomposed into such acids. The occurrence of ant's nest cor-

rosion in copper tubes has become widely recognized, and premature failures caused by this type

of corrosion have been reduced. The factors that play a role in this type of corrosion, the corrosion

mechanism and preventive measures are reviewed here with discussion of recently reported cases

of ant's nest corrosion.

1. Introduction

From the late 1970s, a peculiar type of local
W ized corrosion in copper tubes, which leads to
the premature failures, has frequently been ob-
served in heat exchanger tubes of air-
conditioners and refrigerators and in pipes in
buildings. Optical microscopic examination of
cross sections of the thin walls of tubes has re-
vealed corroded parts with an underlying laby-
rinth of interconnecting channels containing
copper oxide in random micro paths. This type
of corrosion has been termed “ant's nest corro-
sion” or “formicary corrosion” because the
morphology of this type of corrosion is similar
to an ant's nest when viewed in cross section.

The occurrence of this type of corrosion first
came to light in the early 1970s following a re-
port by Edwards et al.” on corrosion in copper
in an air-
conditioning system that had been discovered
after detection of numerous pinholes in the

tubes wused for cooling water

tubes during pressure tests after installation.
However, the mechanism of the corrosion was
not clarified.

In the early 1980s, Yamauchi et al.” reported
25 cases of this type of corrosion and suggested
on the basis of results of simulation tests that

* The main part of this paper was presented at the IWCC
Technical Seminar Korea 2002 held in Seoul, Oct. 28-31,
(2002).

#+  No.4 Department, Research & Development Center.

«++ Research & Development Center, Dr. of Eng.
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decomposition products from chlorinated or-
ganic solvents used to degrease the tubes caused
this type of corrosion.

In 1986, Notoya? called attention to a similar
type of corrosion, so-called bronze disease,
caused by acetic acid and reported that the oc-
currence of ant's nest corrosion in copper tubes
may be due to acetic acid. A joint study was
later carried out by Notoya and our research
group on this type of corrosion, and ant's nest
corrosion in copper tubes was successfully re-
produced in a humid oxygen atmosphere with a
small amount of formic acid and a series of n-
alkylcarboxylic acids and different types of
aldehydes”. The results of that study led to the
establishment of a method for reproducing ant's
nest corrosion in copper tubes. Since then, con-
siderable progress has been made in research on
ant's nest corrosion»~®. For instance, it has been
shown that acetic acid can be produced by hy-
drolysis of chlorinated organic solvents and that
ant's nest corrosion in copper tubes can be repro-
duced in the presence of this organic solvent in a
humid atmosphere”.

In 1988, the Corrosion Committee of the Ja-
pan Copper Development Association (JCDA)
began research to elucidate the factors affecting
this type of corrosion, and results of research
have been reported by some committee members
10)~13)

Adhesive used in synthetic building materials,
cosmetics and perfumes, various types of wood
and insecticides have also recently been proposed
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.12 These decomposition

as corrosive agents
products and volatile organic substances include
carboxylic acids, aldehydes and alcohol.

The phenomenon of ant's nest corrosion of
copper tubes widely recognized,®~*
ture failure of copper tubes caused by ant's nest

corrosion has been reduced due to the results of

’and prema-

extensive studies and recommendations. How-
ever, ant's nest corrosion in copper tubes is still
found in approximately 10% of total failures of
copper tubes in statistical surveys. In this paper,
affecting ant's nest corrosion factors, recently
reported cases of ant's nest corrosion in copper
tubes, the corrosion mechanism and preventive
measures are reviewed.

2. Factors that play a role in the occurrence
of ant's nest corrosion

Factors causing ant's nest corrosion were sys-
tematically investigated by the Corrosion Com-
mittee of the JCDA using simulation tests un-
der conditions in which localized corrosion devel-
ops in copper tubes'”™™. For the experiment,
thin-walled copper tubes of 9.52 mm in outside
diameter and 100 mm in length were placed in an
atmosphere over 100 ml water containing a
small amount of a volatile corrosive in an air-
tight one-liter glass vessel under the condition
of temperature control. The copper tube was
kept in the glass tube so as to not to come into
direct contact with the corrosive solution. The
experiment was conducted over a period of three
months, after which a cross-section of each cop-
per tube was examined under an optical micro-
scope.

2.1 Types of Corrosive

Ant's nest corrosion in copper tubes was suc-
cessfully reproduced in a humid oxygen atmos-
phere with small amounts of formic acid, acetic
acid, and various types of aldehydes. It was
found that the morphological features of local-
ized corrosion depend on the type of corrosive.
Irregular-shaped pits were produced with formic
acid and with aldehydes. Round-shaped pits
were predominant with acetic acid. The penetra-
tion depth increased with decreases in the length
of the alkyl chain in carboxylic acids in the or-
der of the dissociation constant of these acids,
which reflects acid strength. Because of the
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relative acid strength, the rate of corrosion
caused by formic acid is more rapid than that
caused by the other acids.

2.2 Concentration of corrosive

Increasing the bulk concentration of carbox-
ylic acid caused more severe corrosion. Localized
corrosion was found in a humid atmosphere
with a bulk concentration of formic acid rang-
ing from 0.01 to 1.0 vol. %, while general corro-
sion was found in the same atmosphere with a
bulk concentration of formic acid of 10 vol. %.
However, there doesn't seem to be a threshold
concentration of any corrosive to initiate ant's
nest corrosion.

2.3 Temperature

Increasing the ambient temperature caused
corrosion, especially in the temperature range of
15 to 40 degrees C. The localized corrosion rate
was accelerated under thermocyclic conditions.
Corrosion under thermocyclic conditions in
which the temperature was intermittently
changed between 25 and 40 degrees C every 12
hours was more severe than that at a constant
temperature of 40 degrees C. Changing the tem-
perature in a humid atmosphere caused an in-
crease or decrease in the thickness of the water
layer on the copper surface. This promotes dif-
fusion of corrosive species and copper ions at
tips of micro-tunnels. Furthermore, oxygen and
water (humidity) were considered to be essen-
tial for the corrosion process.

2.4 Oxygen

The main cathodic reaction for this corrosion
is an oxygen reduction reaction on the copper
surface. The higher the oxygen concentration is
in the humid atmosphere, the more severe is the
corrosion. However, this corrosion occurred
even in an atmosphere with a low oxygen con-
centration, such as in a nitrogen-replaced at-
mosphere. It was thought that a trace amount
of oxygen remained in the nitrogen atmosphere.

2.5 Other possible factors that play a role

in the occurrence of localized corrosion

Other possible factors that play a role in the
occurrence of localized corrosion, such as impu-
rity in copper tubes (particularly phosphorus
concentration), crystal grain size®, bacteria, and
local stress in copper tubes, were also investi-
gated. However, none of those factors showed a
significant effect on ant's nest corrosion.
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3. Cases of ant's nest corrosion

3.1 Corrosion caused by lubricant oil

Case 1 : Self-evaporating oil

Takahashi et al.” reported the occurrence of
ant's nest corrosion in copper tubes of a heat ex-
changer coil assembled in the United States. A
self-evaporating oil had been used as a lubricant
for the tube bending process. They succeeded in
experimentally producing ant's nest corrosion in
copper tubes exposed to a humid atmosphere
with these lubricant oils. It was proved that
ant's nest corrosion was reproduced by decom-
position products generated from the oil by hy-
drolysis. Our research group confirmed these re-
sults, and we have recommended methods for
evaluating these lubricant oils in order to pre-
vent corrosion®. One method is analysis of car-
boxylic acids in the decomposition products gen-
erated from these oils by hydrolysis and the
other method is corrosion test on copper tubes
with these oils. The procedure used for the cor-
rosion test is as follows. Three ml of water con-
taining a small amount of test oil was injected
into a U-bended copper tube, and the copper tube
was sealed both ends and heated at 150 and/or
400 degrees C for 5 minutes for simulation of
brazing. Then the same copper tube in which
oxygen gas had been charged and which had
been re-sealed at both ends was kept for 2 to 4
weeks, after which the inner surface and cross
sections of the tube were examined. Fig. 1 shows
the inner surface and a cross section of the U-
bended copper tube tested. Some types of self-
evaporating oils that had been evaluated accord-
ing to above-described methods have been used
in bending processes of copper tubes in which
ant's nest corrosion did not subsequently occur.

Case 2 : Compressor oil

Ant's nest corrosion was found in copper
tubes in air-conditioning units after the tubes
had been subjected to leakage test following
storage for 6 months after assembly. There had
been no problems in the manufacturing process
using a self-evaporating oil. Gas leaks were
found near the brazing portions, in which re-
brazing had been applied off-line in air. After
the re-brazing, the heat exchangers had been
stored without replacing air in the copper tubes
with nitrogen gas. Compressor oil was detected

71

-
b
-

Fig.1 Inner surfaces (upper, middle) and a cross section
(bottom) of a U-bended tube tested with self-
evaporating oil.

in the residual oil of the copper tubes, and for-
mic and acetic acids were detected in the decom-
position products generated from compressor oil
by hydrolysis.

It was thought that carboxylic acids that had
decomposed from compressor oil at the time of
re-brazing had caused the ant's nest corrosion in
the copper tubes. Prevention measures, includ-
ing prevention of compressor oil from entering
the copper tubes, re-brazing under a non-
oxidizing environment and storage of the heat
exchangers with tube ends sealed after nitrogen
gas purging have since been established, and
there has been no further occurrence of ant's
nest corrosion in the copper tubes.

3.2 Corrosion caused by anti-oxidation

agents for brazing

Case 3 : Leaks were detected in heat exchang-
ers in air-conditioning units in a hotel at Osaka
one month after installation. There was reddish-
brown tarnishing in the inner surfaces of copper
tubes near the brazing portions, and the ant's
nest corrosion was found in these areas as
shown in Fig. 2. The brazing portion of the in-
ner surface had been sprayed with an anti-
oxidation agents' containing 20% methanol,
64% ethanol, 4% glycerin and 12% boric acid.
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Fig.2 Cross sections of leaking copper tubes in a heat ex-
changer. Anti-oxidation agents had been sprayed on
the brazing parts of the tubes.

Fifty ml of distilled water with 6 ml of this anti-
oxidation agent in the presence or absence of
copper powder was kept at 90 degrees C for 48
hours, and then the water was analyzed by ion
chromatography. In the presence of copper pow-
der, 22 mg/1 of formic acid and 16.9 mg/1 of ace-
tic acid were produced, while the amounts of
both acids produced in the absence of copper
powder were less than 0.2 mg/l.

It was thought that formic and acetic acids de-
composed from the anti-oxidation agent had
caused the ant's nest corrosion in the copper
tubes. There has been no further occurrence of
ant's nest corrosion in the copper tubes since ter-
mination of the use of the anti-oxidation agent.

3.3 Corrosion caused by volatile organic

substances in the environment

Case 4 : Ant's nest corrosion was found in cop-
per tubes in air-conditioning units that had been
used for 2.5 years in the wooden-walled rooms at
hotel™. Fig. 3 the
conditioning unit installed in the wooden-walled

a resort shows air-
room and the cross section of a corroded tube.
Gas chromatograph analysis of air contami-
nants in the rooms showed trace amounts of
volatile organic substances such as formalde-
hyde (11~13u g/m® as air), nonylaldehyde
(nonanal), methylbuthylketone, alpha-pinene,
3-carene, limonene, and hydrocarbons (Cu~Cs).

Among these substances, the aldehydes and
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Fig.3 Air-conditioning unit that had been in service for 2.5
years in a wooden-walled room at a resort hotel and
a cross section of a leaking copper tube.

ketone were suspected to be the substances caus-
ing the ant's nest corrosion of the copper tubes.
A simulation test was conducted in a humid at-
mosphere with 9 different types of aldehydes, 6
ketones, and alpha-pinene, and also formic acid
and methylformate for comparison. It was
found that formic acid, methylformate, formal-
dehyde and propionaldehyde caused severe local-
ized corrosion in copper tubes, whereas only fine
and directional pits were formed in the presence
of ketones and alpha pinene. It was thought that
formaldehyde, which was probably exuded from
adhesives in synthetic building material, had
caused the ant's nest corrosion on the outer sur-
faces of the copper tubes in this case.

Case 5:Gas leaks were found in the copper
tubes of heat exchangers for air-conditioning
units in Jakarta, Indonesia within 1 year of
service. Pinholes were detected at bends and
hairpin sections. Fig. 4 shows the cross section
of a failed tube. X-ray diffraction analysis
showed that the corrosion products that had
formed on the outer surfaces of the copper tubes
were mainly basic copper carbonate [Cu:CO:s
Cu(OH): : Malachite] with a small amount of
cuprous sulfide [Cu:S]. Hydrogen sulfide was
detected in the atmosphere of a room in which a
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Fig.4 Cross sections of a leaking copper tube at the U-bend
portion and the hairpin bend portion in an air-
conditioning unit that had been in service.

heat exchanger had been installed. The presence
of hydrogen sulfide in the atmosphere was
thought to be abnormal. Although the origin of
the corrosive media could not be determined,
chemicals, such as insecticide and perfume,
which decompose into carboxylic acids, were
suspected to have caused the ant's nest corrosion
in the copper tubes.

3.4 Corrosion caused by adhesives and

polyethylene foam insulator

Case 6: Ant's nest corrosion was detected in
the copper tubes of a cooling storage tank. The
copper tubes were attached to a resin-coated
3000-liter steel tank by aluminum adhesive tape
and polyethylene foam insulator. The surfaces
of the copper tubes near the area of contact with
the steel tank were covered with red-tarnished
oxide with green patina scales. Other parts of
the surfaces of the copper tube had retained
their copper luster. Leaks were found in a nar-
row belt of the red-tarnished area under the
green patina scales of the copper tubes. Fig.5
shows the cross section of a failed tube. Ion
chromatographic analysis of the aluminum ad-
hesive tape showed the presence of HCOO -
(0.10~0.22n g/cm?) and CH:COO  (2.6~4.2u
g/cm?). It was thought that the ant's nest corro-
sion had been caused by these aggressive ions
from the aluminum tape in dew water that had
accumulated in crevices between the copper
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Fig.5 Outer surfaces and cross sections of a leaking copper
tube that attached to a storage tank by aluminum
adhesive tape. High concentration acetic acid had
been exuded from the aluminum adhesive tape.

tubes and the steel tank.

Case 7 : Ant's nest corrosion was found in cop-
per tubes in air-conditioning units that had been
in service for 4 years. Pinhole leaks were found
in straight portions of the copper tube under
aluminum fins. The corroded areas on outer sur-
face of the copper tubes were covered with red-
dish-brown oxide, while the inner surfaces of the
tubes had retained their copper luster. Fig. 6
shows the cross section of a corroded tube. Sev-
eral analyses were carried out to detect the cor-
rosive agents. Twenty ml of distilled water con-
taining 2g polyethylene foam insulator that had
been used to cover the aluminum-finned heat ex-
changer was kept at 90 degrees C for 48 hours,
and then the water was analyzed by ion chroma-
tography. The results of analysis showed that
100~200u g/g of formic acid and 40~60u g/g of
acetic acid had been produced. It was thought
that the carboxylic acids exuded from the poly-
ethylene foam insulator under the condition of
condensation of water had caused the ant's nest
corrosion in this case.

4. Corrosion mechanism

A possible mechanism of ant's nest corrosion
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Fig. 6 Outer surfaces and a cross section of a leaking cop-
per tube in an air-conditioning unit that had been in
service for 4 years. Formic and acetic acids had been
exuded from polyethylene foam insulator.

is as follows” *¥. In a humid atmosphere, carbox-
ylic acid acidifies the surface water on the cop-
per and penetrates through defects in the air-
formed copper oxide films. Copper then dissolves
in the surface water.
Cu — Cu' +e. @)
At the same time, a cuprous complex forms
between carboxylic acid and cuprous ions in the
water layer.
Cu" + X — CuX, @)
where X is HCOO, RCOO™ (R : alkyl group).
The complex in water migrates from dissolution
sites by local changes in complex concentration,
temperature and humidity. The complex is oxi-
dized to give Cu:O and cupric complex.
4CuX + 1/20;

— CuO + 2CU.X2, (3)

CuX + X° — CuX:+e. €))
The cupric complex in the micro-tunnel reacts
with copper at active sites within the pit to give

a cuprous complex.

CuX: + Cu — 2CuX. &)

CuX is oxidized again as in equation (3) or
(4). This catalytic reaction occurs continuously
and results in perforation.
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The cathodic reaction is mainly an oxygen re-
duction reaction.

0: + 2H:0 + 40 — 40H". (6)

The OH™ ions formed at the cathodic area mi-
grate and diffuse toward the anode to form
Cu:0. The Cu:0O could produce cracks at weaker
points in the pits. Oxygen may penetrate be-
cause of pumping in heating and cooling cycles.
The oxygen that has penetrated is consumed by
oxidizing CuX and produces Cu:O on the pit
wall. This cyclic reaction promotes corrosion.
This proposed mechanism of ant's nest corrosion
through cuprous and cupric complex formation
is supported by the results of thermodynamic

25)

study™®.

9. Preventive measures

Ant's nest corrosion is initiated on the surface
of a copper tube under a humid atmosphere in
the presence of corrosive agents. Corrosive
agents are organic species left or produced on
the copper surface or deposited on the surface
from the atmosphere. Therefore, to reduce the
occurrence of this corrosion, it is essential to re-
move all trace amounts of any corrosive agents
and to maintain the corrosive agent level as low
as possible.

To prevent corrosion in copper tubes, selected
self-evaporating oil and/or thermal insulator of
polyethylene foam from which no or very small
amounts of carboxylic acids would be decom-
posed or exuded should be used for assembling
heat exchangers. Adhesive tape and anti-
oxidation agents from which carboxylic acids
would be decomposed or exuded should not be
used. Fortunately, the use of synthetic building
materials containing a large amount of adhe-
sives from which formaldehyde would be exuded
is restricted because of the harmful effects of the
formaldehyde on human body, so called the
sick house syndrome.

Organic detergents in copper tubes should be
removed by, for instance, steam cleaning and
drying with hot air. Following this, the tubes
should be filled with dry inert gas, and the ends
of the copper tube should be sealed. In addition,
it is important to design heat transfer units
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without any crevices in which condensing water
containing corrosive agents can accumulate.

Corrosion on the outer surfaces of copper
tubes can be prevented by correct humidity con-
trol of the immediate environment and by sur-
face treatment of the copper tubes with inhibi-
tors or coating. Nevertheless, the uniform for-
mation of a protective film and/or coating is im-
portant because corrosion can occur at sites of
poor formation such as edge portions or pin-
holes in coating.

6. Conclusions

(1) Many cases of ant's nest corrosion had been
caused by volatile organic substances that have
decomposed from oils, anti-oxidation agents
and/or been exuded from adhesives, polyethyl-
ene foam and so on.

(2) Ant's nest corrosion has successfully been
reproduced in copper tubes exposed to a humid
oxygen atmosphere in the presence of corrosives
such as carboxylic acids and various types of
aldehydes. The corrosion media of ant's nest cor-
rosion was considered to be carboxylic acids and
other substances that are decomposed into such
acids.

(3) The mechanism of ant's nest corrosion is
thought to be a catalytic reaction through the
formation of a cuprous and cupric complex and
cuprous oxide production in micro-tunnels.

(4) Ant's nest corrosion in copper tubes can be
prevented by removing all trace amounts of any
corrosive agents and by maintaining the dry
and non-oxidation conditions.
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Study on Moundless Pitting Corrosion of
Copper Tubes and Prevention of the Corrosion

Yutaka Yamada, Osami Seri and Masanobu Arakawa

In recent years, numerous leak incidents caused by moundless pitting corrosion were experi-

enced for once-through type cold or hot water supply system in houses all over Japan. The

moundless pitting corrosion and its protection for copper tubes are summarized. The

“moundless ” corrosion is different from the TypeIl pitting corrosion, and it is characterized by

absence of the mount of corrosion product such as CusSO,(OH)s, Cuz(OH);COs arround the pits.

When the moundless pitting corrosion is developed, the rest of the surface is covered with a glass-

like amorphous scale containing Cu:O. Silicon was detected in the glass-like amorphous scale. The

moundless pitting corrosion has been found in the case of SiO:>=20ppm and Mattoson ratio

(SO« /HCOs ) >0.5. Experimentally, the moundless pitting corrosion is prevented when small

amount of ferrous or ferric ions from steel pipe line have leached. A new copper tube in which tin

is coated on the inner side have been developed. The new tube has shown excellent corrosion resis-

tance performance for more than ten years.
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(b) Cross section

Fig.1 Typical example of moundless pitting corrosion.
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Changes of the Heat Exchanger
for Room Air-conditioners during These Ten Years

Yoshio Sato, Tsukasa Kasuga and Naoe Sasaki

As for the room air conditioner, the energy saving, the change of refrigerants and the improve-

ment of recycling efficiency have been remarkably advanced in these ten years to reply to environ-

mental sustainable society. Especially, the improvement of the technology of energy saving in the

last several years is remarkable. The energy saving was achieved by the improvement of compo-

nents such as heat exchanger, compressor and fan, and also by the inverter control technology.

Then, in this paper, the role of the aluminum fin stock and the inner grooved copper tube were in-

vestigated paying attention to the performance of heat exchanger which played a major role in

this improvement. As a result, the improvement of the performance in the heat exchanger has been

mainly accomplished by increasing the air side surface area. On the other hand, the conditions of

the contact part between the fin collar and the copper tube seem to be not suitable. The higher per-

formance of the heat exchanger is expected to be achieved by the improvement of this contact part.
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Table 1 List of investigated room air conditioners.

Maker Cooling
AD capacity (kW)
o of investigation
A B C D E model
1990 - - - - © 2.8
(3.00) | (2.44) | (2.83) | (2.57) | (2.83)
1991 © - - - © 2.8
(3.00) | (2.8D) | (2.81) | (2.62) | (2.83)
1992 “ . © . — 2.8
1993 “ © © . © 2.8
1995 — - “ ~ “ 2.5
(38.70) | (3.97) | (3.57) | (3.68)
O O O O
1996 - 2.5
(4.39) | (4.20) (4.3
O O O O
1999 — 2.8
(4.79) | (4.48) | (4.240) | (4.48)
O O O O O
2002 2.8
(5.7D) | (.77 | (5.60) | (6.71)
O O O O
2003 — 2.8
(5.66) | (5.89) (6.09) | (5.83)
¢ ):cop
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a, ; Outside heat transfer coefficient

&+ 5 Thermal conductivity of the aluminum fin stook
vy, Contact thermal resistance
& i Thermal conductivity of the copper tube

o, ; Insinde heat transfer coefficient

The thermal resistances of the heat exchanger
for the room air conditioner.
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Fig.2 Elements which decided the performance
of the heat exchanger.
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Fig.5 Changes of the thickness of the aluminum fin stock used for the heat exchangers.
Table 2 Changes of the material of the aluminum fin stock.
A.D.
Maker Unit
1990 1991 1992 1993 1995 1996 1999 2002 2003
Indoor Fe-Mn — — Fe-Mn — A1050 —
A
Outdoor Fe-Mn - - Fe-Mn - A1050
Indoor | Fe-Mn-Mg - - - - Fe-Mn - -
B
Outdoor Fe-Mn — — — — — A1200 —
Fe-Mn
Indoor Fe-Mn - — - - Fe-Mn
C A1200
Outdoor Fe-Mn - — — — - -
Indoor Fe-Mn — - - - Fe-Mn - -
D Fe-Mn Fe-Mn Fe-Mn
Outdoor Fe-Mn — — — — —
Fe-Mn-Mg| A1050 Fe-Mn-Mg
Fe-Mn
Indoor Fe-Mn — Fe-Mn — — Fe-Mn
E A1050
Outdoor Fe-Mn — Fe-Mn — — Fe-Mn
Table 3 SLM's aluminum fin stocks and chemical compositions of that.
SLM's fin stock Mark used Chemical composition [mass%)
matelials in Table 2 S Fe Cu Mn Mg Cr 7n Ti Al
MF03 Fe-Mn 0.15 0.10~0.30 0.05 0.15~0.40 0.05 0.05 0.05 0.1 99.00
A30 A1050 0.25 0.40 0.05 0.05 0.05 0.05 0.03 99.50
A100 A1200 Si+Fe 1.0 0.05 0.05 0.10 0.050 99.00

84

D



85

T R & & E & R

2003

MEONIz, —HRIC, 73 =9 LGNSV EE
(RERNE L 15, Fli7T IV I M3 Fe-Mn D3NS N1z
MBI L TAZER T 2 EfE S <, B fgnlae %
K 1~2% A a8 2 sh B s T x %,

¥, HikTid 1990 ERFETFE L D, KD Fe-Mn
DIRME N MED ST VI MNDOETEAIRL L CTX
7o 2002 FEME TR, 7 4 YMAEEBONOFKL L
DTV IROMETED SN LTI D, EhTHE
LR DVERER FICFEHTE /1 EEBA LN S,

(3) KL
FENRUCEABLZBG U SN RAWE Y « v O
RIETRE N K P D FEEE & 73 B il 12 D> W T Table 4
O Table 5 icF &7z,

1990 LR TR ENK O ENBZImEET 7 « V&
HICKA Z ZAROEBRMB LR TH - 72 L L, 1990
ReptE) &, FENECHREH 7 « YTz vy » SftlE
DIREGFRDOER, &» 25V IEBIIEROEEN SN TE
D, KHFARDEFEIRA I L7, TG,
KA 5 2 REIET I ERRELZRIE LS <, HhaE
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DIREGFOEECHIERBR SRS LTV,

VIR, EEfbfAIic > WTlk B 55, T ZIToR LA
3, BB L —BHESRICB U A HEBTH D,

-
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Table4 Changes of the surface treatment type of the aluminum fin stocks.

A.D.
Maker Unit
1990 1991 1992 1993 1995 1996 1999 2002 2003
Indoor S—R — — — S—R — — —
A
Outdoor S—R — — — S—R WG — —
Indoor WG — — — — — R — —
B
Outdoor WG — — — — — — — —
Indoor Bo — WG — — — R S—R
C
Outdoor Bo — WG — — — — —
Indoor No — — S—R R R — —
D
Outdoor No — — — R — — — —
Indoor WG — WG — R S—R —
E
Outdoor WG S—R WG — - R -
S-R ; Combined Silica and Resin type WG ; Water glass type
R ; All Resin type Bo ; Boehmite type
No ; No coating
Table 5 Changes of the water contact angle of the aluminum fin stocks.
A.D.
Maker Unit
1990 1991 1992 1993 1995 1996 1999 2002 2003
Indoor - - - 10 - 54 40 5 5
A
Outdoor - 54 30 6 — 33 7 5 11
Indoor — — — 24 48 25 25 35 16
B
Outdoor - 22 24 7 ) 14 25 ) 15
Indoor - - - 11 13 20 20 58 -
C
Outdoor - 35 15 18 10 14 7 13 -
Indoor - - - 27 10 - 45 10 5
D
Outdoor - 45 48 53 15 47 59 5 5
Indoor — — - 11 5 32 — 5 20
E
Outdoor - 48 - 12 9 5 - 5 20
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Fig. 6 Changes of the shape of the inner grooved
copper tubes.
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Application of Aluminum Alloys to Autobody
and Its New Technologies

Hideyuki Uto and Kazuhisa Shibue

The fuel saving is recently required because the gas emission must be reduced concerning the

issue of global warming. On the other hand, the requirements of safety and comfort functions

cause automobile weight to be increased. The use of aluminum alloys for automobile parts has in-

creased since COP3 (adoption of Kyoto Protocol) in 1997, especially in Europe. Aluminum alloys

have already been put into practice for automobile parts in power trains and heat exchangers con-

siderably. Nowadays they are much applied for body panels and chassis parts because of exact

weight saving of automobile. In addition the aluminum parts are made of sheets, extrusion pro-

files and castings. The forming and joining technologies of aluminum alloy are also improved in

order to put into practice for aluminum automobile body. In this paper, the latest application of

aluminum alloys for autobodies in Japan and abroad, and recent technologies; new alloy sheets,

superplastic forming, joining, finite element analysis, are reviewed.
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Fig.2 Relationship of fuel efficiency and vehicle weight”.
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Adoption rate %

By the survey of The Japan Light Metal Association Automotive Committee in 1996
360cc: 4 cars, 1500~1600cc: 5 cars, 1800~2000cc: 4 cars, 3000~ 3500cc: 3 cars,
1600~2000cc (RV): 5 cars, 2200~3500cc (RV): 5 cars.

Fig.3 Adoption rate of aluminum to automobile parts®.
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’85 | ’86 | '87 | '88 | ’89 | 90 | 91 | "92 | ’93 | ’94

’95 | 96 | "97 | °98 | 99 | ’00 | *01 | 02 | "03

Mazda RX-7

Nissan Fairlady Z

Nissan|Skyline GT-R

Mazda Roafster

Mazda Bunos Gosmo

Nissan Leppard | Ferrie

Mazda Sentia

Suzuki Cuppucino

Fuji HI Imprezg WRX

Impreza all

Mitsubighi Langer Evplution
Tayota Supra

Toyota Celica GT—-4

Mazda Eunos 800

Fuji HI Legacy Turbo Lygacy Al

Nissan| Cedri¢c / Glgria

Honda S2000
Nissan Cim
Toyota Soarer
Nissan Skyline
Nissan Stagea
Fuji HI Fgrester|
Mazda RX—-8 —={
Toydta Prius ==

(a) Adoption of aluminum engine hoods in

Japan except All aluminum body car

’85"86 ’87 | 88 | ’89 | 90 | "91 | "92 | 93 | "94

95 | ’96 | "97 | 98 | "99 | 00 | 01 | *02 | °03

| All Aluminum Body Car ‘
Honda NSK

Front Fender
Nissan Skyljne GTFR.

Honda Insight

| Trunk Lid and Back Door

Mitsubishi Larcer Evolution

Nissan Fairlady|Z Convertible

Sun Roof and Removable Roof
Nisisan Infinity Q45

Nissgn Cima
Toyota Altezra Gitg

Fuj{ HI Legacy Wagon | ==
Toyota Priug —=|

[Door Mazda RX-8 —=|

Honda Accord

Honda CRX Del Sol

Suzuki Cappluccino|

Toyota Supra
Toyata Rav4

Honda S200D

Toyota $oarer

Daihatsu| Copen

(b) Adoption of aluminum autobody panels in Japan except engine hood

Fig.4 Adoption of aluminum autobody panels in Japan.
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Table1 Aluminum add on parts of cars in Europe.

Maker (Group) Brand Model Hood Others
E class O Trunk Lid, Front Fender, Upper Back, Room Partition
S class @)
Mercedes Benz OL class o Roof, Door Outer, B-pillar etc
Daimler Chrysler (Door Inner : Mg die castings)
Trunk Lid, Front Fender, Roof, Door Outer
SL class @) . .
(Inner : Mg die castings)
Maybach Maybach O Door (Inner etc : Superplastic forming)
Phaeton O Door
Volkswagen Door, Front Fender, Back Door
Lupo (3LTDI) O . .
(Back Door Inner : Mg die castings)
Volkswagen Audi
A6 O
Audi All Road Quattro O
TT @)
T series O Front Fender
5 series (July 2003) O Front Fender, Front Structure
BMW
6 series (March 2004) O Front Structure, Door
74 O
Laguna @)
Renault Laguna Nevada @)
Vel Satis O Front Fender, Door
307 O
Peugeot
PSA 607 O
Citroen Ch @)
Alfa Romeo 156 GTA @)
Vectra O
Opel
General Motors Signum @)
SAAB 9-3 O
S40 O
S60 O Trunk Lid
Volvo
S80 O Trunk Lid
Ford V10 O (Back Door: Plastics)
Range Rover Door, Front, Fender
Land Rover Discovery Back Door (outer), Roof, Front Fender, Rear Fender
Defender O Door, Roof, Front Fender, Rear Fender

A3, A4, A6, All Road Quattro, TT: Aluminum Door Frame

(k%) TREERTEIENTEEE VSRS H B,
4.3 T—RLUADSATZHOTIVI =9 AL

7= FPACT VY =9 28O RV ES R TYL
HERENE, 7a YN e T2 v —,

TTHb, WVIFNDEELS 7 — FEDRIEREEL Wiw,
7 — FITH U CTERAFNZ DO, BN T ORI DR
Fl<Tix, =74 RX-8 (20034) oV 7+« F7, h3¥

bI¥7 Vo F, HEHE 7092 (0034F) Oy 7 KT %NS B,
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Table 2 Aluminum add on parts of cars in North America.

Maker (Group) Brand Model

Hood

Trunk lid Lift Gate Front Fender Others

Tahoe, Suburban
Chevrolet

O

Venture

Park Avenue

O

Buick Le Sabre

Rendezvous

Seville

De Ville

Cadillac Escalade

General Motors

CTS

O

XLR

(@)

Yukon,
GMC

Yukon XL

Aurora
Oldsmobile

Silhouette

Bonneville
Pontiac

Montana

Taurus

Ranger

Ford F150

Explorer
Ford

Expedition

Town Car
Lincoln

LS

Mercury Mountaineer

Concorde
Chrysler

Daimler Chrysler LHS

Prowler

Plymouth

O|l0]0O|O0|O0|]O0O]O0O|O]O|O|O|O|O|O|0O

Door

RX8dD) 7+« F7%Fig.6 I, 77V I RD/Ny 7 KT
% Fig. T lo 591219,

WM T, F5 20y FIZoWTIRIKIEOHE L Wi
ATic kit lig 2 w5 (Volvo S60, S80), #fdhh % 43 1) %
(Mercedes Benz E class) &V o7 T RAZ{T->TW 5,
T, 7B 7 FTIZHOVWTIERA v+ —DRE
MEEL W EDLS, 798 —A2TIVI =9 LM, 1V
F=ERITFVILIAAANELRAIORONG, K
7 T3 Mercedes Benz ® CL class (2000 /) H & O
SL class (2001 4£), ¥ v 27 K 7 T (& Lupo 3LTDI
(1999 4F) M D & 5 BHEEEI - TV 3019,

4.4 BEBRO7IVI=D AL

A =TIV =Y AR T HTRIFIINEM & HIRDRE

95

EImICEALTWS, £, filEMA N T 7L — 24
WKERHSNAHE R oN s, Audi Tk A2 (1999 )
A8 (1994 4FIc@Ift, 2002 4FIC 7 VEFLF = v ¥) DK
IMA—NT NI =Y LRFT L BT TEEL, ZAF -V
ZFARE L7z A3 (1996 4F), A4 (2000 4F) = A6 (1994
) THR7 7L —aicfifiiEMz@EHLTwsY, K
77 L= ~OMHBIEMOEHIZ, FTA—-H—Th53
Wagon Automotive 12 X » TZ < OHEMEICEF SN
2% %, Mercedes Benz A class (W168, 1997 ) @
IO HEM AR F 7 ) v E— s~ A6 R
S5N57, £72, Audi Ad TR, 7TV =9 AHIEM
MHA RV LAYy 73 —2A Y NELTHHEN,
A ZE I L CHINC/ER T 2 2 SRS i,
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Fig. 812 Audi Ad D4 A F Y VO Z/Rd, 7272 L,
A F —VEFERE LLERTHEED 7V 3 =2 2 BERE,
Z A PVCER LIcBlid E 2GS Tuninn,

Mercedes Benz CL class TIE B E S —ICEZES 1 7
ZMHERALTWS, 658, Audi DA — VT L3 =
U ARF 4 HTHD A2 (1999 4F) A8 (1994 4F) 1
3% OREIREICHERTRIIDEZE 5 A 4 2 b EREHS
fibnTED, AX—27 L — LfEGEENEEICEZE S
A H A2 NDBERISEE &8 > TV B0

PUbo &S, BNTREEERRMmELTT VI =Y 4
EHHT A, KERICAF—AhLT LY =Y A
AMEHEBRAITTS O TREBL, TV =9 L0FHE S
FLAAHT 2 LERMITON TV S,

HARDRGET M~ D 7V 3 =9 2 DRI % Hic &
X, T, HEH A — 5 — 0Bk EZ KX <50kl
BMW @ 5 series (E60, 2003 ) & 6 series (2004 )
ThhHrH, MiELd, AET—L0bATOH)ORE%
73 =9 &1t (Lightweight Aluminium Front End
WS, HEAEORE(LEK - 7) LTWwWaM R, 7a v
FEBERLT 2L ITk - T, HUICHEKEREIA 572
i, BtoLZENR AN >sTwWs LD ETH
%, 5 series (IMGEERRIC TV Y =9 A2 {HHL TR F —
Woe T = L e g Ty FRF ¢ 2R L 72 5]
THIW CTOmMERE L THES NI, 5 series TOHK
ND TN =9 AOHFERTE Fig. 9 ICRT, £/, H
HRORMAELITICE ED B, THEUNO 7L 3 = &K
TN ROVERHE M & AR, FEEITRY Ny bR

Fig.5 Aluminum body parts on Mercedes Benz E class
(W21DW,

MIG /8, V=¥ —E#EPHw o TED, ’ITR A v
MAEBREDN TV,
(DLightweight Aluminium Front End @5k

i) 735 v YoREHs+15.2m

Fig.6 Mazda RX-8 (Rear Door made of aluminum alloy
sheets) '

Fig.7 Toyota Prius (Back Door made of aluminum alloy
sheets)'?.

Fig.8 Side shill reinforcement of Audi A4'9.
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i) 7= ARV --48 5
i) 73 =24 MIG A E - 2.94m
iv) XV F Y Xy be599 5 b
v) TV =9 AL —F—mEEERT-1.74m
vi) B EL---6000 442, Magsimal 59, 5754,
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Lightweight Aluminium Front End

Fig.9 Lightweight Aluminium Front End on new BMW

5 series?”.

Fig. 10 Bumper reinforcement of Fuji Heavy Industries
24)

Forester

Fio, Ny — EHEROMICHEZERFO T %V F — %K
NG 272008 (75y vafy 22, Bz A v
FELERIN D) 2ETSZHEmAEATEY, O
Kb TNV I = aPZIRHAEINTV S, Audi Ad
(2001 4F) D&z L 4 v b % Fig. 11 127919,
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NERS
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Fig.11 Deformation element of Audi A4'%.
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4.6.2 BRMDF—IVTZIVI=ZOLRF 45

WA DRI AR S &, Audi #5 1994 12 A8 (D2) %
R Lo ASBIERTHO TDORR—27 L — 1tk
kB4 — TN =g ART 2 OEER (80 B/H)
T, HADOHEEI IS EMEDHEE S A I A b FEY) e R
M3 2%, L libh s, &5, Audi
131999 FFIC A2 2% EL T, INETEMED VLI
AR=YH—DBETH-fcA—NVT IV =T LRT 4 H
AARREELTHERETES B00E/H) TEERL
70 A2 T, B, BRCHYIEE KL LU
ZWEEILT 2 TROK S 1, SO BRI O E S
DBEP NI, WBEAHOHIKICE > T, 22~ DK E
B OKEEN L AN C ENTEIZEVWS T ETH B,
Z D%, 2002 FIC A8 37 VEFTVF = v Y (D3) &N,
S SITH L WESEITPMEI O WRENINA Sh 2,

#riH A8 & A2 © IL#x % Table 5 5 & U Fig. 12 1271
T HHD A8 % Ll d 2 &5 MK 80 L) EHIRE
INTV5,

—7J7, Jaguar 13 2003 FFic R D XJ 2FF L1z, R
R=27 L= LEEPZL RSN A= VTV =T 4
RF 4 HOPTXIICEE/ 3 v 7fEESIRHSATY
5o Uy MES BI80A) &+ rEESAl (120m

PIb) 2B LTED, Buc X 2850246 L 72
DT EThB, TVI=vaBlORF HEDS B
8%kt (79 5 —s¥xo0 16111, A v F —s¥F b
5182, #i& ¥ &V 1 5754), 10% I fiHBIERT (v voe—
7108-T6, N7 E— 24 :6082-T6, = Dh 6060-T4 B L T
6063-T6), ¥ A Xv ¥z v=w v b 5%IczEZE
FA A A SR E RIS A R L 7T,

4.6.3 dEKXTOZINI =9 LZHEAORYHH

JEKRTIEHE A — & — Ktk o HE R (LI O A4
WA T, 1994 #£ & » PNGV (Partnership for Next
Generation Vehicle) v ¥ = 27 b & & L TEI, HE)
WA= —, REREDBINT L - THRELKICLS
HEh o B LEM R 21T > T & /2o Ford P2000 73
ET =y a2 URERENSEES N, LaL,
BEEHOREITIFE > TV,

4.7 ARV 3 A VN—DT7IVI =D A.L1IL

ARV Y a VA YN= (T 7L —=LEBFEEIN5,
Ft, 7o bOBHICRT VY2 L= L E BIRE
N3) 1>V THT7T I = afbick > TRELEXA
IETEIEENROND, TI=vablypzryyg
VA N = R# L 72 Hidi & Table 6 12789,

T = LBIOH ARy Vg VA YN=TE, TV

Table 3 All aluminum body cars.

Maker (Group) Brand Model Structure
Europe
A2 Space Frame
Audi
Volkswagen Audi A8 Space Frame
Lamborghini Gallardo Space Frame
Ford Jaguar XdJ Monocoque
BMW 78 Space Frame
Ferrari 360 Modena Space Frame
Morgan Aero 8 Frame
Japan
NSX Monocoque
Honda
Insight Space Frame

Table4 Aluminum intensive cars.

Maker (Group) Brand Model
Europe
Lotus Elise (Outer panel : Plastics)
General Motors Opel Speedster (Outer panel : Plastics)

Ford Aston Martin

Vanquish (Space Frame Struture, Many outer panels made by superplastic forming)

DB9 (Space Frame Structure, Rear Quarter Panel : Superplastic forming)

BMW Rolls Royce

Phantom (Space Frame Structure, Many outer panels made of Aluminum)
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Table5 Difference between new A8 (D3), predecessor A8 (D2) and A2.
(a) Space frame structure

Semi-finished article

New A8 (D3)

Number of Parts : 250

A2

Number of Parts : 238

Predecessor A8 (D2)
Number of Parts: 334

Proportion of Proportion of Proportion of Proportion of
Number of Parts
number of parts% mass % mass % mass %
Sheets 168 67.2 37 60 56
Profiles 53 21.2 29 18 22
Castings 29 11.6 34 22 22
(b) Material
New A8 (D3) A2
Alloy and Temper op MPa 002 MPa 6 % Alloy and Temper o MPa 002 MPa 5 %
Sheets Sheets
AA6016-T4 =235 =130 =24 AA6016-T4 =235 =130 =24
AA6016-T6 =240 =200 =12 AA6016-T6 =240 =200 =12
AA6016-T4
) ) =235 =130 =24
Rapid hardening
AA6016-T6
) ) =240 =200 =12
Rapid hardening
AA6181-T4 =240 =140 =23 AA6181-T4 =240 =140 =23
AA6181-T6 =280 =210 =10 AA6181-T6 =280 =210 =10
AA5182 =240 100~135 =22
Profiles Profiles
AA6060-T6 215~265 200~245 =11 AA6060-T6 227~265 210~245 =11
Castings Castings
GD-AlISil0Mg =180 120~155 =15 GD-AlISil0Mg =180 120~155 =15
GD-AIMg3Mn =180 120~155 =15 AlSiTMg Thixo =250 =200 =3
AlSi7TMg
) =200 =160 =7
(Sand Castings)

T6 condition of sheets : new A8:--185°C X 20min, A2:--204°C X 30min

(c) Joining

Joining Method New A8 (D3) A2 Predecessor A8 (D2)
Self piercing rivet 2400 1800 1100
MIG welding 64 m 20 m 70 m
Laser welding 20 m 30 m
Laser hybrid welding 5m
Resistance spot welding 500
Mechanical clinching 178

=y AREMMOREREICL 2 LD, BNck b0
B EFHEONA T ) FiEEICE B bDD 3 M
Hb, SOOI, HEMTEBH ARy Y 3 v A VN—0DI

Blcid, ENHESSIEYICL 256 LanEOHZE
FANA ML BEGED 21 035 5,
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4.7.1 REMOBEEE

TV = LRMR AR O ARSI K B R Ry
v v A vN—(13 BMW 5 series (E39, 1996 4F) @)
T e RARY Vg YT CREFICRAI N, fi
W, Mercedes Benz S class (W220, 1999 4) oV 7
Y2V Y a VICEAE NI, TN ENOHEH X — 5 —
THRFD 3 v &7 b T#EtEs N, BREEEER-> TV
%o, BMW 5 series DS ICIZEHREE N FO 7 4 —
LV TP L i E ERERICH T w b, —,
Mercedes Benz S class D& I3 % 7 L 2 i,
b 18I REE IR L cib i R RSV T L B,

Z Dk, BMW 13 Z8 (2000 ) 1T 5 series & [A]BED
P 2Ry Vg vAEEL, T series (20014) oV 7 -
YRRV Y g VTREBHMEEYONS Ty NG E
R L2, 757y b ETHEEREEYE LT
RCIER L, IBEEITZHI L LS5 & Lt bDEEZDS
N3, TOMMIF2003FEICTVEFNVF =YY LIS
series (E60) ICHBEEhTBY, MO A 5 -0 &
TOLBHED T F 7y b SFY TR S TV B, Hrl
W5 series DY 7 ¢« ARV Y3 vE Fig. 1312/R7,

—7J7, Mercedes Benz i3 S class &[EHED ) 7« % %
Ry va vAvN—7% CL class (2000 4E) 1TfE#H L 72,
7, SLOVT « ¥Ry Y g v AYN—TF70V

(c) new A8 (D3)

Fig. 12 Difference of body structure between new A8 (D3), predecessor A8 (D2) and A2!®- 20
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M7 wRA N =ZERSEYTER LTI NER LV T
AT 2H5E E LW, R IERD 2002 40 7 v
EFNF =2 v VENKE class (W211) Icb RS
TVEWY, BITOE class D) 7« # 2RV ¥ 3 V&
Fig. 14 12/R 9, 748, SL class it W T SL55 AMG
IZBEBRD Y R Xy v g vt voN—DOR#EERET Lo L
A, BEMTOERICE-T, TV =Y ADRAE
DY, BRI OEERE L LG shTw s,

Audi (3 2002 D A8 (D3) o 7V 3 = AR
DIETREEIC L B ) T « ¥ 2y v g v v N—%RH
L7,

PA FAYN—FT L RICEDKIE L 12k % & 1
HEECAR L TR Y, BikD 7 o X A vXN—(3/n 1 Ko
74 =3 VI THIELIZEEHOTW S, [k HZMHE
%1% A3 quattro (20034F) @) 7 « 2 v v g v 4
vN— b ERAS, CoBSIIHIEMST T > L
VY e VE TP OEA BRI > T3,

4.7.2 &

Bk BHEDSE W T &2 SR O EHES v =
Ry Vg VA UN—EET I 3EN R LETH B,
Volvo S60, V70, S80 DV 7 « ¥ 2~ ¥ 3 % Por-
sche 911 (996 %) D7 v Yy FBLTY T « R~y v g
TR TIVI = ALY 2Ry Y g v R N = 0

(b) A2
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Table 6 Suspension members made of aluminum.

Maker (Group) Brand Model Front Rear
Europe

Lupo (BLTDD Sheet —

Volkswagen Touran Casting E—

Golf V Casting E—

Volkswagen Audi A3 Casting E—
A3 quattro Casting Sheet + Pipe + Profile

Audi
A6 quattro E— Casting + Pipe + Profile
A8 E— Sheet + Pipe

5 series (E39)

Casting + Profile

Sheet + Pipe

5 series (E60, from July 2003)

Casting + Profile

Casting + Sheet + Pipe

BMW
T series Casting + Profile Casting + Sheet + Pipe
78 Casting + Profile Sheet + Pipe
C class Vacuum die casting E—
E class E— Sheet + Casting
Daimler Chrysler Mercedes Benz S class Vacuum die casting Sheet
CL class Vacuum die casting Sheet
SL class Vacuum die casting Sheet + Casting
General Motors SAAB 9-5 O* P
Ford Volvo S60, S80, V70 _— Casting
Spider E— Casting + Profile
Alfa Romeo 156 E— Vacuum die casting
166 E— Vacuum die casting
911 Casting Casting
Porsche
Boxter Vacuum die casting E—
North America
General Motors Chevrolet Impara Casting + Profile ?
Japan
Toyota Supra Casting E—
Honda NSX Casting + Sheet Casting + Sheet
Skyline, Stagea, Fairlady Z —_— Sheet + Pipe + Profile
Nissan
Altima (North America) _— Sheet + Pipe + Profile
Mazda Millennia (Eunos 800) —_— Casting
Lancer Evolution E— Casting
Mitsubishi

Diamante

Casting

* No information of production method

BHENTOVE, LaL, @EOE&TEETIIEMORN
[EA2HEL T 2DIBERPZED, 70 =9 Bl 2 <
YYa VA YN=E L TCTRIEHELZWEDEL >TL

£,

=0
e o
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Daimler Chrysler TI3EZES A # A b Z2HWE &
T, BN TR OSIEIYy 2 Xy v g v X o= %Bl
L7z Vacural FORRIBERE S A h 2 MEITE - T
THYLBAREIS A4 1 2 M DB o3 K5I
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ot COHEMZERMTLIEICL>TIIARNE
ARV Vg v AYN—~NHETE L bAHEE T -
1o, HZESA A MIEDHARY Vg VA UN—[F
Mercedes Benz @ S class (W220, 1999 4£), C class
(W203, 2000 4£), CL class (2000 ), SL class (2001
) ozhzTnze v FIEAINTL D0 i
B, HESAH A MEIOHF 2y v g v A o= ftho
H#jE A — A —TRELEHIOATVE YL, £/, VT
~NOFHAbHEIN TV WL, Mercedes Benz @ S
class®7 8w v b e ¥RV ¥V a v Fig. 15 1T/R7,

Bsloy 2Ry g v A voN—13 2003 HFIT 7V E
FIF vy VENAudi ASD 7o v MTbERHESN
TW5Y, Audi P A3 ICb TN =y 28Oy 2~y
Va v AYN—FERHALLIERPS, BINTIE, S,
EEDIANC b Ry v g v DTV = AEHEN
52b0DEEZ %, Volkswagen ® Touran (2003 &)
Golf (& 511X, 2003 ) 25 ic D A3 EHED v v v —
MEAELZCIRTALTBY, ThoDHEMBEICLT LI =Y
ABIDH Z Ry v g v A vAN=REEE TV B,

4.7.3 BREMEHFVONAT U v MEE

PARY Y g VA UN—IZ@GAT—BLXOT Iy b
DD T 6N B 7o, RN OEHME S T 5m AL
MELBY, IBEENELE-TLE S, —F4, YT
WWERLICIRASE D, Kb sifFd s 2 &0
L\, TIT, 797 v b A TFT—EH A KA vN—
LAY T—IRMLL TEBLL, fhods) % Bk T /ES
LT, T oD EHEET 24 70 o FIEED 2
Ry Ya VA UN=RBEFEENTV S,

BMW (% 1996 fFic# &K L 72 5 series (E39) T7 o
v MITIRHTERM E S DN Ty FREED S 2RV v g
VA UN=ZEH L0, T series (20014E) 7 o
Y N THIEREDORESE AR L 72 £% %) 5 series 78 7 v
EFNF = v YINBEE (E60, 2003 ) I EED
NA TNy FREE LTS - 7%, B LW 5 series ®7 8 v
bet 2V ya % Fig 16 IT/R7, 08, Al L7
£ 91T, 7 series (2001 FF) %1 L W 5 series (E60,
20034F) DY T e RNy Y a v A vN— RS
oA 7Yy FEETH 5,

Audi 13 A6 quattro TV TICEMM YDA T
oy FiEIc k29 2y v g v vox—%A L 7,
Lo L, Tk, e nic A8 (D3, 2002 4) % A3
(20034E) D) T « RV ¥ a v A yN=TlF, Hil
D& 5 IR OIEHEREZ R L TV 5,

NA Ty RGO Z Ry Y g v A vN=TF, B
EEFONWERBEYONETEREIRE-TLE I, T2
bH, AROWINENZ VIEE, BEYOEBERVE S
i, EBELEBESIC T o — s —URAE LT, B
ARy Y a YA YN—DEEORLEBSDICIE>TL
T, SO FEMH L, BETHE, BT E5HY)
DA Ty FREEICE AT ARy Y a VA vN= 35
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BELBAIN TV ETHET 5,

4.7.4 BEREDTZIVIZHAGRRY Y a VA VIN—

NTVINCHAD 7L 3 = sbhRET S B, H
RKTHEVWLKOPDOHBTTH ARy Vg VA YIN=DT IV
Y=o AMEpEfiE N, ZEAHHEF T v FOAR
HER T NSX FFic i3, BETb, 7T v =y 28y
ANV a VA UyN=plEbhTWS, N5/ x7 IV
WERHASN AT VI a8l 2Ry v a v A vN—0D
BAREE IS L 26D TH - 1299,

2001 FEic R ENILA I A 514~ (V35) DY T »
YRRV Vg vy THEHHHEITHARTYD TREM DA
B LAY Ry Vg VA U= ZEA L0,
75y b7 x—sxt@El Ll CVWERTFT VT, 72T
L7 ZITHA SN, s oicdbekeErE, el Tu
27N0F 4= (Q0014F) Wb 7=y L8l 7«
ARV Y a v A ynN=%FH LY, Fig. 1TIcAH A
FSAVYDY)T ¢« ARV Y g VA VUIN—ERT,

HEHASIHEDO R A 54 v EHijl] (RF—Y7, 7=
TLUF4Z) VIBE, H2RV v a VA Y N—DT I =
v ,MLEHATREATVE L, LhL, Y vy2o7—
LEBUY ARy Y a YRR TV =Y £ LDRINT
FERRIcHED SNTWBE &M, 5%, HRTH T IV
=Y LB RRY Y VORMPEZ LD EER B,

b, BHEADTIVI=J LEDTDDH L LEFHT

5.1 BETHE

HEJER T « 7V 3 = £ 54RO EEY) 72 85hE T
% Fig. 18 1IT/Rg9Y, BlETREZO b0 EF— Ko 7 v
20 LAIRMOGE L BIZREILTH B, 7oL, BB
DELMITE LS EAB AR 7 o M E L CEREI N D
MHRE A 7o 9 70, BUESEEEUNTHIE L TV 5,
s 3 EEsEsEESH O O, TIEHO R 2 5 7
DEEN D, BREETIRICE Y, ) OESITE
IES N7, BTEIEE TR & PB4 T, e D
W L ons, ok, REBUELERT, 5000
AWM DA 3 O M, 6000 A OFE 1T T4 H#
L7553, 6000 AHH O BWLEIC 3@ E, AL
DAV SN B, Fig. 19 1< HEEMLER OIS %2 R4,
T4 VK DBRES NIHIC T B TR O BUE AR X )
Jon, BEDEMRLAVERE F cRufnAsh b, 7
Fiatr CEATE Dl g c—ERfRFF & N, S El TKiB
LS REBITELDIBEANS NS, ZD%, HUaA L
WEINON S T, RITFNE—EDHE THMET 5,
BEANBORHET AL 0RO, 1 HR
o1y ARETERBSICED T4ME L TOLEL
PSR O NS, RIFTIA VDEFE, LGV — b
Ui S N TRIEICA SN S, ¥— FDE&ICRT L
2R DB 2ERE L THIED Fig. 20 IR X573
MR Ic U s 258 b 5 5,
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Fig. 14 Rear suspension on Mercedes Benz E class (W21 V.

5.2 [ERSAEERLI-HMEORERE

5.2.1 ZEREME{LEDOH L

6000 &5 4 (2 b B LR o ppfH s o @, HRHAL R
OB TRECH A B2 Encxng, it v
FMEDOR ERT Y s — MO RN B Z ENTE B,
JEkTEZ L EbN TV S 6111 &4 FEELEA TR To
Mo b GRS LS 2 Wid =2 — R &
BESS BHM: &M T ) 2o -7ciseThHb, LL,
FRIMBEOZVWEETH 510, iEl EERON%
FEAM) BHERINLBOESITENTH 2 M1 H
5o T, ENT 6000 ZOWMAT v & — IR
SNBBRITE, SERMLEVWEST, Lh b @S
T (o JISIC#EL 2 &, TOFA 2%, B :
170°C, WMl @ 20 228D THNE DM /1H3% 51 % Fig. 21
D &S BMEDRD Shic, BIfE, BNTHRAIhTL
% 6000 ZEBNEAR 7 ¢ M TIE, AR I F i
BhREITCER E W - L BULEE A BINd 5 C LTk - T,
170°C D BLBERT TRETHTE Dt 12515 5 v 2 Mk 3B
%é ﬂ»(b\ 545)~48)O

—77, WMok AR 3 &, Audi TRIER A8 (D2,
1994 4F) B & A2 (1999 1F) TARIE D KM I PEE %
155 fo ICHR O TRER, 205°C T30 43 o B
AQELE LT, HA A8 (D3, 2002 4) T3, H
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Fig.15 Front suspension on Mercedes Benz S class (W220)%V.

h,
I.' L
S

Fig.16 Front suspension on new BMW 5 series (E60)2V.

Fig. 17 Rear suspension member on Nissan Skyline (V35)%.

B AR 7 ¢ M OBAFIC & » BB TRE THlE O BT
HEREONE LI ICE > cDT, Filo THEEREILT
THERELTOVEDY, MO Alcan (IH Alusuisse)
BEVLE ol (preaging) 1T & - TEREEMEST TR
THENHER T« M OBERIIEE LR T & 5 X O ahi
ZRHFE L 7Y o HEHE R 7 4 4 2 — 4 — (Corus,
Pechiney) 75 & [alf DM E OISR E SN TV S
49)~51)

5.2.2 M, NAMItEDRL

HEE R 7 ¢ & L CTEPNT 5000 25802 < 3
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Raw

material Melting

Casting

s

Slab cutting

Scalping

Heating Hot rolling Cold rolling ::'ZZE:ment
— Coil
Slitting
{ ; ; ) Surface j :
treatment Sheet
Leveling
Fig.18 Fabrication process of aluminum alloy sheet for autobody panel*”.
- [: Preheating Holding Cooling e
zone zone zone
] | ]
i i =
i ] L2
] ]
. L] []
uncoiler I i coiler
i i
i ]
» ! ! -
. ® .
looping % Solution zone looping
pit %5 pit
a
£
(]
'_

Time

Fig.19 Outline of continuous heat treatment line of aluminum alloys for autobody panel*’.

SNTORIFICE, v 7% vy o8OIk - T
TErEmH g 5708, 5022 (Al-4.5%Mg-Cu) DK H3
THT, &olc=r 2y aEBDOEL V5023 (Al
5.5%Mg-Cu) FbHEHA T & LTHfaNSC
EDH -1, TNHD 5000 %445 E 6000 %D WA
(6016 &) Ztbikd 2 &, kM LR REEEFETH S b
DD, 6000 F DM FEER O MKV BS R ITT
BOAFICE > THTOBIEEH EARSN S DD,
FY e A vF =502 )y FAOBEHBRETSH 2,
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LD YO LIS 3ROIRMBFEHTH S & o, H
2 H B H T 3RO 6000 & A4 % R A L,
Y—== (001%) Thr7 v 7 )y FETILI=24(L
L,

T, TV =Y LAHBER T MTEAN Y VI
L <, B2 6000 ZOMMTIZZ 5 v b~ L3 AATREE
INTE, LL, ~3 v 7 HoEhoFE & (EZKic
SWVWT Al-Fe %8 & O Al-Fe-Si Z{t&YIDORKE S &
SFTIRIL B L OINLIE O & AW OTERASR & 8
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o Convenrional prosess
k7
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s
>
L4
100 ‘sl
0 10 102 10°

Baking time at 170°C (min)

Fig. 21 New process with high paint bake hardenability at
170°C*,

BT EDG Do Tme HITEIN ORI % Fig. 22 105
T, T, MBI Z T T LERS L
72 6000 Bt bEFE STV B,

FY VT 5y VRERTS - BINT S~ 2Tl
FOBGAED SNTVEY, Fi, JLRTE, ~&
I L&~ O nEI & > THEICILHE (Retrogres-
sion Heat Treatment) %17\, 6111 & DM TD 7
5 v b ~AZB[HEIT L7, General Motors (& Chevro-
let Suburban @V 7 b4 — MO A EEEM L
TV BW,

5.2.3 MHORRELEESA v

BRIND T IV =9 A A —H —IZDWTIHRIT DML DB
xRS E, HIHE A —H — S OBEFITIL U TR
ZWETEIEDMTOHAREERICERBINTNWS
TEWBbD» L, WMUMETS, HHINZEHAICILLT T
BEORNEETEZTVE T EbIEENTLEY 0,

S50, Fri <% (MR LcHBHE AT 2
B, o, o cExtT vy =y AHBEEAT 4 Mo
BRI T B 728, BINDELE # — 5 — &4k T IREWL
M54 vomfbEiT->TW5, Alcan @ Nachterstedt
% Corus @ Duffel 1T (3 HEJ#H KX 7« £ DB & Fiin
WP L T CEMNTEEavER—Vva VT
A VISERBEINTVEY 9,
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Second phase particle
with cavity

Shear bands

Fig. 22 Schematic diagram of crack formation by bending

process™.

5.3 BRI

HBHBIEO A EH R 7 4 N2 b~ OB & R4 1T
B2 TV, MINTI, Aston Martin Lagonda (1976
) ITHEBTERIE < % VISERH S i, Morgan Aero
8 (2001 4F), Aston Martin Vanquish (2001 ) i<
FbhnTnas™®®  —J KETIE, Panoz Roadster
(1992 ) W@ HRIE Y2 VORIH I, T 0,
Panoz Esperante (1996 4F) 12 bERH & N7z, BB
BILIZAR=Y A —DRF 4 XF VT TREL,
Rolls Royce Phantom (20024F) O A5 — Bt 35—,
% 72, Daimler Chrysler Maybach (2002 %) ® K7 -«
A vF—=IZbEbLN TN,

LT D HENHE R 7 1 o 3OV OR-—IEBIERIE O 8 F )
BuFnsrihE#nHEBHICRO N TV, —7],
EN T, AHBHFTES S2000 D~ — F by 71
5000 & @ OBEEBYERIZIC X 52 v EERHL T, #
YRR O A A3 TTRE 75 [ B o D i & oK L 7o,
Fig. 23 12 S2000 ®/~— K b v 7 Z27/Rk 9, S2000 T3
PRI IC & - THMSSHESHIK S N, & S5IEKOE
ORI BIThN TV D, AT, BIEEE O kEHE
XNz D T T 2 MEDSEFEE 12 - 72,

RYBIERIE < (31 - i, — 5 DM TRIEAFIET D
3o Fio, MHEFEINT DM H & BRI E o JE ki A3
BEfshTwasoT, 5%, BHEMIES SITLAS b
DEEA B,

5.4 #EE

TN = ART 4 SR VEEST LB, HATIIH
W EERRICIRIT A & » bPEEPHVW O N S, —F, BN
Tl IR 2HEAHEE LTRSS E (7))
VFVIRELTZIET VYN M) BESHOVLN
TV, ARy MEEET VI =9 A58ICHEAT
556, MELOXREIKEE, &, EMmEEOFELER
K CREE LICEABENG SNV, i, ElRO
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Fig. 23 Hardtop of Honda S2000.

Sufficient downward force to
maintain registered contact

Advancing side T _\.'Joint
of weld | =

Shoulder _r_a"

Leading edge
of the rotating
tool

Trailing edge of =P

the rotating tool Retreating side of weld

Fig. 24 Schematic illustration of Friction Stir Welding®®.

BN L Y, FofMEPEY, Tho~OEAAEL
Wb Th b

5.4.1 L—HiatE

LV —FIERIR T — 2RI AN T 2 AV F —EE NS
Wi, TRRIES ORI, EHEEEE 3 300 2 O RO
bHb, IO, BEELOBEKTINNS C, B0
AL, F 1z, RD S OB AIREE W - 12, F
Bb b, —F, HiEPEMicd s, BETICHEN L
FEO-KBEENEHLENLS, TIVI =T LART ¢
PREIVANDFERFIZAEA TOWIEH - 7259,

Audi TREILR F v MEBICRb 2 EAEHIEL LT,
A2 (1999 %) DBAFERFIC L — S AEHEEZID Aty C
DR, BRSO REL L SR OHIREITS T & T
BRSO AN LS, L — A0 FEAMLICKD)
L7c®, 2002 i FER Lo A8 (D3) T, L —
PIaHEE MIG i5 A A G bE L =9 g 7Y 5 F
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(a) Mode A

i

(a) Mode B

Fig. 26 Deformation patterns of Energy Absorber®.

BHEOIR Utce L= A 70 o FIEBEE L — 5

KD HBEVIETIAADBE LN S, Audi T, #HH A8

DRF 4 ODEEITOWT, RO, WIEICL DI

D& ICEHOEAHEDE DT 2IT> TV BEY,

DeNV7ETY YT )Xy b2.0~6.0mm OESDHD

@MIG 7 FHEE Sy FEMES L, 544 R
FESL, HIBEME S A R )
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@ v —Fiase - TGy THIEM) ~ofittoss
DL =g 7Yy FigH--HEM~OROHES,

W 2.0~4.0mm

oI, L—HFEEDPL—FAAL Ty NEFER
Volkswagen Phaeton (2002 4F) 7/ =7 o8l R
TIZbHEbLNTHEY,

BREEH 2 L —#» N&YAG L —F oA T, ik
L—# (F AL by A4 —FLr—+) ZHFHERT 4
M~ 5 &EbRETaN TV 5, FEKL —FiET
W3 = ANDOIRINENE W C & B L UIETIAS B
HRTHLTENS, TIVI =T LDEAITHELL —
PIREETH D EEZOSNT VD, FEK L — 9T
FEXD SHANDEHNGERD L — 3T & i LT
IR TH D, TDOIDEEIINITHRETH S, 12,
EBNEHBEOEEAETHY, THANVF—TX MDA
THMTH 5, 72720, BURTE Vv — ¥V RIROK D &
L—HE— ADEHTEIOIC I E— 2% KB T &
MTEL, 5%, ©— 22K ACHEHmMPHF SN
F i, FERAERD 3 2 b T > TR OZEE MBS
SNB X IBNE, HEER T MTOFEMIIAHET
»BEZZBY,

5.4.2 EEEBHES (FSW)

R RS (Friction Stir Welding, 1% L T FSW)
13%E O TWI (The Welding Institute) THAErHs
B S M 7cia Tk, BN T, JbekciEdm
756, HARTEHELEHMPEEY) (BHR) <z offE
MBAF B HEA TV DL, TOHETIE, Fig. 24 IT/RT &
AT IV = LSS DOESEHITIEHICER D>
W HBI T H 2l S 15085 2A A, BEEHITIH -
THE)SE L LICXDEGEITY, MRS &2
WO T, IBREERFED 7 e —h - e EiRElih s v -
TeRBaEE UV, T, AZBEDVNES W7o BB
ORI /NES L, IBEOFTA /NS L, 51T, A
IO AT 7 RIS AREE & W o PR B 57,

FSW id, InETROIEEONEELHT 2HHE
MAOEHBE P > 12, L L, I TR O
biRits T, i, WILAR » FEBICD S A
BOahEELTOAHENhTLE?, =¥ 5 Tld RX-8
DFNI=y Bl — L7« FTICFSWICL 25
BAEZRH Lz, ki x £y MAFEDO L S ITKE LER
EPVBEELBVWOTEEEZINIT A ENTE, Ld,
Sv=v7azbhbHlTE I EHELTHBED 0,

5.4.3 EE

HEHEESETM OS>V, 5 REIM O (EH
MHEROMENE 2 2 & o, oA HEE 0T
HHINS, mIREERSNIHE T Jaguar XJ
(2002 4F), BMW 5 series (E60, 2003 ) THL7ET
vy )Ry MEJERHLTEDN TV S, BMW 5 series
Tl & D BMEESERTIC b b T, OGS
I EERNCHEE 2 e CEAREZIEL TV 32,
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5.5 RELEHIM
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158, 5.2 Tz kDT, KN TIZBVLEE & Fmil
35 & OIS H O 84 & —> O 28 Tl L < EiE
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Mt X S FEM A — 1 — TIFERRIC HB EER G %4
PEGT B ERBIFEAEHENLDOD, 2—HF—iT& > Tl
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DOfEEt, 7ov I = AMEIOINITICE L 78 LES M (i
W RBE D BRIZIR) s, FotcvaryEa—4 —
2k BT 21T - TV 5,

fel A, MMOREY Y aLv—va vid, filRcil
DS O FEREICE S RN IIREE 15 o oo & T AN, Mk
EREEZ DT TT VI =y ARMORKIZICH#E L X
SETHE, ERELERZGENZ LV, MEOEGH %
ERE L 7okl o8 ALE, MPRHFIED &5 W - A%
RATICEATNIZHERBIZA S LI 200, KEY Y =
L— v a VORSEER S E B0 DWEHTM A — 5 —
TEHSNTWDEY, £/, MO & D X 5 5IRT
DEJEE FIc B 54 2D, Ews7zZ EbifiEsh
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108

T R & & E & R

2003

fRfricBEHT 22 EbRABLNTV BT,

—75, W Ic > T RITERIR 0G4 2 BRich
REZENFHI N TV 5, BRI OB TIZIK O
HEzo—HlTh s, HIOHBHHETR, ERHEERD
T RVFE—ZEFT B8, BIKOFIRIZY T Vv T
W= v EET D T EDZ O, HIEM WG Lo
HHESE WY, BETT 2V ¥ —IRINEHIc @«
W Ok %2155 MRS N 5, BIREHREICE -
T 2V F =N I BN 2 Wi AR O I A & 4
L, A —H =D oEREIRORE ST TV 5,
Fig. 25 IT/R T & O WM oWk D&V Ic X 2 2T
JEREEDEVWSE v I aL—v g v TERINTVLED,

5.7 HEMRANOHYOERA

BRI~ D 7V =9 A O#A I, mnE TR
CAMBHERNEY THEF 7V F v 27 4 Y IDPHEES
A HARMTE->TAEE T - 72,

Audi FIHE D A8 (D2, 1994 4) TR R—R 7 L —
LSRG AR L 2B, HEREE 2T 2 T (Audi
Tl node EMESS) ITHZES A #1 2 MIT X 2 8% B
L7z, =D, A2 (1999 ) »Ho A8 (D3, 2002)
TlE, AV —, BES =W KEIOREEIBMIC b
SO #EMEFH 2L TVwEE0 ) F i HZES A A
Z b3 Ferrari 360 Modena 1 & [E]4§ o 554 HE & 40 5
LTRSS TV Y,

FI U F e AT 4 v RAMEN %0 Insight
(19994F) @) 77w b ) H—IEHINATVSEY,

HESAHAN, FIOYF v 2T 407, OWFENDE
BB CAENARETH D, £/, HANTH B &
Mo, IR TRETH 5, HRSYIE A X —
27 L — LSRR 2 EELIME S > TV 5,

HZESA DA NE, £ -7 =9 sHPATDH
Mercedes Benz CL class (1999 #£) @ B v 5 — T
HAanTsBy, TR IRy vy a v=o v ML
AanTwas, £/, Audi A4 (2000 &) * Volks-
wagen Phaeton TIE K7 I35 —« K- bED K7D
Wb T B9,

BRI OTEN» ST Y ¥ —~OWHANHEL Ve D
D, EnEOHRABYPE L NS XSl ET
A ANRARS Scz 260 & THET 5,

5.8 UYL JILEL

HEp O KEERE, SR> THEESNIHBH b
BlEEE SN LT 7T, 2002457 H, BEHKEAH
@i (End of Life Vehicle, % L T ELV) ®H&E/L
BT Ak GEPR, HEJHEY 41 7 vik) kAT L,
HEhHE &S, i « lkee, BEE - V91 7 VoK
AU T, EREHESEER L AR 2IS T & PER
SHoNTVWE, HER) HA1 7 voFELELITE, H
O OMEAEZ B ENTER VIR TS %,
ELV OFEHES L OMIE, LIRO3EEE 725,
Dvaly =52 M EFEOREGHMBRONTNS

108

OFEVEzECREAMYENER s TV 5
@FESINIME OB RICOMEOFE X b HEW
(AR —=FYH A7 VIfEH)

TN =T LR YA 7 VTENME TS S T &
o, BIED E I AHBHEOFREREICH T 234 LT
Wigh, UL, HEIEOFARSMIC T VI = AR
MBEZ BHEsNs L2155 &, FLo@nREE 7S
5ETHT B, 7y = ARMMAEAISE LTl
MS 256, Silmesifms oasr#HL v, H
BEAF 4 HO TV =9 AT E - T, BE A MY
L1535, 6000 REHBNEH K 7 4 M CTEEOHEIMICK > T
T4 M DOMOHBE T L, SEREME L (=2 = F
M) MK MBI T0wdY, 2O—hHT
TN =y LEEIHAEDZVIESA X NHESEE
LCOFEENTITH D20, HEEHR T 4 FHO 7L 3
= AMEICIREMM to MDY 44 7 VidedE
ENTORVWOREIRTH 5, Tk, 5%, HE)
HOBAKISE LTT IV =9 ABEMOFESH T
KBE, VFA 27 VOHKRE L TOHEYHE S FAFIR
BlELTLES LTSNS,

Dl &5 R SN 7 v 3 =9 AT,
2015 fE I i3 R HHF to Rt ) 4 7 1T 30 /7 ton
JESEHMHENE EFHLTHE™,

—7, ko xR’ % &, Ford & Alcan & DT
FTLRTENOHMB TS v F v ITHBDODRY 59 7%
Alcan 2351 &0, HEHERF D) 414 7 L A21TS
CTEN202FE 10 HicGEsSNTWE™, F72, 2003 &
QHICARE s A VF B X D IF/RE N/ "Aluminum
Industry Technology Roadmap”" IZId 27 5 v 7 O
MEFELI) A 7 WESVEROFENS/ RS T
573)0

ENTOH T 3L F — MR BT
(NEDO) » 5 Ofaifi s LT, &ERMEssH
¥+ v — (JRCM) BLUOYHEEDREIETHEL, 7
W=y AFEMBPOBOTFRERILR, TV =T L)
A7 IVDE YR ZEFIVOREE, HEHE 7V I
T554 794270724+ (LCA) D3ODF —
< THBHEKR T 4 MDY ¥4 7 VEAT O ERAEEIT -
TL\Z)74)O

EMET ORI 2 7V 3 = &4 YD & 5 i HE)H
R 74 ARM P EB R 7« AIRMICHES NS L1
g, ZikGEiigcotamEznBcx 5720 Tl
FHICET 2 2 x V¥ —OHICOE#RT 2 2 0TS
5ThHA9,

6. & H Y IC
HEEAT D73 =9 (ke 2085 & 15 585
IZOVWTIHRILDOE A% % &7z, BIERES 5 W I3
Hlic &0, A, BN TEEEAND 7V 3 =9 A 5O
RS ESIcHIN L TW5, £/, TIVI =T L X —H—



Vol.44 No.1

HEHAF + O 7 3 = v s bHfa) &5 L WEdh

109

<o, BHEEH T oM O ERIEEA TV S, BER
TOHBHEADO TV =Y 2 8mORMAIFH™ATEY,
SHOBBIFIMUE TV bDEEFZ B,

EHNOHEMEEFHAND 7V 3 =9 APEIOTEE, Mok
IHRTEREDEL, Sk, TEPHO BT, MR
SVWTHIMLIZ W T b AN EE 8 - TL 3
ETRT 5, OHETHN L cidst o Bdlihs H B gk
ELDZDIEY LESBFICBNETENTD b,

HEj o EAL I BI9 2 Bl 2 W & Hig L 785401,
MEHZDWTRARERERIBVWERSNE, —F, 2D
PO Ic>0wTiE, BINTH LOEHBESEELES N
BEROIENPINEIENE L, T = AEVIHH
BERCHD, T OREAED Lzt d 2T &0
Ty =y LEEREORM ARG 2 EEL AL VP T
HA9,

BRI ANDO TV =9 2 OFEMAEHT TV 5 HRKD
ZERE, MEoffifs s Cax bTth b, Evbh
TWb, TIVI=waA—H—FHBED AR
D, EFOLIBMEBOLF IR N ERNTF R EMNTES
D, $12, BINTLT B ENTELDON, 2525
TEOMETHA S, HEHOBER(ITIF, LWTFhiz L
TOHHEHEA —H—E TV =Y LA —H —OEHENR
HRTH D, —H, TV =9 AEEORBEN IS IE %
O, BRI LRI O[] A K] - 7o RIS
MR OBIFIT I, RSP ARISIFRE T O BB T
BEEMNBEZED2TH A, HEEPIIEOIREIT 137 TE
MOEDNy 7Ty ToRUITH B, EFEOEMEL L
T, FRERIEA 7 BN OME O T I3 E L v
TH»A A9,

i 3

COWEEEEDBICHILD, T = AL ER
U & BEMAEDYENE, & — o= VB XUEESE
HEHA —H =TIV =T aX—Hh—4%FLHETE
BEDFR - =V, Hyos, HiRESE, IR
RXES L UL, o X XKESE, £ a5MsH
TWhEEE L, CTiKidl, Lo EIRL Y
TWicilxxd,

z & X B
D& Bz HEAT VI = s HEdH Y v £V L
No.13 THEHEAD 7V 3 =9 s H OB & 45RO
| 7+ 2 b, (2003), 1.
2) THHBLZE, HIIMEE, ALRER, BH 5, RiksE,
fRM. T BEhEEIN, 56-8 (2002), 7. fib
Official Journal of the European Communities,
13.2.1999, 1.40,/49.
ibid., 20.4.2000, 1.100/57.
AN 5542 - 43 0] AL [HIERER IR & 10
T AN oSt o BRI EE ] 7+ 2 b, HASE 2,
(2000, 1.

3)

4)
5)

109

6)

)

8)

9)

10

1D

12)

13)

14)

15)
16)
17
18)
19)
20)
2D
22)
23)
24)
25)
26)
27)
28)
29)
30)
3D

32)

33)

34)

Horst E.Friedrich : Automobiltechnische Zeitschrift,
104-3 (2002), 258.

HAT VI =2 414 homepage & © HENE 7 v I L&
H2, (2003).

BReEps HHEREES !
& &o6lD, (1997).
Roland Harings : 4. Euroforum-Fachtagung
"Aluminium im Automobilbau", (2002).

C.Bassi, J.Timm : 6th European Car Body

Conference "Aluminium-Steel-Hybrid Structures,"”
(2003), 41.

Sonderausgabe ATZ/MTZ Die neue Mercedes-Benz E-
Klasse, Mai (2002).

SRR, Ohg 2 OHESCE, TR BE L <y STHGR,

21 (2003), 63.

Car@nifty &0 b3 ¥ K7 ) w2 FHEREKE,
(2003).

FHPESR = BB, BRI @ 55 42 - 43 [0] Ffaalaaiis [HiEk
BRI & R I AN fc iRl o HE B ] 7+ 2 b,
H gkt 22, (2000), 15.

Sonderausgabe ATZ/MTZ Der neue Mercedes SL,
Oktober (2002).

Sonderausgabe ATZ/MTZ Der neue Audi A4,
November (2000).

Mercedes-Benz EGO Vol.1, NEKO MOOK 30 (% 3 « /¥
7y vy, (1999).

Sonderausgabe ATZ/MTZ Der neue Audi A2, Marz
(2000).

HAT VI =9 stz HEEREES 1K 12 R B
BB EBEO 7V L EFERS, (2000).
Sonderausgabe ATZ/MTZ Der neue Audi A8,

August (2002).

BMW #LFHRER The BMW 5 series saloon, (2003).
BMW #SAHRE R The BMW 6 Series, (2003).

FRT 4L RI—DERT T=4 =77 Vilft=a—%
TOVHERES 298 5 (=K FHEE), (2003), 30.

ANEHDT 7 7 a Y —@2002 LD ANV 75 LR —
N ‘//\B—Ef\"
INAZRIR, PR A, RIRIRRRE, ROPI & BRRE, ZkEih,
I 3% 0 HONDA R&D Technical Review, 3(1991), 27.
R, WA T, SRRENE, AERE, REOLED
[6F, 11-2 (1999), 1.

CAR GRAPHIC (—2%#) No.506, 5 (2003), 96.

[A] I No.508, 7 (2003), 57.

Werner Kosak @ B@EFa Ho3My vy Ry s [&C
FCcHCHHEO T VL] TF R, BEEY S,
(1998), 48.

Alois Lang : 4. Euroforum-Fachtagung

"Aluminium im Automobilbau”, (2002).

Mercedes-Benz EGO Vol.2, NEKO MOOK 47 (% 3 « /¥
7 v ), (2000).

Sonderausgabe ATZ/MTZ Der neue BMW Ter,
November (2001).

Ulrich Bruhnke, Wolf Zimmermann, Ralf Worner,
Hartmut Buchfink, Tobias Moers, Bernd M. Baumann :
Automobiltechnische Zeitschrift, 104-2 (2002), 316.
Sonderausgabe ATZ/MTZ Der neue Audi A3, April
(2003).

BB sn o 7 v 3 LA



110

F R & & E & R

2003

35)

36)

37

38)

39)

40)

41D
42)
43)
44)
45)
46)
47
48)
49)
50)
51

52)

53)

Werner Vogel : HAT VI = affie HEEY v RV Y
A No.ll [21 e Ak (bd 2 EBYEHAM | 7+ 2 b
(200D, 21.

Mercedes-Benz EGO Vol.4, NEKO MOOK 166 (% 3
XTI v, (2001).

Stuart Birch : Automotive Engineering inter-national,
111-7 (2003), 28.

IHH f# BeEEs 56y v R Yy A [HEFEAD
Ty =y AQEAFEHEHE] 7 F R, BEEYS,
(200D), 8.

ANAZRBR, BTHIREHE, PSSR, ok, thiR
AILHEE T HONDA R&D Technical Review,

3 (1991), 50.

thRTES s, IS, M e,
5 RIET, BRFERE, SRR,
48 (2001-2), 24.
A, AR,
RpRRELE, HAEC,
B, EHhilh—,
51 (2002-8), 78.
FEIAL D TV =9 ABIR LEBLERNT, BEE YR,
(2001), 220.
FEREAE, 270

S, TEE—
B4R, 46-9 (1996), 427.

AR, & HIHE
RS, RFIETES, AR 2, SARRER, MR B

B4R 5 87 MRk R a2, (1994), 185.
ek, Ve RiTHhE, sathibk, & &, W2
[A]_1, (1994), 187.

C.T.W.Lahaye : 6th European Car Body Conference
"Aluminium-Steel-Hybrid Structures," (2003), 139.
Corus Superlite /¥~ 7 Ly b,

D.Daniel, J.L.Hoffmann, G.Plassart, J.Prunier: 2002
IBEC/ATT Conference Proceedings, (2002), 2002-01-
2012.

EEA, =T, IRES 8%, MIARE, sFH,
FAHE T 0 HEEHGH, 50 (2002-2), 38.

U, NHEGE, HHEHE  8&4E8E, 52-10 (2002),
448,

i,

P, s,
SEER - HEDOR,

BARIER, SEER, KRARK,
B E [ E, 50 (2002-2), 43.
fWlE w, alll e EE,

AEE, 32 (1991), 32.
[8 F, 32 (199D), 20.

e

SN

110

54)
55)
56)
57)

58)

59)

60)

61

62)

63)

64)

65)

66)

67)

68)

69)

70)

1)

72)
73)

74)

Richard L.Klimisch, Joseph C.Benedyk : Light Metal

Age, 68-February (2003), 64.

Superform Aluminium #t/¥> 7 L v F BXU

homepage.

Ph. Taylor : 6th European Car Body Conference

"Aluminium-Steel-Hybrid Structures," (2003), 205.

B.Dunwoody : ibid., (2003), 227.

Ml g8, Rl 2, BRI AR TV = A

HEjE v v & Y9 & No.dl [21 e AK# Ld 2 HEhE

Bifi ] 7% = b, (200D, 7.

RER IR © AGE, 43 (2002), 139.

T.Graf, H Staufer : Welding J., 82-1 (2003), 42.

BB —, PIESETT @ BB F I 2 2003 FHFER2ME

7o =7 o [BIBERZEDEK, Hiicn QEHEME T 7 /

ov—| 7+ 2+, (2003), 29 (20034202).

S.Sakano, M.Fujimoto et. al. : 3rd International Sympo-

sium on FSW, Kobe (2001), CD-ROM.

RERIER, MR BB a5 102 IR 23

FegE, (2002), 247.

s, (R R, RS,

21 (2003), 86.

B.Mayer : 6th European Car Body Conference

"Aluminium-Steel-Hybrid Structures," (2003), 123.

Kenji Yamada, Hideo Mizukoshi, Koushi Okada :
i, 43 (2002), 50.

IHHEG, KEGGHE, RIFSCA @ SR 14 FERRIE N TS

AEE 22 A A AR, (2002), 251.

RIS, KBTS HE, (LFE S

RexasiEEE, (2002), 117.

ARREIL, R, Revhiss, BRES, WMER—, HF

FEl% : HONDA R&D Technical Review, 11-2 (1999), 149.

FEH Ok, NHEHFGE, BILMA, SHHIEHE B eE, 53-11

(2003), 523.

D.H.Mangold : Aluminium 2000 Conference Papers,

(2000), CD-ROM.

Aluminum Now, 5-1 January/February (2003), 12

Aluminum Industry Technology Roadmap

(The Aluminum Association), February (2003) 4.

RAGRIES - BB EIFZE @ 23-12 (2003, 649.

M9 <> SR,

e lE P25 104 BIF



FRESERE F4E HF15 (2003) 111-118

17 it & #4

TV 3 =9 LGOI & Bt ORI L

==
F

G "

Sumitomo Light Metal Technical Reports, Vol. 44 No. 1 (2003), pp. 111-118

Formability of Aluminum Alloy Sheets
and Recent Forming Technologies

Yoshio Takeshima

Aluminum alloy sheets are applied to various kinds of products by press forming. In recent

years, environmental problems are grown up and aluminum alloy sheets for autobody panel are

attracting the attention to reduce the weight of automobile for fuel saving and reducing CO; in ex-

haust gas. In this report, firstly, the formability of typical aluminum alloy sheets is reviewed ac-

cording to the types of forming. Then aluminum alloy sheets for autobody panel are explained in

the history of alloy development, the characteristics of alloys and the formability. Finally,

superplastic forming and incremental forming are described as the examples of recent forming

technologies.
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Table 1 Relation between thickness and 180° folding
bendability of aluminum alloy sheets”.

180° & &M T W ATRE R MRIE A TR T, BEeRL b, IE Thickness
Imm R0 O HHg 180° HE i 5 EETTHET 5 % Alloy (mmy) |04 ) 08 ) 16 ) 32
and temper
80 0 O O O O
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- \\SPC H14 O O O -
10 | 2024 O O O O -
60 —
1) @) O O O O
g Tinoo | \| [ 3003
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L) \ 2’
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g X | \..\ / H34 O - - -
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5 [ 5052, A 5052
= 9 H34 O - - -
1 i 5086 O O O O -
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0 L~ . . " A . . A L 6061 T4 o o B B
-30 -20 -10 0 10 20 30 40 50 60
. 7075 ) O O - -
Minor strain, e, (%)
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Fig.7 Forming limit diagram for annealed aluminum T4 @) - - -
alloy sheets®.
Table 2 Chemical composition limits of aluminum alloys for autobody panel (mass%)¥.
Alloy Si Fe Cu Mn Mg Cr Zn Ti Al
2002 0.35—0.8 0.30 1.5—2.5 0.20 0.50—1.0 0.20 0.20 0.20 Rem
2036 0.50 0.50 2.2—3.0 0.10—0.40 0.30—0.6 0.10 0.25 0.15 Rem
2037 0.50 0.50 1.4—2.2 0.10—0.40 0.30—0.8 0.10 0.25 0.15 Rem
2038 0.50—1.3 0.6 0.8—1.8 0.10—0.40 0.40—1.0 0.20 0.50 0.15 Rem
5022 0.25 0.40 0.20—0.50 0.20 3.5—4.9 0.10 0.25 0.10 Rem
5023 0.25 0.40 0.20—0.50 0.20 5.0—6.2 0.10 0.25 0.10 Rem
5182 0.20 0.35 0.15 0.20—0.50 4.0-5.0 0.10 0.25 0.10 Rem
6009 0.6—1.0 0.50 0.15—0.6 0.20—0.8 0.40—0.8 0.10 0.25 0.10 Rem
6010 0.8—1.2 0.50 0.15—0.6 0.20—0.8 0.6—1.0 0.10 0.25 0.10 Rem
6111 0.6—1.1 0.40 0.50—0.9 0.10—0.45 0.50—1.0 0.10 0.15 0.10 Rem
6016 1.0—-1.5 0.50 0.20 0.20 0.25—0.6 0.10 0.20 0.15 Rem
6022 0.8—1.5 0.05—0.20  0.01—0.11  0.02—0.10 0.45—0.7 0.10 0.25 0.15 Rem
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Table 2 ® 50224 & U 5023 (ZFEMAETOIFEIT L - T
KET VI =y PRI BRSNILbDOTH B, TR
ENTb~N—7 "= FlEEHT 5 6000 Z&ehridHS
NadLH1cisy, FEdEEMEE - TRIITIE 6000 %
BEOTRMPINZ 15> T b,

Table 3%, Table 4 ®1Z1:® 5000 & & U 6000 %
HEHEAR 7 1 N2V 7V 3 =9 A 5SROk %
ISRESIR & K L C/Rd s £/, Tableb®icidzh o
D ERREREAT LR R D PREIE 2 7R T,

3.2 BERICLZEHH

5000 & e & LM IR — 03 A BRI 13 —i%

Table 3 Mechanical properties of 5000 series aluminum alloy
sheets for autobody panel®.

Alloy and T.S. Y.S. E. n r

temper | (N/mm? | (N/mm? | (%)

GZ45—T4 300 150 30 0.29 0.68
GC45—0 275 140 30 0.3 0.75
GC55—0 280 120 35 0.35 0.72
5182—0 270 130 28 0.3 0.8

SPCC 305 160 46 0.24 2.0

Table4 Mechanical properties of 6000 series aluminum alloy
sheets for autobody panel®.

Alloy and T.S. Y.S. E. n r
temper | (N/mm?» | (N/mm?) | (%)

SG112—T4 230 120 30 0.27 0.55

SG212—T4 230 120 30 0.27 0.55

SG312—T4 255 125 31 0.3 0.65
SPCC 300 160 46 0.24 2.0
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VONZERER L NS —EEIES E OB WIS LA A %
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LA v =2 ISR O & Fig. 8 VITRd, £/, fE
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YR L TORFIREGL TV AN, hF VK
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Table 5 Mechanical properties of aluminum alloy sheets
for autobody panel after paint bake cycles®.

170°C —30min. 2%strain+170°C —30min.

Alloy and

T.S. Y.S. E. T.S. Y.S. E.
temper
(N/mm?) | (N/mm?) | (%) | (N/mm®) | /mm?) | (%)

SG112—T4| 260 165 27 260 195 25
SG312—T4| 285 170 28 285 200 26
5182—0 285 135 27 290 160 25
GC45—0 290 145 27 300 170 25

(a) As-annealed sheet

(b) Slightly cold-worked sheet

R1000

—

I SR S—

Fig.8 Appearances of 5022 aluminum alloy panel surfaces
polished with a whetstone”.
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Fig.9 Schematic illustration on change of yield strength
by paint bake cycle!®.

[ Formability indexes W

1. Total elongation 256~30%  60~70% of spcc

2. r—value 0.6~0.8 50% of spce

3. Hole expansion rate  40~50%  50~60% of spcc

4. 180° minimun bend 0.5~1.0t Flat hemming
radius is applicable

for spcc
5. Young's modulus 70kN/mm?  1/3 of spcc
6. Hardness (Hv) 70 60% of spcc
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Fo—

[ Problems in press formina
60~70% of spcc

1. Inferior deep drawability

2. Easy to form wrinkling Prevention of

and surface deflection wrinkling is

necessary

3. Inferior stretch flange 50~60% of spce

formability

4. Difficulty for flat
hemming

Roped hemming
is recommended

5. Increase of spring back 2~3 times of spcc

6. Easy to bruise

Fig. 10 Formability indexes and problems in press forming of aluminum alloy sheets

for autobody panel in comparison with those of steel shee
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Technical Development in Manufacturing Technology
and Recent Topics of Al-Mg-S1 Alloy Extrusions

Shinichi Matsuda and Hideo Yoshida

The development of extrusion technologies in wrought aluminum alloys, especially Al-Mg-Si al-

loys, was reviewed and discussed. The Al-Mg-Si alloys have good mechanical properties and corro-
sion resistance compared with other aluminum alloys. So the extrusions of these alloys have many
applications, for example, window frame, curtains rails, lighting poles, tubes for automobile heat
exchangers, movable side walls on truck and air cylinders. Many investigations about homogeni-
zation, extrusion process, die, heat treatment and surface finishing of Al-Mg-Si alloy extrusion
were made to obtain high productivity and quality for many years. From both industrial and met-
allurgical point of view, some important technologies have been developed through these studies.
Due to global movement on reduction of green house gas and environmental protection, it is pre-
dicted that the use of aluminum material for transportation application, especially for automotive,
will be much increasing in near future. Recently, some new technologies to minimize the fluctua-
tion of mechanical properties, to vary the sectional shape during extrusion and to recycle the

scraps that were mixed with wrought and cast material were developed.
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AFsTld, Al-Mg-Si ZAEDOEFERILKE & &I
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> WTHEE S 5,

2. H ®

2.1 EE

HART IV =9 ahEahE &z 2001 O MO
et BRIV Z & Lz, i - Sl OAEFEE R L
72D Fig.1 TH b, A N— 2T, W e
RTIEH 231 7~ Y SEEEES N, T D D BIgFrEE0sH
HiTh 3,

HH S Oh TR, A6063 DM MAER2IKDK
80%, 821+ v A& LD DL, ThE, WHEED IR
DHEFEEEN LA TH, H—DH4& L LT 36%EEN
LTHEY, Thicltid 2883 ticlbicokun, £
Dfthd Al-Mg-Si a2 &v g, ENO 7V =2 A
HEh D) 87% 5% 6000 5@ THESN TV b,

2.2 Ri&

BHEHWSNTWEER 600027 VI =9 A543,
Tablel D&EB0 Th 5,

2.2.1 &

Tl = AMHFROHEE 100 T b v 0SB, @

Extrusion
1,020,000 ton
(2001)

Aluminum 1%

mill product

6063 shape
79%

Fig.1 Production of aluminum extrusion in japan.
(Data was re-totaled from 2001 statistics an-
nual report of aluminum®.)

KOS N v hiyy v« RTHBRTHY, Thichh -
PEER 15 & DA I 2 S NIEHY 68 J7 + >~ THid H
B SHIkTTVWE, ZOREAENEMTEZ IR
6063 &4 TH 57,

6063 &xld, i oMEinTIHoRSEZEEA
EHEE DS, MLEOBNEIC & > CTHE 7S 2 S
TEHEIENTED, E-T, 6063 &% RHTH L
L - T, THA VP & 7o 9 7o DI MEIC G
S NWIRITZIR O hZETEM & 28 Ziiic s34 2 &
MNIIUHTHREICIE B, FHT <A MEICHENRTS
v, MaEd - mEEEdS T 3 E3ricEFaEEick-T
M2 5% 5 2 & & AJRETH 5,

WK T i 6063 £ » AT Mg imingE %D < LT
Hitk 210 B & H 72 6060 A& MBFEsnTEHB Y, ILE,
EA 2 L c AR TE TV 5,

2.2.2 Hnxwgzx (BEE, “RE, Hm)

T =Y AR TERC, EEICENS
fow, Gk OMEMICE LcHEMTH 5, 6061
B4 6082 A4t EITEE S mE AT LS oAl
KENTBY, F72, 6005 &4 6N01 &4 diait
DILIEN TV S O T, i « P E B 508k flk
MigotkEhcmuvwcns (Fig. 2%, 3). Tl 4
7OV T x—7, URTIREAR=ZA T L =4, NV
N—E - LRSS ABSO Ny Y vy, 27 ay
EEMBECHVY SN, SBROTEILRP RIS hTY
b, i, bI v OTA VM, BN 7NN —H
BmEICLHVLNTWL S,

BB 0T bE T xEmdbicIn G 7D T
3= ABIHIORAMNEA TV B, FIO TV =
LHIZ DWW TIE, 5083 &4 TNOL &G40 AL
MTH -7, &ElE, WhWwd 572+ vEs v
DI DRI ROV AR L 7280 > Sl & it 4 2
il eSS, bt E LT O IR iA e S T &

Table 1 Chemical composition of 6000 series alloys for extrusion.

Alloy Si Fe Cu Mn Mg Cr 7n Ti
6N01 0.40~0.9 <0.35 <0.35 <0.50 0.40~0.8 <0.30 <0.25 <0.10
6005 0.6~0.9 <0.35 <0.10 <0.10 0.40~0.6 <0.10 <0.10 <0.10
6005A 0.50~0.9 <0.35 <0.30 =0.50 @ 0.40~0.7 <0.30@ <0.20 <0.10
6013 0.6~1.0 <0.50 0.6~1.1 0.20~0.8 0.8~1.2 <0.10 <0.25 <0.25
6151 0.6~1.2 <1.0 <0.35 <0.20 0.45~0.8 0.15~0.35 <0.25 <0.15
6351 0.7~1.3 <0.50 <0.10 0.40~0.8 0.40~0.8 - <0.20 <0.20
6060 0.30~0.6 0.10~0.30 <0.10 <0.10 0.35~0.6 <0.05 <0.15 <0.10
6061 0.40~0.8 0.7 0.15~0.40 <0.15 0.8~1.2 0.04~0.35 <0.25 <0.10
6063 0.20~0.6 <0.35 <0.10 <0.10 0.45~0.9 <0.10 <0.10 <0.10
6082 0.7~1.3 <0.50 <0.10 0.4~1.0 0.6~1.2 <0.25 <0.20 <0.10

(1) Mn+Cr=0.50

(2) 0.12=Mn+Cr=0.50
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1 6NOL A KIEM O AMIEA TE TV 529,
FRETE, MEEHE LTHEEL2S SITED
6013 &4 & BT AN TV S, 6013 &4, £
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SRECMEWR TV = 25485 TH S, 6000 %
A& FEMER A SR TR IBKNFAEEORWEESTH
BIHIT, AVFFvRAIRFDERBHSIFTE 2, &
fo, 2024 & FGEEIIMTIENE > TV B o, dhifs
oMLK ELREM TR, OMUIEL ThoINTS
N, EALRLER - HEANSE, BRSNS, 272, C
ORIEHFEDIBE, WMANEANAEL B 12HIT, BEAN
EREHLE O RN B IR TRESMNIEE K 255052 0,
Al-Mg-Si %343, T4 FE T O LikA LB H) BT
i, OMILE TR L OCBIETRELSEIKTE 50
T, WEaZ NETHA ) v MB B, 6013 5413 T6
FETHLBE TR 2024-T3 2 FEIBZ L& hn 30, Lk
DL ITHZERT® E L CORMIERSIHZRsN S,
2.2.3 BFH3S

6000 %43, HEAMBELTCbzDa=—2 1
R LIcHBRICHOWD SN TV B,

BHEHOL - -7 vy B EDRFE RS AHELT,

Side shill

Side frame

Fig.2 Space frame structure of new Audi A8%.
(Aluminum shapes were used for side-
frames, side shills, cross members and
pillar.)

Fig.3 The 700 Series Shinkansen express.
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6063 e HWwoN D (Fig. 4), JEFEMamE LT3
WHREE ks N 2, s X G TikEo B s 24
PLTERELRE G TE 5 2 &, BN Tiko
BWZ ER|EH &5, £, AELEETCE—- o —
WVHOFEEREE LT HVWONE, T/, TIVI=Y
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WS <, BB i IEE I iim s SR A &
LTHIHI L TK 5, SrBCREEOHT IS L, ITEoe
B AL S, FERAICERIEE Ic R X A
HA 2, Cotcd, ERUERONIIETZEET L&
B TERNCERETH b,

=2 HE, WELEHOHE L EEEsE 5L TH S,
BRI T AR U 2B ERE, B LR I b %,
BICHD EF B, JEMTIRE » 72 7w 7E WS EAK
MansRIEIc s B, 413, B-AlFeSi #HA % OFKD—
SEEZONTED, HMELUEIC X > T a-AlFeSi i
s ¥ 5 EnPjbicEirioEsnTw b, Fig.5Y
BB D X 7 a0 L ERT, PREDF &
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Fig.4 Drums in a color laser printer.
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TaftxnThiik « Lo EA TV 5,

ELy N OEEIIEE D S 0EF R EO X S IcE
HWansh, ZOROEHFITHTHT 2 MgSi itk v
FHE S A TR 2h % O R 3 B A2 1) 5 & s hi,
GHEE O3 v o - Vb EETH L, Mt EE
HZ2HEFO—2ELT, BEEIMH T ONE, [6—
ZUENTE LYy M EEEZT 1A, RICEO A
EAZVWEATRIEIE EAT 5, - T, BEKN%E
Mg:Si & LTS #2EL w b 2 fHTHIE LRI
KRS 3, COXHBEL Yy M, HEILLEEZO
WEIEE A/ NS Lichd a2 ETHEONS, LL,
B OFEAEREE T EnE, MgsSi 22 0%oD
MHTETH M CHERSE S 2 EnTES, ATHER)
BOBENKL 55, HE-T, b0 aryFFRNTIR
B % MgeSt & LTS & CEREIE T T
BE, AV 720 ICBIF SN LI -TEN

P F AR
Tk . -i'.._.ll 'E“-L’I
= -

ud il I:

| —— | —
i s ) i ¥
|" ) - L - : l'

k |
/ il \:
i i '“_- . f I1| b
| 4 50pum

Fig.5 Optical microstructures of 6063 aluminum alloy
billets before and after homogenization”.
(a) a S cast, (b) 570°C for 4h,
(c) 20, (d) 100h.
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FEBERINC X 2 b DR—RIITH 5, it DEEMH
BTld, v FH A4 2 VIED S A0 X %5/ N\RIcd 2
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[Ya—tRbE—=2 7L ] BNEHINBED, 540
B4 30EE 7 Ny A 2 VR E BT 200 TH
D, TOMOHES HHLEENTTIF 10RO 7 v K
17 IVEERT D7 LRI N TV S,

TAITH LTI, ey b Ea v T Fai—ik
L1 o> THEIT D100 Bt D & 5 BEEL IV, fE- T,
FH DI THES, BEREDFAE LIV, Fi,
A ZDA ) T 4 ZITEEO IR THER TN KA R E
Bis, HHELy VRAETH A Y VT O —1T18 5,
Bf, OB Z RSO0 EMICB &P, 51 2%
HLIAC A 27 £ DBfRT, 8Os EE RS
CHDFOEPEFIEEO#EVWTH b, £/, A5

r-14

L

Displacement

Load

L IET LIS TFEE OO,
s e as et s £ 4a B,

[Indirect extrusion)

(a)Principal

——— Displacement
{b)Load/displacement curve

(c)Flow pattern

Fig. 6 Method of extrusion'®.
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7o —ORTE Ly b RO BRI AAS P
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b SR ZEHIEM 252 ik Th B K — bk — U
54 2DH % Fig. 8 IT/RT, T QT ik M TE
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3.2.3 iMEEMH

M oSS FORENIL X5 2 =4 ELT, ELy
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BTN AL 4 2 R A iR &,
ELy MRENSVESICAREINP R R - v 7L
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ToRI DN THEEEMED B WA 10b B b i Vs
HEREN D & CADRBEESEMTH B,

BfEIN G, BENBERICK > THET 20 EF
Wancs, N7 v 7 TOMEHRE NIRRT X
TSR /82, #H5) %m@mwﬁiiép&ﬁﬁ
KtThsEHEfitshTWb, 2L, ELry M, KA
T+ SR AL TOME & NS D - 72 0 B EITIT IR &
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Sl NE L LA EZIEALT 2 2 itk b, EHn
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2 —
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Stem Billet

Fig.7 Mandrel extrusion'®.
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ToTh B ERANHSEI Y, WEE, @l L ORA
BEWEAEKTSE S LMD 5, Fig. 12 120K 75 21
MR G40 T—T-P a2 Rd%, Al-Mg-Si R&4
DEEANBSZ M S UM iR L ciliv, 72, 2

Teemiabe i
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A
. . max speed of the press A ..................
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:c} surface profile
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Fig.9 Typical working ranges of extrusion for
a) an easy extrudable alloy and b) for

heavy alloys'®.
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2 THEEA ML 57212, Mn, CrBE O Zr 5D
{ % . SR TERETT 555, TR 5 RHeE AN %
28 129 % (Fig. 13)%,
1 L 4 L S e L0 N N
" HE AR DSV BPRHE, BRI T % 014 H % %505
. ¢ - —120 o FREOHMETIT> Tb T mEN S o N5, Ko Al-
é 20 \ § Mg-Si Z&a4ofiiic VW Tid, MLFEIC L > TH
E B ® 3 o ) sl s ol 5 . - N A
= NOE 3 HONSKULERIEEICET 5w T o BiEAE <
o] JENt S 5o Fig. 14 12 6063 &4 HfHUIN TH 0 BULER -+ 1 2 1
g T £ 2R, MHOMEC &+ REEEBE SN D &
. 1 S IS EA LIRS, IIIIBG 2D, Lo
{0 Mo nerhaing 0 BHIZ C RO / — X ITEBS N VEE TITA W,
Tearing, direct heatin, . . R e -
4] k-4 Notea:ng.overheati:g r /}:%)7:.( L1ﬁ1+%f3 ﬁ@fﬁ‘%bﬂéo 6061 é‘%@i’%é‘,
o 7 x Tearing, overheating 0 6063 é\% ct V) i%)\nﬁz%'l\é 7\7)% lf ) f: 56 TEIH H:M:j‘ﬁ\ 57 /f A
LI S SN ERASL N S R E A N S B B PN N N .
400 420 440 460 480 500 520 540 S60 580 ZHIERIOKET 5, WbWET LRI T Y FETI,
Bille tmperatue (°C) B AT OIRAE TR A I & 1 5 2 L H T 2N,
Fig.10 The speed limiting lines of 6082 alloy concerning e LR, Mt L OB o FE & Em TH
tearing, as function of the billet temperature'®.
< @ Directly heating, < % overheating above
510°C followed by cooling to the extrusion tem- Table 2 Solutiogn and solidus temperature of aluminum
perature. alloys' .
Solution temperature | Temp.range of mushy state”
Alloy .
) )
Temper Process 2011 525 535-641
2014 500 507-638
Extrusion 2017 500 513-641
T1
Air cooling 2024 495 502-638
2219 535 543-643
6NO1 530 615-652
Solution heat treatment 6061 530 589-652
T4 _ 6063 520 616-654
Quenching 6262 540 582-652
Natural aging 7003 450 615-650
TNO1 450 604-643
7050 475 488-635
T5 7075 480 532-635
Artificial aging 475 515 538-635
* For homogenized wrought material
T6
an J\M\— 600
_/ N —~ 500
O
T o 400
T3 =
(T3) & 300F
T8 ‘_/Wv\v Cold workin (T8) 8_
_.,W_fj_\_, £ 20r A:
’q_) B : 2017
. C:6061
] 100 D : 6063
0 1 1
I , 1 10 100 10
Cold working Time (sec)
ﬂ

Fig. 11 Schematic diagram of various tempers.
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Fig.12 Time-temperature-property curves at 95% of

maximum tensile stress for various alloys®.
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Fig. 13 Effect of the Mn or Zr addition on the quench
sensitivity in Al-0.55% Mg-0.75%Si alloy®".
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Fig. 14 Diagram of press heat treatment.
(a) Temperature curve of metal
from reheating to quenching.

(b) Press heat treatment cycle??.
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Fig.15 Aging characteristics of alloy 6063 extrusion®”

Fig. 17 Appearance of a pick-up defect®”.
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Fig. 16 Loss or improvement of tensile strength values
caused by 24h intermediate storage time of Al-
Mg-Si alloys®.

Fig. 18 Transverse sections though
(a) smooth extruded surface, and

(b) a die line area®.
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Fig. 19 The effect of microstructure on intergranular
corrosion.
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Table 3 Nominal chemical composition of the upgraded

material which was recycled from scrap®.

(mass%)
Si Mg Cu
Recycled material 3.2 0.3 0.7
AA6063 0.4 0.5 0.01
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Fracture Criterion in Hydroforming Analysis for
Aluminium Alloy Tubes

Kenji Yamada, Hideo Mizukoshi and Hideto Okada

Tube hydroforming has been noticed as a new forming method, and has many advantages com-
pared with the conventional forming methods. On the other hand, there were many studies to in-
vestigate sheet metal formabilities by using FE simulation because of the rapid development of FE
simulation technique. It is necessary to reduce the cost of trial tools and the developing time that
we can get the forming limit of tube material by using hydroforming simulation. Though there
were many of works about hydroforming simulation, a few papers have been related with the frac-

ture criterion in hydroforming simulation. In this study, we selected Forming Limit Diagram

(FLD) as the fracture criterion in hydroforming simulation, and have tried to measure FLD for

tube material similar to sheet metals. The measured FLD was used as the fracture criterion for
hydroforming simulation. When the thickness distribution of test tube was considered, the limit-

ing expansion rate calculated by using FE simulation was in good agreement with the experimen-

tal results.
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(a) Test method

%72, Fig. 4 &M E Wb @ FLD o ek B4 Rw 90,
R (A6063-0) @ FLD 1 A1100-O (Hiibh) & A6061-
O () othfEichiE LT\,

el
BE | mo e
&
Ecd
= % & 4
g1 1
g
a8 %, 3 |":‘~: Prerey
&1
Bianin 'r'-n"_;
-]
o2 0 | i ] a1 [ 0 04 aE
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Fig.4 Comparison of FLD curves.

(b) Specimens after testing

Fig.2 Test method and test specimens for FLD curves.
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Table 2 Comparison of limiting expansion rate between
calculated and experimental results.
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Fig.7 Measurement results of test tube thickness and
thickness distribution of calculation model.

(b) with thickness distribution

Fig.8 Maximum principle strain distribution by using tube hydroforming simulation.
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Improvement of the Probe for Lamb Wave On-line
Ultrasonic Testing to Detect Inclusions in the
Strip of Aluminium Can Stocks

Nobuyuki Mutoh

The remarkable improvement of Lamb wave ultrasonic wheel probe which provides good per-

formance of inspection of nonmetallic inclusions in aluminium can stocks is described. Lamb wave

ultrasonic testing by only line scan has excellent capability to be suitable for on-line testing. Fun-

damental Lamb wave properties obtained from basic experiments using wheel probe have given us

technical improvement points like an increase of Lamb wave frequency, a choice of optimal trans-

ducer material, an increase of amplifier gain, setting of optimal Lamb wave beam direction and

dynamic stabilization of wheel probe motion. The equipment which incorporated above technolo-

gies was made as an experiment. This equipment is able to detect 50-80um diameter nonmetallic

inclusions in the aluminium thin strip.
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Table 1 Fundamental improvement technology to increase sensitivity of wheel probe.

Improvement factor

Technical point

High frequency

Optimal frequency : 8~10MHz

Wave length Optimum mode

Ay mode

reducing Narrow band width PT type (PbTiO3) transducer
(Wave length control) Tone burst exciting wave (n=10 waves)
Amplifier gain increasing Addition of pre-amplifier (30dB)
Power T .
. . Exciting method Tone burst exciting wave (n=10 waves)
increasing

Tire attenuation reducing

Special urethane rubber tire

Effective Lamb wave transducing

PT type (PbTiOs) transducer

. . Noise reflection reducing inside of tire
Noise reducing

Line-focusing

and SN ratio Exciting method

Amplitude modulation exciting (sine envelope curve)

increasin . . .
g Reducing of circuit noise

Addition of pre-amplifier (30dB)

Reducing of grass in aluminium strip

Inclining of Lamb wave beam

Stabilizing of wheel probe motion

Supporting by double side wheels to stabilize incident angle of

ultrasonic wave inside of the tire

Stabilization - . -
Optimal beam incident position

Fine adjusting of rubber tire diameter

Stabilizing of coupling

Optimizing couplant thickness and stable coating of couplant

K OB 15 EOREER F, — B BB ESE I £
WD L, BB IR T RN &85, 2 2T, #iliH
DR BES A E 2T U, Sl 7s B ER IR Ko 12,
Fig. 3 & 10MHz [Artsd#Efih 7 (¢ 9.5mm) ZH Wiz K
DLFL (@0 1mmXZEX 0.1mm, ¢0.1~0.2mm EmEFL)
O T 7 —FEEENE L5 Th 2, SRIBITH L
TII—@IPIRKNENEAMAELGEZRKD, =3
BB LORBKAENTE L, CORBHEE— 7 Bk
e Lo, Bt 0.3mm IED 7V =9 2564
W M8 A3004) ZH Wi, REanstMbd 2 &z a—
S RETT 50, Rtz a—o v — 7 JBEEEEEmL
foo HEERMGTI, = 0BT 8~IMHz LHEExh,
O IS EWER S L 7o,
3.2 EREHILICHES ERREEL S SEREE
TR TIEAPREWEBEZ NG 41 T
L5 KOS OKEY) OIEFFHEEHA L7, 50mm
DRI A & TOKREMTB L 27 v L 2P AFE L,
BRI T A X 3 T 0 —Z S oK ER
Wi, i, FIEETOMBEKIE 7 A v ETNEE
D 35mm ITHE L TR, Fig. 4 Ic8f s 1 ¥
T LKW ER L Toe T LJES F 2 E B O
L OIERBENT 5, TLAMETE YY) 3y TLANKD
BRSNS VA T AEENME L, TRIRIETTEY S 5 7
DAY TH - 7o UKDV, BB REEE
TURMOY Ly v TA (IlmmE) %25 A4 ¥ I LIC:E
& L7, 10MHz TRAEBOER & GH T —20dB £
FEDIBENA T, 1tk 1 vt (GMHz) TD—16

137

12 130
Frequency at S/N ratio
§ 10 | peak reflection \ 1110 &
e =
LT :
8 1% 2
o=
c = o
Q <
S ¢ ©
g6 | {70 ©
o
S% =
T 4 r 4 50 2
=]
p=d «
& &
2 r 1 30
Flaw echo height
0 ! ! ! 10
0.000 0.020 0.040 0.060 0.080

Cross section of flaw (mm?)

Fig.3 Flaw reflection characteristics of drill hole for Ay mode
Lamb wave.

dB FEEEIC IR L € 4dB ORI & 75 - foo HITET/R
Lick i, RigMbic k3 = 3 —& & —20dB 2
DD EEESTHE 4dBIEED T a—FS{KNE 5,
O, WIRE OIS KEE 50, KEl<ldEEihT
T 7 v T AR, PIEHEE OB A H] LR S
HEIREE Z RIS ¥ 7o, 1R48 D Fig. 11 1 [Hig krk o —f
ZaRLicoTEEI NIV,

3.3 EETHBRBME LEFEILE KURERENER
W R < FR RSP EE ch b, EEAHRGTDH



B & B & W

2003

138 F K
25
---X--- Water 35mm length
—0—— Special urethane rubber t=1mm
——— Urethane rubber t=0.6mm
20 | —O—— Urethane rubber t=1mm
—2— Urethane rubber t=2mm
— ---9--- Silicone rubber t=Tmm
% —&—Tire rubber t=1mm
15t
5 Ordinary wheel probe
B
©
2 >
S0 >
<
5 -
0 L L L L L
0 2 4 6 8 10 12

Frequency (MHz)

Fig.4 Attenuation of some rubber materials for wheel probe.
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Fig.7 Wheel probe inclining with rotation.
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Fig. 11 Block diagram of experiment equipment for stability testing with the wheel probe.

D & A YALEEEOE HEAEE GO A IR 573
Lol ERNT, Fio, MEHLEOEEITE VT, ¥R
Ry vg vEEBLTEEBE, FINEFOBENMEZ®REL,
BEMTIRE) OB AT 2 ENEE LV, B8, K
HlTiE 5 4 v lEER 500m/min & T O KFERH & R
FIChERE L 7o

3.6 mBEYAVPE

BIEICR Lo L 90T, 4 YEEFRIcBWT, BT
e — LD ABABLCANESOLEMNEETH 5,
ZAXHNITEANEEPTIESNTOEH, TOEARIC
JECTH A VYENEAT B, 74 YHEHBOALTEE, ¥
4 YR EE T 4 OfF IR (B4 ¢ 108mm) & D
SEBEIFRITIRAT L, BEHIRREICIE U THRIB IR £ — 2 O AS
ML, R HEESZ(Ld 5, Fig. 12 135 1

140

120 O

100

80

60

40

Relative flaw echo height (%)

20

0 PR S T S S
1.00 1.05 1.10 1.15

Tire dia. / supported wheel dia. ratio

Fig. 12 Optimizing tire diameter to supported wheel diameter
ratio.

YRR I XS R EER L PITH S, il
Bhm oot 4 2 T 108 FRE D & 1 ¥ R hv s L &
FAREMETH - 72,

12
@ Artificial flaw
0 + O  Natural flaw
¢ Artificial flaw by ordinary
wheel probe
g
.2
=)
©
“6
=2
N
[72]
4t
O
2 o
0 1 1 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04

Cross section of flaw (mm?)

Fig. 13 Flaw detection capability of improved wheel probe in
off-line condition.

Fig. 14 Example of cross sectional view of detected nonmetallic
inclusions in thin aluminium strip.



Vol.44 No.1 TV = AGRERM ONERIGA v 54 v EEEIC B T B BRI o R 141
4. RP@tELERE 2 £ X #
PR L 7 RO LR Z (T8 - 7B S A ¥ PRl 1% D ®EMZ  JRCM= 2 — %, No.148 (1999), 2.
2) &BAMEIER vy —, BEERE v 5 — IR EESR

BEL, NOKRME GREMNL, YLD BXUHKK
ffa & kg i i i RE & ST L 72 f5 5 % Fig. 13 1SR L 72,
HERFIEA v 54 v TOREKTA2EE LT, ¢50~
Soum fEEE EE A ohnt, £, ABs 1 vickBF 54
VoA VIl TR S N HARREE Wk %
Fig. 14 128 L 7z, M & /R BACGE T S W2 T
SRVWIERENTEYI TS - 72,

h. 8 H Y [T
ARETiE, MR ERSEM O Rk BiE 20 b
5%, fEAa OHIRET 21778 - 7o R HF) % %Lto
TwiiﬁAé%%ﬁ®T%Kﬁtf,ﬁ%54 ik

Ué¢V§4V@ET¢%~%mnEE®EﬁC‘VK
Mot HirERE 2182 T &R TE 1,

L L, IFIRT Kb~ A, KA
ORI E->TVWBLOREIKTHZ, (1) HEE»2
Yoy b TR R ERMANDORESES TE L,
(2) ERshzRKIpHRHEEREDE 2L <720 (¢ 20pm
LEDLNBIEGE D B), REEOREA T, I b
NT 3 =R VADHTHADNESVWTWS, 3) 74 F
PRt gt I B & ) BRI IR 2 B B LB
b5 FEMLOTHERESEDbDNE) BLT (1) NHKMHE
L ERMRHDXBIDBDh 12 \Wis EDRENREF Sh b,

INOOMEA T L -7 20—F 31, K4 v
7 v O ISA[RET A D, mﬂ&ﬁf@ﬁﬂﬁﬁ@m
WA ¥ T AMOBRE X O e JE B A ]
bmﬁmﬁ®%%¥i¥®%%@%ﬁéﬁbm5oLn

13, BRI D1 TEBAWHEDHA Ky = —
TG ORI A G, T ETb s n s Th B,

141

3)
4)
5)

6)

)

8)

9)

10)

11
12)
13)
14)

15)
16)

17

T A A 7 AES SR FATE M SR AR RS, (1995),
253.

N. Mutoh and S. Yoshida : A&, 37 (1996), 57.
Jous = IRukERR A, 22 (1973), 207.
NISCE, SHEAR, Slseh, &tE
18 (1986), 192.

kG, BB 7, A, AL, RIS,
FAAEN] © A 2 by A R e
(1988), 144.

R R, SERGE—, HIREA, MILEE—
EFEEEEE, (1992), 39.
R.W.Morse : Journal of Acoustical Society of
America, 20 (1948), 833.

Akio Jitsumori, Satoru Inoue, Takaaki Maekawa

WE o 1] ik B,

H A IE b e

and Takahiko Inari : Journal of Applied Physics,
25 (1986), 200.

F.L.Degertekin and B.T.Khuri-Yakub :

Applied Physics Letter, 69 (1996), 146.

R —  JEbEEM R, 51 (2002), 62.

Tk HFENE @ FEbE R AT, 49 (2000), 369.

BB RREFES 2971361 %5, (1999).

M, kR €5 2 v 7 ROBE, B K,
(1993), 163.

k. - REBHAE 9-304355, (1997).

B.Drinkwater and P.Cawley : INSIGHT, 36 (1994),
430.

B.Drinkwater and P.Cawley : Material Evaluation,
55 (1997), 401.



FRELERE H4%E 15 (2003) 142-146

1% 17 & #4

FLZEFH B~ D FSW D@

sab

B
2o
1)

Sumitomo Light Metal Technical Reports, Vol. 44 No. 1 (2003), pp. 142-146

Application of Friction Stir Welding for Aerospace

Masaki Kumagai

Friction stir welding has stable joint quality with low residual stress and advantage of manufac-

turing cost. This technology has been used for fuel tanks of rockets. Recently, a business jet that

was produced by FSW in the fuselage and wing skin panel had taken off. As a result of investiga-

tion of friction stir welded joints of the high strength aluminum alloy 7050 for airplane, the joint

produced by SHT (solution heat treatment)-FSW-aging process had high resistance to stress cor-

rosion as well as base metal and high joint efficiency of more than 80%. Friction stir welded large

panels from alloy 7050 extruded shapes was enough to use as integral wing panels practically.
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Fig.1-a Application of FSW for a fuel tank of a rocket.
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Fig.4 Concept of a large integral wing panel for an airplane.

Table1l Welding heat treatment processes.

Process Joint strength| Distortion
A : Extrusion—>SHT—Aging—>FSW A O
B : Extrusion=>SHT—=FSW—Aging @) O
C: Extrusion>FSW—SHT—Aging © X

Solution Heat Treatment (SHT) : 477°C X 55min,
Aging : 120°C X 6h—>163°C X 17h.
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Fig.5 Macrostructure of the FSW joint.
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Fig. 6 Tensile properties of FSW joints.
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Fig. 11 Friction stir welded large extrusion panel.
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Design, Manufacture and Installation of the
Pedestrian Aluminium Overbridge

Shinpei Osumi, Shingo Yamaguchi, Masaki Kumagai,
Sunao Tanaka, Norifumi Hayashi and Yasushi Kita

From 1950s to 1960s, many aluminum bridges were constructed in North America, Europe and

Japan. However, the application of aluminum alloy to bridges has decreased after that period be-

cause the cost of material was expensive. In recent years, aluminum is reviewed to be suitable for
bridges and decks from the viewpoints of reducing the Life Cycle Cost (LCC) and satisfying the re-

quirement of Life Cycle Assessment (LCA) because of excellent corrosion resistance, recycability

and lightweight. In this paper, the new all aluminum overbridge for pedestrian is introduced, in

which main parts have been joined by FSW method and has been constructed at Nishikaratsu sta-

tion of JR-Kyushu in 2002.
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(B) 7= aEHBEMENZY YA 7 U njgETHAE T Table1 Comparison of weight, cost and specific strength.
2;)}[/ :;% b i\fiié%ic’é%;%@f)ﬂtﬁ;;:‘jjﬁg2;{’57]]] Steel bridge|Steel bridge| Aluminium
VR =T LG R EBARE IR < [k SM400) | (SM400) | bridge
TonfEThd b, EIESPIROMBEMBERETE 272 N(o coverid Co(vered gir?ier (6N01—gT5)
DIAHERZHIR TS, ARRtEycifEcs %, Weight (Bridge) 1 . -
Table 1 I3 ARERE 2551, BRIC—EIcEf s
N2 IEERES M (SMA00) & 7L Y = A &4H Initial cost 1.00 1.66 1.19
FHE OB ERS L UCHME LKL b0 TH S, % Running cost 0.24 - -
7z, Fig. 2 32 EZE LS4 794 703Xk E/o 1.00 1.00 0.97
pltgcs . Specific et o | 100 1.00 1.64
2.2 LR strength E/p| 100 1.00 2.02
B PERETAE R A dlEg (U PR S RS Bend
DR L FEEE 4 Table2, Table3 1SR, %72, Joy /p| 100 1.00 2.18
AR & EE T W ~F iR PR % Fig. 2, Fig. 4, 250
Fig. 5 IT/Rd, ’
2.3 &
ARPSHRAG RN AT, RSO, BB, B, LR 2.00
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HRICERENB DTV =9 L4560 Ui, 152 o 150
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e L7z, 8 1w
F i, BRI AZEO BRI & mBlalriFd 22 &b
X OWE LOEMATER L7 5 A THEAAE C LEu = = = = Aluminum bridge
THIMEZ RS 2 o DITHINTIZIR & Lice 783, THrid 050 —— = = = Steelbridge+girder cover
ik EOHIBR ik & ZFEHTIEE & L7, IGRTEMT & Steel bridge
B D HpE it I 13 I [ DAL S P RS AT 2 3%
R, I L TENENITICEBTE 2 b0 o ; ) 5 . g
E L7, .
SORAEILEEL 7 S = 0 A AR EER ORI RE ummber efrepeints
fih &2k g a7cd ToEEMEH LI, T 2E M E Fig. 2 Life cycle cost.
(153.58kN), 7EifafEE (173.98kN) %+ it FFTx 5
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Fig.1 Comparison of corrosion resistance.
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Fig.3 Nishikaratsu Station overbridge.
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Fig.4 Design of Nishikaratsu Station over bridge.
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Table 2 Design specification of Nishikaratsu Station

over bridge.

Type
Bridge
Quantity
Bridge length
Span
Effective width
Steps
Quantity
Span

Effective width
Shelter

Simple beam box girder

Sea side :
4.2m (steps)
+4.8m (steps)
+4.5m (steps)
+4.5m (steps)

Station side :
4.2m (steps)
+4.8m (steps)
+4.5m (steps)
+4.5m (steps)
4.0 m

Aluminium panel

49.7Tm
39.Tm
4.0 m

+1.2m (landing)
+4.765 m (landing)
+1.2m (landing)

+1.2m (landing)
+4.765 m (landing)
+1.2m (landing)

Table 3 Load condition.

Live load

Wind load

Effective temperature change
Snow load

Horizontal seismic coefficient

Main girder (norm:

Windward side
Lee side

Pier

Deck, floor system

Main girder (seismic)

5.00 kN/m?

al) | 3.50 kN/m?

1.00 kN /m?

2.00 kN/m?

1.00 kN /m?

1.50 kN /m?
—10°C~+50C
no consideration
£h=0.175

(Live load 1.0kN/m?)
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Table 4 Mechanical properties for bridge design (minimum value).

Base metal Welded part
Parts Material Tensile Yield Tensile Yield
strength stress strength stress
(N/mm?) (N/mm?) (N/mm?) (N/mm?)
Bridge
Deck, Side panel, Bottom panel 6NO1S-TH 225 176 167 98
Side panel, Diaphragm 5083P-O 274 118 274 118
Roof, Shelter 6063S-TH 157 108 118 29
Step SM400A 400 235 400 235
Pier STK400 400 235 400 235
% Table 5 Mechanical properties of the joint for 6N01-T5 shape.
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Fig.5 Design of bridge section.
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Fig. 6a Deck extrusion.

Fig.6d Fabrication of girder units. Fig. 6e Fabrication of girder block.  Fig. 6f Field assembly near the site.
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Table 6 Testing for FSW parts.

Item Tensile Macroscope Ultrasonic Radiograph | Dye penetrant
All welds - - Every 100mm - All welds
Initial Start point of welds 1piece 1piece 1piece -
product Center point of welds - - 1piece -
End point of welds 1piece 1piece - 1piece -
All welds - - - All welds
Current Start point of welds - — Every 100mm — —
products Center point of welds — — - -
End point of welds — — Every 100mm - -
Table 7 Testing for fusion welding.
Part Testing Sampling Judgment
Longitudinal direction
Butt welding Radiograph Tension : 1 piece/1 weld line JIS 73105

Compression : 1 piece/b weld lines

1st class or 2nd class

Fillet welding

Dye penetrant
Dye penetrant

All weld line
All weld line

Transverse direction
Butt welding
(Shop welding)
(Site welding)

Fillet welding

Radiography

Radiography

Dye penetrant
Dye penetrant

Tension : 1 piece/1 weld line

Compression : 1 piece/d weld line

Tension : All weld line

Compression : All weld line

All weld line
All weld line

JIS 73105

1st class or 2nd class
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Fig. 12 Trial shop assembly.

Fig. 14 Units of the roof.
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Fig. 15 Units of the wall.

Fig. 16 Field assembly near the site.

Table 8 Natural frequency of Nishikaratsu Station
overbridge.

Primary natural frequency

Designed Measured
2.56Hz 2.915Hz
_ yn ) _ 2rh
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_ L yn
h= 27zln<yn+1> @
A DR ER
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Fig. 18 Lifting by 360tons truck crane.
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Fig. 17 Camber on the bridge.

Fig.19 Sliding the shelter on the bridge.
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Fig. 20 Oscillation damping of Nisikaratsu Station overbridge.

155



156 xF K

B & B & W

2003

MRELL-TVWBTE L DAY, M, Moy ) —
N ARk & RIS EOEEREG LTV B,

10. & i

AA (Aluminium Association)” O 7V I = A
EYIRRGTHRMEIOR T, A B AT ol s AR )
I B IETTRRXIE Fig. 22 B0 &1 ->TW0W 5,

F i, RT3 Fig. 9 IcRd &8
DTHh s,

ARESHRIGE DGR EIC X 22 F)RT7]1E 20.4AN/mm? Th
D, TNHERE LIS DM Table9 TH %, LI EOKE
Hoip SRS R TICE L TVWEEEL SN S,

15 i
14— T ]
13 U —f=100/L
}% | 0 I
ﬁ 18 & 1-2
> 8 <K
s 7 A o Nishikaratsu
2 6
g 5
w 4
3 a
2 —
1 — 1
0
0 10 20 30 40 50 60 70 80 90
Maximum Span(m)
Fig. 21 Primary natural frequency.
100
t _
€ —L
= ~
€375~ —+-F 4 FF---F-F3 5
g i
c
o
&
10
1.E+05 1.E+06 5.E+06 1.E+07

Number of cycle N

Fig. 22 Fatigue strength diagram (AA).
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Table 9 Fatigue properties of Nishikaratsu Station

overbridge.

Stress amplitude by live load Critical stress N=5X106

Bending | Section Stress AA
Measured

moment | modulus range Allowable

stress of weld
M V/ Ao stress

(N/mm?)

(&Nem) | (mm?" | (N/mm? (N/mm?

1180.02 {57900 < 10* 20.4 63 37.15
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