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Improvement in Paint Bake Hardenability of an
Al—Mg —S1 Alloy by Reversion

Hidetoshi Uchida and Hideo Yoshida

Al—Mg —5i alloys for autobody sheet have a paint bake hardenability, but at present, the paint
bake temperature is too low so that the paint bake hardenability is insufficient although the alloys
have a hardening potential. Weight reduction and dent resistance will be improved by promoting
paint bake hardenability. After water quenching, natural aging, reversion treatment, storage at
room temperature and paint bake cycle were carried out. The effects of the natural aging and rever-
sion treatment condition on the paint bake hardenability of the Al—1.251—0.5Mg alloy were inves-

tigated.

The conclusions were as follows.

1) The paint bake hardenability improved by the reversion treatment. The reason may be that

with GP zones which formed during the natural aging were thermally decomposed by reversion
treatment, some clusters formed and inhibit the formation of new GP zones.

2) The reversion effect including decomposition of GP zones depends on natural aging tempera-
ture. High natural aging temperature was effective to improve paint bake hardenability.
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Table 1 Chemical composition of the specimen.

(mass%)

Si Fe Cu Mn Mg Cr Zn Ti Al

0.26 0.16 0.01 0.07 048 0.01 <0.01 0.08 bal.
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Fig.1 Schematic diagram of heat treatment.
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Fig. 3 Effect of reversion treatment on paint bake
hardenability.
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Fig. 4 Effect of natural aging time on paint bake
hardenability.
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(*) Reversion time of 0s means that the specimen was
cooled as soon as its temperature reached the reversion
temperature of 225°C
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Fig. 7 Changes in electrical resistance in liquid nitrogen
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Fig.8 Changes in electrical resistance in liquid nitrogen
during natural aging, reversion and storage.
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TECHNICAL PAPER

The Effects of Magnesium and Copper Contents

on the Restoration during Hot Deformation
of Al—Mg —Cu Alloys”

Kouichirou Takiguchi* *, Hidetoshi Uchida*** and Hideo Yoshida****

In some studies about the deformation behaviour of Al—Mg alloys during the hot deformation,
it has been pointed out that the dynamic restoration occurs. To clarify the role of magnesium and
copper on the restoration during the hot deformation is the purpose of this study. Al—Mg (3.0 to
8.0mass%) alloys with copper (0, 0.3mass%) were tensile tested at various temperatures from 30
0°C t0 440°C and at an initial strain rate of 107%7*. The subgrain formation from the original grain
boundaries were observed. These dynamic restoration processes enhanced the elongation of Al—Mg
alloys at high temperature. The restoration occurred at the lower temperature and at the smaller
strain with the magnesium contents. The cavity formation was enhanced by the precipitation of
B—phase particles (AlsMgs:) during the hot deformation, and cavities increased with the magne-
sium contents. In the copper added alloys, T~ phase particles (AlsMg:«Cu) precipitated during the
hot deformation and prevented the formation of cavities at the grain boundaries, because these par-

ticles precipitated preferentially and inhibited the precipitation of B-— phase particles along the

grain boundaries.

1. Introduction

In recent years, Al—-Mg alloys contain some
copper had been used for automotive body
sheets for the demand of weight saving. But
these alloys have some problems during the
hot deformation. It is well known that high
solute magnesium atoms increase the fre-
quency of cracking during the hot deforma-
tion, but on the other hand, these alloys
exhibit the large elongation at the high tem-
perature, if the condition of the hot deforma-
tion is appropriate.

In some studies about the deformation
behaviour of Al—Mg alloys during the hot de-
formation, it has been pointed out that the dy-
namic restoration® (dynamic recovery or
dynamic recrystallization) occurs®®. But, the

* This paper was originally presented at the 6th
International Conference on Aluminum
Alloys, Toyohashi, Japan, July 5—10, 1998.

*+  Sumikei Memory Disk, Lid.

*x+ No.l Depertment , Research and Development
Center

++x* No.l Depertment , Research and Development
Center, Dr. of Eng.

relationships between dynamic restoration
and precipitation of Al—Mg alloys have not
been discussed®. The purpose of this study is
to clarify the role of magnesium and copper
on the restoration during the hot deformation.

2. Experimental Procedure

Al—Mg (3.0 to 8.0mass%) alloys with cop-
per (0, 0.3mass%) were used for this study.
The chemical compositions of specimens are
given in Table 1. The alloys were cast using di-
rect chill technique into billets of 99mm diame-
ter. The billets were homogenized for 8h at 470
°C, and then, these were hot extruded at 400°C
to the rod of 15mm diameter. The rod was
drawn to 12mm diameter, and then, the inter-

Table1 Chemical composition of specimens {mass%).

Alloy Si Fe Cu Mg Ti
3.0Mg-Cu 0.04 0.03 0.26 3.01 0.02
5.5Mg 0.05 0.04 <0.01 5.52 0.01
5.6Mg-Cu 0.04 0.04 0.27 5.45 0.01
8.0Mg 0.04 0.04 <0.01 7.89 0.03
8.0Mg-Cu 0.05 0.04 0.31 8.00 0.03
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mediate annealing was done for bmin at 520°C
(8.0Mg and 8.0Mg—Cu was annealed at 500°C)
by salt bath. The rod was drawn to various re-
ductions from 14.4% to 30.6% to control the
average grain sizes of specimens about 100pm,
and then the final annealing was done for 5min
at 520°C (8.0Mg and 8.0Mg— Cu was annealed
at 500°C) by salt bath.

Cylindrical tensile specimen with bSmm di-
ameter and with 15mm gage length were ma-
chined from the rod after final annealing.
Tensile tests were performed at various tem-
peratures from 300°C to 440°C, and then
quenched immediately at some fixed strains to
observe the microstructures after the hot de-
formation. The initial strain rate was con-
trolled 107%s™%.

SEM — Electron Channeling Contrast (ECC)
technique was used for large field observa-
tions of the grain structure with a JEQOL JSM—
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6400 operated at 20kV. ECC samples were
electrochemically etched in a solution of 94%
ethanol and 6% perchloric acid at 0°C.
Subgrain structures were observed by TEM
bright field images with a JEOL JEM — 200CX
operating at 200kV, and the identification of
precipitation was carried out by the analysis
of selected area using diffraction patterns and
the TEM dark field images. TEM samples were
electrochemically etched in a solution of 75%
methanol and 25% nitric acid at 20°C below
zero. A X —ray diffractometer was also used
to identify the precipitation with MAC Sci. M
03X —HF. The X —ray incident angle was 1 de-
gree.

3. Results and Discussion

3.1 The Effects of Magnesium Contents on
the Restoration

110

n
250 I Ja s ——
350°C 90 H BRI
70 |t RN
& 200 | K s
< 50 ; |
% 150 | o | :
j 10 b L
ﬁ 100 Fwprmemeenen 0.0 01 02 03 04|05
2 f— e ——3.0Mg-Cu
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! ‘u‘ ---8.0Mg-Cu
O L ' 1 it ' ' )
00 02 04 06 08 10 12 14 16
True Strain
(2) Temperature : 350°C
100
250 | 440°C 80
. 2.0 60
a 2007 -OMg-Cu 40! »
P 5.5Mg-Cu P s o
g 150 Pt 80Mg‘CU 20 ::
o i :
o %.0 0.1 02 03 04|05
© 100 [
=
I,_
50 [z
%0 02 04 06 08 10 12 14 16

True Strain

(4) Temperature : 440°C

Fig.1 The stress strain curves of Al—Mg—Cu alloys.
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3.0Mg—Cu

8.0Mg—Cu

e =0.06

e =0.10 e =0.26

30um

Fig.2 The SEM-ECC images of Al-Mg-Cu alloys after deformation at the true strain of 0.05, 0.10 and 0.26 at 440 °C.

The stress—strain curves of 3.0Mg—Cu, 5.5
Mg—Cu and 8.0Mg— Cu alloys are illustrated
in Fig. 1. At 300°C, the curves showed the typi-
cal work hardening, and then, fracture oc-
curred at low strain after local necking. At 350
°C, the curves of 3.0Mg—Cu and 5.5Mg~—Cu al-
loys showed the similar profiles at 300°C, but
the curve of 8.0Mg—Cu alloy showed the peak
at the initial stage of the hot deformation. At
380°C, the curves of 5.5Mg—Cu and 8.0Mg—Cu
alloys showed the peak, and over 440°C, the
curves of 3.0Mg—Cu, 5.0Mg—Cu and 8.0Mg —
Cu alloys showed the similar profiles. After
the peak, flow stress showed the relatively
constant stage and then decreasing slightly.
The relatively constant stage of the curves oc-
curred by the dynamic restoration process,
and this phenomenon occurred at the lower
temperature with the magnesium contents.

Fig. 2 shows the SEM —ECC images of 3.0Mg
—Cu and 8.0Mg—Cu alloys after the deforma-
tion at the true strain of 0.05, 0.10 and 0.26 at
440°C. As the true strain became larger, ser-
rated grain boundaries were observed. It was
considered that subgrain formed from the
original grain boundaries, and then, these
subgrains spread into the original grain.
These dynamic restoration process enhanced
the elongation of Al — Mg alloys at high

10
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C
2
3] 1F
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(]
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=
(o]
>
>
g 01}
]
O
440°C
0.01 : :
1 10 100 1000

Elongation (%)

Fig.3 The effect of elongation on cavity volume
fraction.

temperature. The restoration (subgrain for-
mation) occurred at the lower temperature
and at the smaller strain with increasing the
magnesium contents. The increase of magne-
sium contents had an effect of promoting the
dynamic restoration .

Fig. 3 shows the effect of true strain on cav-
ity volume fraction. The cavity volume fraction
increased with the true strain and with the
magnesium contents. Fig.4 shows the TEM
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0.5

Fig.4 The TEM bright field image, TEM dark field
image and diffraction pattern of S— phases
on the grain boundary in 8.0Mg alloy de-
formed at 380 °C to failure.
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Fig.5 The qualitative analysis on S—phase measured
by X—ray diffractometer in 5.5Mg alloy de-
formed at 380 °C to failure and before testing.

bright field image, TEM dark field image and
diffraction pattern of B8—phase (Al:Mg2) on
the grain boundary in 8.0Mg alloy deformed at

380°C to failure. Fig.5 shows the qualitative
analysis on A-—phase particles measured by
110
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70 t
& 200}t ;
s 50 4
@ 150} 30 !
= 10 12
D100 Lo 00 01 02 03 04|05
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Fig. 6 The stress strain curves of Al—Mg—Cu alloys.
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0.2um

Fig.7 TEM bright field images and diffraction
pattern of T—phase in 5.5Mg—Cu alloy
deformed at 380°C and a strain of 0.05.

X —ray diffractometer in 5.0Mg alloy de-
formed at 380°C to failure and before testing.
The B—phase particles are observed as a con-
tinuous film along the grain boundaries after
the hot deformation. The cavity formation,
which increased with the magnesium contents,
seemed to be enhanced by the precipitation of
B—phase particles during the hot deforma-
tion.

The elongation of Al— Mg alloys at high
temperature influenced by the dynamic resto-
ration which increase the elongation, and the
precipitation of S—phase particles along the
grain boundaries which decrease the elonga-
tion.

3.2 The Effects of Copper Addition on the

Restoration

The stressd-strain curves of 5.0Mg and 5.5
Mg —Cu alloys are illustrated in Fig. 6. The
addition of copper in Al—Mg alloys had an ef-
fect of increasing elongation. Fig. 7 shows the
TEM bright field image and diffraction pat-
tern of T-phase (AlsMg:iCu) in 5.5Mg—Cu alloy

11

Al-Mg Alloy

Al-Mg-Cu Alloy

Low
Strain

¢/ Grain
4/ boundary

High
Strain

Cavitation

Cavitation

Fig.8 Schematic comparison of cavity formation
during the hot deformation.

deformed at 380°C and a strain of 0.05. The T-
phase particles precipitated discretely at the
grain boundaries or in the grains. Fig. 8 shows
the schematic comparison of cavity formation
during the hot deformation. In the copper
added alloy, T-phase particles precipitated
during the hot deformation and prevented the
formation of cavities at the grain boundaries,
because the T-phase particles precipitated
preferentially and inhibited the precipitation
of S—phase particles (AlsMg:) along the grain
boundaries. The T-phase particles precipitated
discretely and the S—phase particles precipi-
tated along the grain boundaries, so the T-
phase particles were less effective to form the
cavities compared with the S—phase particles.

The large elongation at high temperature
was obtained by controlling the contents of
magnesium and copper.

4. Conclusions

High temperature tensile test at a strain
rate of 107%s™! have been carried out to study
the effects of magnesium and copper contents
on the restoration during the hot deformation
of Al—Mg—Cu alloys. The results are summa-
rized as follows :

1. During the hot deformation of Al—Mg al-
loys, the dynamic restoration process oc-
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curred at the lower temperature and at the
smaller strain with increasing the magnesium
contents.

2. As the true strain became larger, ser-
rated grain boundaries were observed. It was
considered that subgrains formed from the
original grain boundaries, and then, these
subgrains spread into the original grain.

3. The cavity formation, which seemed to be
enhanced by the precipitation of /5 — phase
particles (AlsMg:), increased with the magne-
sium contents.

4. The addition of copper in Al—Mg alloys
increased the elongation. In the copper added
alloys, T-phase particles (AlsMg:Cu) precipi-
tated during the deformation and prevented
the formation of cavities at the grain bounda-
ries, because the T-phase particles precipi-

12

tated preferentially and inhibited the precip-
itation of S—phase particles along the grain
boundaries.

5. The large elongation at high temperature
was obtained by controlling the contents of
magnesium and copper.
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Nodularization of a —AlFeSi Compounds
in Al—Fe —Si Alloy*

Tetsuya Motoi* *, Hideo Yoshida*** and Kiyoshi Fukuoka* *

The a— AlFeSi phase nodules occur during solidification in aluminium. In this work, the mecha-

nism of this nodularization was discussed by microstructural observation and our hypothesis was
verified. Electron microstructures showed that these spherical nodules have a hollow shell, which
consist of coagulated a— AlFeSi particles. This result indicates that the hydrogen gas bubbles
evolving during solidification contribute to the formation of the nodules. The size and density of
nodules in Al—Fe—Si alloy were changed by the cooling rate during solidification. This change
agreed with those of porosity caused by hydrogen gas in high purity aluminium. Both the density

of nodules in Al—Fe~—Si alloy and that of porosity in high purity aluminium increased with hydro-

gen content. Therefore these results support our hypothesis that @ — AlFeSi particles nucleate on
the inner wall of hydrogen gas bubbles and grow into the center of the bubbles.

1. Introduction

Commercial purity aluminium contains pri-
mary constituents with iron and silicon, which
form during solidification due to these impuri-
ties. Iron combines with aluminium and silicon
to form intermetallic compounds during so-
lidification. The Al—Fe phases which appear
in Al—Fe-Si ternary system are Al:sFe, AlsFe
and a —AlFeSi® and so on. The structure and
composition of these phases have already been
studied®~®. But, there are only few studies
about the morphology of these phases. It has
been known that a —AlFeSi compounds in Al—
Fe—Si alloy have a spherical shape, but the
reason why these compounds are spherical
has not been clear.

Nodular graphite in cast iron is known to
have a spherical or spheroidal shapes, and
many studies about the origin of nodular
graphite in cast iron have been published®.
Many hypotheses suggested about nodular

* The main part of this paper was presented at the 6th
Internatinal Conference on Aluminum Alloys,
ICAA-6, Toyohashi, Japan, July 5-10, (1998).

**  No.b Department, Research & Development Center.

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

13

graphite cannot reasonably explain the actual
phenomena. On the other hand, the gas-bubble
theory®, which suggested that graphite pre-
cipitates inside gas bubbles in molten cast iron
and then the gas bubbles are filled with the
graphite, can consistently explain the spheri-
cal shape of nodular graphite.

It is well known that hydrogen gas causes
porosities in aluminium®. Hydrogen dissolve
as interstitial atoms in solid aluminium. But
its solubility in the solid state is very small and
about one twentieth of that in the liquid state.
So porosities evolve during solidification re-
sulting from the decrease of hydrogen solubil-
ity. Therefore it is considered that these po-
rosities play the important role to form a —
AlFeSi nodules according to the gas-bubble
theory.

The aim of this research is to establish the
mechanism of nodularization of a — AlFeSi
constituents on the hypothesis that this phase
particles form in hydrogen bubbles. In order
to prove this hypothesis, the following experi-
ments were carried out : 1) the observation of
the structure of @ —AlFeSi nodules, 2) the ef-
fect of hydrogen bubbles on the formation of
a —AlFeSi compounds.
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2. Experimental Procedure

An Al —Fe—Si alloy containing 0.13%8Si,
0.13%Fe was used in this work. This alloy was
melted in a carbon crucible at 800°C, and so-
lidified in the mold made of copper with water
cooling pipes illustrated in Fig, 1. In this mold,
the cooling rates during solidification can be
controlled by changing the thickness of the
spacer. Cast slabs were divided in two parts
perpendicularly to the thickness, and the cen-
ter parts were used for estimation, because
the surface of the slabs was influenced by the
mold (Fig.2); one part was used for the ob-
servation of microstructures and for the ex-
tracting compounds by phenol method. The
other was for the measurement of hydrogen
content in the slabs. Specimens etched by 0.5%
HF were used for the observation of the mi-
crostructures, and an ultrahigh vacuum meth-
od was used for the determination of the
hydrogen contents.

2.1 Structure of a —AlFeSi nodules

Specimens cut from slabs were solved by
phenol method, and extracted @ —AlFeSi nod-
ules on filters were observed by SEM. Further
microtomed specimens were prepared for
TEM in order to observe the cross—section of
a —AlFeSi nodules.

2.2 Effect of hydrogen bubbles on the

formation a —AlFeSi nodules

Two methods were employed to examine the
effect of hydrogen on the formation of a —
AlFeSi nodules.

2.2.1 Changing cooling rates during

solidification

Aluminium melted at high temperature can
contain a large amount of hydrogen. During
solidification, hydrogen is liberated according
to the decrease of hydrogen solubility and gas
bubbles evolve in the molten aluminium. These
bubbles float up and go out from the melt sur-
face. But, in fast cooling rate during solidifica-
tion, it is expected that the bubbles are
captured in the melt and then the porosities in-
crease. Therefore, the cooling rates was con-
trolled by changing the thickness of the spacer
illustrated in Fig. 1. It is known that the rela-
tion between cooling rate (C) and dendrite
arm spacing (D) can be indicated by Eq. 1%. In

14

this equation, @ and A are constant. In order
to estimate the cooling rates, the data of «
=0.33 and A=33.4" were substituted
Eq.1.

nto

Fig.1 Dimensions of the mold and spacer made of copper.
Cooling rate was controlled by changing the thick-
ness of spacer.

Dividin

Slab

1) For observation
of microstructures
2) For extracting
compounds

For measurement of
hydrogen content

Fig.2 The positions of specimens from solidified slabs.
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The a —AlFeSi nodules extracted from slabs
were observed by SEM, and their diameter
was measured by SEM. Furthermore, in order
to examine the size and density of the hydro-
gen bubbles by cooling rates during solidifica-
tion, high purity aluminium (99.99%) con-
taining a large amount of hydrogen was used.
Cooling rates were controlled by changing the
thickness of the spacer, and the center of the
slabs were examined under optical microscopy
(OM) to estimate the average diameter of the
hydrogen porosities.

2.2.2 Increasing hydrogen contents in the

molten Al—Fe—Si alloy

It is expected that the molten aluminium
containing a large amount of hydrogen tends
to evolve many hydrogen bubbles during so-
lidification. In order to increase the content of
hydrogen in the molten aluminium, potatoes
were added into the melt. Hydrogen entered
into the molten aluminium by the reaction of
aluminium with water in potatoes. This molten
aluminium was cast in the mold with 30mm
thickness spacer. The observation of a —
AlFeSi nodules were carried out in the same
method previously described, and the density
of @ —AlFeSi was measured by image ana-
lyzer.

3. Results and Discussion

3.1 Structure of a —AlFeSi nodules

Fig. 3 shows the SEM micrographs of the
compounds extracted by phenol method from
Al—Fe—Si alloy (Al—0.13%Si—0.45%Fe). It is
obvious that Al—Fe compounds are plate-like
(Fig. 3 (a)), and the @ — AlFeSi nodules were
spherical and consisted of many particles
(Fig. 3 (b)). Exceptionally, a —AlFeSi nodule
in which center wasn't filled with these parti-
cles could be observed (Fig.3 (¢)). However
the possibility that center of a — AlFeSi may
be solved by phenol was considered. Therefore
microtomed section of a — AlFeSi nodules
were observed by TEM. Fig.4 shows the
microtomed section of a — AlFeSi nodules. It
is clear that @ —AlFeSi nodules are spherical
shape with a hollow shell, and many particles
existed inside of the shell. The gas bubble

15

theory suggested in cast iron can explain this
structure consistently. The schematic model of
the formation of a —AlFeSi nodules is shown
in Fig.5. The a —AlFeSi particles which are
single crystals, nucleate on the inside wall of
hydrogen gas bubbles and grow into the cen-
ter of hydrogen bubbles. Then these particles
coagulate as polycrystals and form spherical
nodules with a hollow shell.

3.2 Effect of the cooling rate during

solidification on the formation of
a —AlFeSi nodules and hydrogen
bubbles.

Fig. 6 shows the microstructures of as-cast
slabs and the SEM images of extracted a —
AlFeSi nodules from them which were cast by
various cooling rates during solidification.
Table 1 shows the cooling rates estimated by
dendrite arm spacing (DAS), and hydrogen
content in slabs. The density of a — AlFeSi in-
creased shown in Fig. 6 (a) (b)(¢), while their
size decreased with increasing the cooling
rates shown in Fig. 6 (d)(e)(#). Fig. 7 shows
the relation between the diameter of a —
AlFeSi nodules and cooling rates.

Fig. 8 shows porosities (hydrogen bubbles)
in high purity aluminium slabs cast by differ-

Fig.3 SEM micrographs of spherical @ — AlFeSi nodules
and plate-like Al —Fs compounds extracted by
phenol method from slab.
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(e)

()

bee, a=12.56A

Fig.4 TEM micrographs, diffraction pattern and EDX spectra of a @ — AlFeSi nodule.
(a) and (b) : microtomed section of a —AlFeSi nodule (bright field images), (c) : dark field image,

(d) : selected area diffraction pattern of b—@, (e) : EDX spectrum from shell of a — AlFeSi (b—@),
() : EDX spectrum from inside of a — AlFeSi (b—®).

(a) (b) (c)
Fig.5 Schematic model for the formation of @ — AlFeSi nodules. (a) evolution of hydrogen bubble

during solidification, (b) nucleation of @ — AlFeSi on the inner wall of hydrogen bubble,
(c) bubble is gradually filled with @ —AlFeSi particles from the wall into the center.

16
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Low «<——————— Cooling rate — High —
Tum
Fig. 6 Effect of cooling rates during solidification on the DAS and the size of a — AlFeSi nodules.
(a)— () : OM, (d)— () : SEM of a — AlFeSi nodule.
Cooling rates during solidification : (a)(d) : 0.1Ks™!, (b)(e) : 0.6Ks™!, () () : 34Ks™ L.
4.0
Table 1 Cooling rates estimated by dendrite arm :
spacing (DAS) and hydrogen contents in —_
slabs. £
3
Thickness Contents o—
Cooling (72]
of DAS of Li':
lab (um) rates hvd E
slabs pm rogen
(Ks~D) y g 'U
(mm) (em?/Al 100g) o
]
2 10.4 34.3 0.37 =
7 28.8 1.57 0.31 °
12 39.5 0.60 0.29 E
22 48.1 0.33 0.29 a
32 70.0 0.11 0.26 ] ‘
0.0 sl PRI NPT
ent cooling rates. Fig. 9 shows the relation be- 0.1 1 10 100

tween the diameter of porosities and cooling
rates. The size of porosities decreased and
their density increased with increasing the
cooling rates. The changing of porosity to the
cooling rate agreed fully with those of a —
AlFeSi nodules. But the size and density of
porosities in high purity aluminium are differ-
ent from Al—Fe—Si alloy because the evolu-
tion of hydrogen bubbles is affected by
impurities or trace elements. Consequently it
is concluded that the size and density of a —

17

Cooling rate (Ks'1)

Fig.7 Relation between the diameter of a —AlFeSi
nodule and cooling rate estimated by DAS.

AlFeSi nodules change according to the varia-
tion of hydrogen bubbles in which a — AlFeSi
particles nucleate.

3.3 Effect of solubility of hydrogen in the
molten Al—Fe—Si alloy on a —AlFeSi
formation.

The hydrogen content in the slab produced
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Fig.8 Effect of cooling rates during solidification
on the size and density of porosities in high
purity aluminium.

Cooling rates : (a) 0.1Ks™!, (b) 34Ks™!

by adding potatoes into the melt (a) was
0.57cm?®/Al 100g, while it was 0.27cm?/Al 100g in
the slab without potatoes (b). Fig.10 shows
the typical a —AlFeSi nodules extracted from
slab(a), (b) which have different contents of
hydrogen. It is obvious that the average size of
@ — AlFeSi nodules did not change. But the
image analyzing results of microstructures in-
dicates that the density of a —AlFeSi nodules
increased with hydrogen contents in the slabs
(Fig.11). It is considered that the hydrogen
bubbles increase with the hydrogen content in
the molten aluminium, and as a result the den-
sity of a —AlFeSi nodules also increase, be-
cause the site which a — AlFeSi nodules nucle-
ate increased.

4, Conclusions

(1) The spherical nodules observed in Al—TFe
—3Si alloy have a hollow shell, which consists
of coagulated a —AlFeSi particles.

18

100

Diameter of porosity (4 m)

sov vl L

0 L :
0.1 1 10

Cooling rate (Ks-1)

Fig.9 Relation between porosity diameter and cooling
rate estimated by DAS.

Tum

Fig. 10 a —AlFeSi nodules extracted by phenol from slabs
which have different contents of hydrogen.
Hydrogen contents :

(a) 0.57cm?®/ Al 100g
(b) 0.27cm®/ Al 100g
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Fig.11 The density of a —AlFeSi nodules of slabs which
have different contents of hydrogen.
[Hydrogen contents] :
(a) 0.57cm?®/ Al 100g
(b) 0.27cm3/ Al 100g
[Density of @ —AlFeSi nodules] :
(a) 180 10%/¢m?
(b) 120X 10°/cm?

19

(2) The size and density of nodules in Al—Fe
—Si alloy were changed by the cooling rate
during solidification. This change agreed with
those of hydrogen bubbles in high purity
aluminium (99.99%)

(3) The densities of nodules in Al—Fe—Si
alloy and hydrogen bubbles in high purity
aluminium (99.99%) increased with hydrogen
content.

(4) The above results support the hypothesis
that a —AlFeSi particles nucleate on the inner
wall and grow into the center of hydrogen
bubbles, and these coagulated particles form
the spherical nodules.
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The Influence of Ingot Homogenization on the

Microstructure of 3003 Aluminium
Alloy Extrusion

Tadashi Minoda and Hideo Yoshida

The microstructures of 3003 aluminium alloy extrusion were influenced by the ingot homogeniza-
tion. Three types of microstructure were observed in this investigation, fully fiber structure, mixed
structure with fiber and grain growth structure, and fully recrystallized structure. Fiber structures
were obtained when the secondary particles precipitated during homogenization in the ingot were
almost smaller than 0.1pm in diameter with high density. But it became clear that the thermal sta-
bility of fiber structure of extrusion depended on the constituent particles formed during solidifica-
tion in the ingot. When constituent particles covered the cell boundaries of ingot, the extrusions had
fully fiber structure. On the other hand, when constituent particles transformed into necklace
structure and have smaller size during homogenization, the extrusion had mixed structure with ab-
normal grain growth structure at the surface of the extrusion. Finally, fully recrystallized struc-
tures were obtained when the secondary particles precipitated during homogenization in the ingot
were almost bigger than 0.1pm in diameter and the matrix had much solute elements. But the grain
size of the extrusions depended on the density of the secondary particles. When the particles dis-
persed uniformly with high density, the grain size of extrusion became smaller, but when the parti-
cles dispersed nonuniformly with low density, the grain size of extrusion became larger.
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Table 1 Chemical compositions of 3003 alloy for this study.
(mass%)
Si Fe Cu Mn Al
0.35 0.27 0.15 1.20 bal.
Table 2 Homogenizing conditions of ingots.
. Homogenizing Electrical resistivity
Specimen
conditions (nQ +m)
A 630°C-10h (WQ) 48.2
B 630°C-10h (FC) 40.6
C 500°C-10h (FC) 35.1
D 630°C-10h (WQ) 34.8
+500°C-10h (FC)

WQ:water quenched, FC:furnace cooled at 30°C/h
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Fig.1 Optical microstructures of 3003 aluminium alloy
ingots before and after various homogenization
heat treatments. (A)630°C (WQ), (B)630°C (FC),
(C)500°C (FC), (D) 630°C (WQ)+500°C (FC).
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Fig. 2 Transmission electron micrographs of 3003
aluminium alloy ingots after various ho-
mogenization heat treatments. (A)630°C
(WQ), (B)630°C (FC), (C)500°C (FC), (D)

630°C (WQ)+500°C (FC).
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Fig.3 Transmission electron micrographs and selected
area diffraction patterns from 3003 aluminium
alloy ingots homogenized at 500°C for 36ks. (A)
Constituent particle, (B) Precipitate.
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Fig.4 Effect of homogenization condition on the optical microstructures of 3003 aluminium alloy
extrusions. (A) 630°C (WQ), (B) 630°C (FC), (C) 500°C (FC), (D) 630°C (WQ)+500°C (FC).
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Table 3 Microstructure relationship between ingots and extrusions.

Ingots Extrusions
Specimen Constituent particles Precipitates Soluted atoms .
at cell boundaries in the grain (Mn, Fe, Si) Microstructure

A discontinuous >0.1pm, much recrystallized (95.m)
not uniformly

B discontinuous >0.1ym, medium recrystallized (35pm)

uniformly

C continuous <0.1um, few fiberous
high density

D discontinuous <0.1pm, few fiberous +recrystallized
high density grain growth at surface

)
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Fig.5 Thermal stability of fiber structures (a,b,c: microstructures of each heated samples).
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Fig. 6 EPMA results of 3003 aluminium alloy ingots scanned to cross the cell boundary.
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(A,B) Fine recrystallized structure

Constituent particles transformed into necklace structure and the secondary particles
| precipitated almost bigger than 0.1 #m in diameter.
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. o o —_
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Before extrusion g / structure

® ] ® 8
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<> <@
Tangling of Precipitation Recovery and recrystall-

dislocations occurs on the

dislocation

ization occurs around
the precipitations

(C) Fiberous structure

Constituent particles covered the cell boundaries and the secondary particles
| precipitated aimost smaller than 0.1 xm in diameter with high density.
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- fter extrusion  (non-recrystallization)
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(D) Fiberoust+Recrystallized structure

Constituent particles transformed into necklace structure and the secondary particles
precipitated almaost smaller than 0.1 zm in diameter with high density.

Fiberous structure

Grain growth structure
at heavy deformed area
(surface)

e I W During extrusion
Before extrusion

Fiberous structure
at the center

Fig.7 Schematic model of recrystallization mechanisms considered in this study.
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Fig.8 TEM image of 3003 aluminium alloy extrusion which
ingot was homogenized at 500°C for 36ks.
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A Mechanism of Pick-up Formation on 6063
Aluminium Alloy Extrusions™

Tadashi Minoda**, Hideya Hayakawa*** and Hideo Yoshida****

A mechanism of pick-up formation was discussed in this work. First, the quantitative evaluation
method of @ —AlFeSi transformation ratio (& ratio) from B — AlFeSi in 6063 aluminium alloy

billets was established. Then the integrated intensity technique of X —ray diffraction peak was ap-

plied to study the effect of the a ratio on pick-up formation. As a result, it became clear that the
segregation zones in the hillet surface affected the pick-up formation. When the a ratio at the hil-
let surface was below 109 in spite of 100% at the billet center, heavy pick-up defects were observed
on the extruded surface. In low a ratio billets, Mg2Si compounds existed around S —AlFeSi parti-
cles and it was ohserved that local melting occurred around them between 570 and 580 °C. Thus it
was considered that pick-up defects occurred due to peritectic reaction of Al, Mg:Si and S —AlFeSi

at 576 C.

1. Introduction

The extrusions of 6063 aluminium alloy are
widely used because of its good extrudability
and mechanical properties. But its ex-
trudability is sometimes limited by the occur-
rence of surface defects named pick-up. It has
been said that pick-up defects are caused by
B — AlFeSi (monoclinic, 2a=0.612 nm, b=0.612
nm, c=4.15 nm) and/or Mg»Si particles, and in
particular the phase transformation from S —
to a —AlFeSi (hexagonal, a=1.23 nm, ¢=2.62
nm) is effective to reduce pick-up'~?. There-
fore many methods of analyzing a ratio have
been developed using various characteristics,
such as etching sensitivity of the particles?,
the Si/Fe ratio of the particles, the length of
AlFeSi particles, etc. but these methods have
some problems to estimate the ratio quantita-
tively. On the other hand, X —ray diffraction
(XRD) patterns have been used to estimate

*
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austenite ratio in the steel'”®. This method is
based on the theory that the integrated inten-
sity of a specific peak depends on the amount
of the corresponding phase. In 6063 aluminium
alloy billets, the XRD peaks of aluminium, a —,
B —AlFeSi and Mg:Si are appeared. Therefore
the a ratio can be estimated quantitatively by
measuring the integrated intensities of a —
and B —AlFeSi.

In this study, the integrated intensities of
XRD peaks were used to estimate the a ratio,
and the relationship between the a ratio and
pick-up was studied. Furthermore, the mecha-
nism of pick-up formation was discussed.

2. Experimental Procedure

The billets of 6063 aluminium alloy were pre-
pared by DC casting with the composition of
Al — 0.49%Mg — 0.43%Si — 0.20%Fe (mass%)
and a diameter of 200 mm. The billets were ho-
mogenized at 570°C for 4 to 100 hours. After
homogenization, a ratio was estimated at a
billet surface. Fig. 1 shows the preparation of
XRD specimens. First, specimens of Z2mm
thick were cut from billet surface and cold-
forged to 1 mm thick to flatten and smooth the
specimen surfaces. After forging, the speci-
mens were etched to remove surface stain with
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(1) Cutting samples from

billet surface J,
| 2mm
l 20mm
(2) Forging
2mm thick 1mm thick

e

(3) Etching to remove surface stain

|

(4) trradiation of X-ray

X-ray

=

Fig.1 Schematic model of preparing samples for
X-ray diffraction analysis.
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Fig.2 Typical X-ray diffraction pattern of 6063
aluminium billet surface.

mixed concentrated acid, and then, XRD stud-
ies were carried out. In this study, CuK. radi-
ation was used. Fig.2 shows a example of
XRD pattern in this study. The a — AlFeSi
ratio T. (a ratio) were given by

Te=1c/ (1o + 15) x 100 (%) e

where 1. and Is are integrated intensities of
a —AlFeSi at d=0.214nm and S — AlFeSi at
d=20.519nm. The extrusion tests were per-
formed for estimating pick-up. The billets
were heated to 420°C and were extruded at the
speed of 45 m/min. The geometry of the ex-
truded section is shown in Fig. 3, and the num-
ber of pick-up were counted at the upper
surface of the extrusions. Fig. 4 shows a SEM
image of a pick-up. Pick-up defects are formed
with surface tearings and deposits. Thus the
pick-up densities were estimated by counting
the number of these deposits.

At first a series of billets with various levels
of @ ratio was used to investigate the rela-
tionship between a — AlFeSi ratio and pick-up
defects for verifying this quantitative analysis
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Fig.3 Geometry of extruded section.
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Fig.4 Appearance of a pick-up defect.

method. Furthermore the effects of segrega-
tion zones of the billets on pick-up defects
were studied by extruding unpeeled billets with
low a ratio and peeled ones. The distribution
of elements in segregation zones with various
levels of a ratio were investigated using an
electron probe micro analyzer (EPMA) to
clarify the mechanism of pick-up formation.

3. Results

The relationship between a ratio estimated
by XRD and pick-up densities was shown in
Fig. 5. It shows that pick-up defects decrease
as a ratio increases. In general, it is said that
B — AlFeSi particles will cause pick-up defects
and phase transformation from 5 to a is ef-
fective to reduce pick-up. The result in Fig. 5
supports the accepted theory and it is consid-
ered that the method of estimating the a ratio
by XRD is effective in investigating pick-up
formation.

In a low a ratio billet, the a ratio changed
depending on the distance from billet surface
shown in Fig. 6 . Although the a ratio at the
billet surface is below 10% in this specimen,
the a ratio is 50% at 1 mm inside and is al-
most 100% at the center. Fig.7 shows the



28 SUMITOMO LIGHT METAL TECHNICAL REPORTS

December 1998

1000
E
o 100 |
S t
x
Qo
a
©
2 10 L
£
Z
q
1 . ! Sk
1 10 100
a -AlFeSi ratio (%)
Fig.5 Relationship between pick-up defects and
a -AlFeSi ratio estimated by X-ray dif-
fraction technic.
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Fig. 6 Effect of depth from billet surface on the
a ratio.

effect of billet peeling on pick-up defects. After
peeling the billet to the thickness of 0.5 mm
from the surface, the a ratio is about 159%.
The number of pick-up defects in the peeled
billet extrusion is about 1/3 of the unpeeled
billet one. The relationship between the «
ratio and the number of pick-up in peeled billet
extrusions lies on the line in Fig. 5. This result
shows that the formation of pick-up defects
depends on the billet surface quality. For
unpeeled billets, the segregation zones have an
effect on pick-up. It became clear that estima-
tion of the a ratio must be carried out at a
billet surface. Previously developed techniques

28
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Fig.7 Effect of billet peeling on pick-up defects.
Billet peeling was carried out 0.5mm in
depth.

are difficult, while our XRD technique is easy
to estimate the a ratio at billet surface. Thus,
the effect of segregation zones on the pick-up
defects became obvious by this method.

4, Discussion

It became clear that the transformation
from B — to a —AlFeSi at billet surface, espe-
cially at the segregation zones in most cases,
reduces the formation of pick-up. But there
are two kinds of constituent particles, AlFeSi
and Mg:Si in 6063 aluminium alloy billets. The
transformation of AlFeSi particles in homog-
enization heat treatments became clear, but
the behaviour of Mg:Si is not clear. Fig.8
shows the distribution of elements in segrega-
tion zones of the billets with various a ratio.
From the microprobe X —ray images, magne-
sium exists with iron and silicon in both ho-
mogenized billets with low a ratio and as-cast
The Mg=Si particles formed around
AlFeSi constituent particles during solidifica-
tion. It suggests that these Mg:Si particles
gradually dissolve and B — AlFeSi particles
transform to a — AlFeSi simultaneously dur-
ing homogenization heat treatment.

Fig. 9 shows an optical microstructure of
the segregation zone. The cell size in this seg-
regation zone is about 100 ym in diameter. In
Fig. 4, the pick-up deposit was about 100 pm in
diameter, so the sizes of the ingot cell and the

or11es.
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(a) (b)

(c) d)

Fig.8 Distribution of elements in segregation zones of 6063 aluminium billets with various
a-AlFeSi ratio. The a ratio were (a) 0% (as-cast), (b) 5%, (c) 20%, (d) 100%.

pick-up deposit are almost same. Further- to be melted. Therefore it is suggested that
more, surface tearings of pick-up defects seem constituent particles in cell boundaries melted

29
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100 um

L=

Fig.9 Optical microstructure of a segregation zone.

! 50 um

Fig.10 The marks of peritectic melting of Al, MgsSi and AlFeSi in segregation zones of a low
a ratio billet. Samples were heat treated for 10min at (a) 570°C, (b) 580°C,

(c) 590°C.

during extrusion by the following peritectic re-
action in Al—Fe—Mg—Si alloys®.

Al+Mg:Si+FeSiAl © lig. + Fe:SiAls  at 576°C

where Fe:S1Als and FeSiAls are known as a —
and as S —AlFeSi respectively. In low a ratio
billets, it suggests that remelting reaction of
cell boundaries takes place at 576°C because of
the existence of Mg:Si and S — AlFeSi parti-
cles. Fig. 10 shows the optical microstructures
of segregation zones in a low a ratio billet
after heat treating at 570°C, 580°C and 590°C
for 10 minutes in a salt bath. The marks of
melting were observed above 580°C. It was sug-
gested that the peritectic melting of Al, Mg.Si
and B —AlFeSi at 576 C was occurred in this
low a ratio billet during extrusion. Then, it is
concluded that the inhibition of remelting re-
action by reducing Mg:Si and S — AlFeSi par-
ticles in cell boundaries results in the
reduction of pick-up in higher a ratio billets.

5. Conclusions

(1) The quantitative analysis of a ratio at a

30

billet surface became possible by using a XRD
technique.

(2) Segregation zones affected the formation
of pick-up.

(3) When the a ratio at a billet surface was
below 109, in spite of 1009 at the billet center,
heavy pick-up were observed on the extruded
surface.

(4) Inlow a ratio billets, Mg:Si constituent
particles existed around AlFeSi particles.

(5) Ttis considered that pick-up defects form
because of peritectic reaction of Al, Mg.Si and
B —AlFeSi at 576 °C in cell boundaries.
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TECHNICAL PAPER

Properties of Hollow Extrusion of High Strength
Al—Mg —Si1—Cu Alloy for Aircraft”

Hideo Sano**, Shin-ichi Tani**, Hideo Yoshida***, Tadashi Minoda****,

Toshio Iwakami* ****

and Yasuaki Yoshino*****

A newly developed Al—Mg—Si—Cu alloy has almost the same strength as 2024 —T3, and also has
the good formability and corrosion resistance of the 6000 series alloys. It was confirmed in produc-
tion that 2024 could not be extruded, but the new alloy could be extruded into a hollow section. The
new alloy—T6511 had a tensile strength of 398—426N/mm? and a yield strength of 364—396 N/mm?
which satisfied the 2024 — T3511 standard in MIL —~HDBK —5. Corrosion resistance of the new
alloy —T6511 was superior to that of 2024—T3511. When an airplane’s pressure deck beam consist-
ing of an assembly structure using rolled sheets and solid extrusions was compared to an integrated

structure of the extruded section, a 29% cost saving was estimated.

1. Introduction

Alloy 2024 — T3 has been used for many
aerospace applications, but it has some prob-
lems with corrosion resistance and extru-
dability. A new Al—Mg—Si—Cu alloy has been
developed, and it exhibits a tensile strength
equivalent to 2024 —T3 and greater than 6013—
T6, along with an intergranular corrosion re-
sistance similar to 6061 —T6. Resistance to fa-
tigue crack growth of this new alloy was the
same as that of 2024 —T3, and the new alloy
exhibited high temperature properties similar
to 2024—T8. This new alloy is expected to be a
candidate material for aircraft structures.
Also, the formability of the new alloy —T4 was
the same as that of 6013—T4 and better than
that of 2024—T3".

This new alloy is expected to have better

* Most part of this paper was originally pre-
sented at the 6th International Conference on
Aluminum Alloys, 1998 pp 413—418.

> x No.2 Department, Research and Development
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No.l Department, Research and Development
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extrudability than 2024. Fig.1 shows the ex-
trusion limit diagram obtained under labora-
tory conditions. The extrusion limit was
determined by surface cracking and the pres-
sure of the extrusion press. The new alloy cov-
ers a much wider extrusion limit than 2024,
and it can also be extruded into hollow section

in production while 2024 cannot be extruded?.

2. Experimental Procedure

2.1 Application of the new alloy to

aircraft structure

The new alloy was extruded into a complex
cross section of an aircraft structure using
production equipment, and then its extru-
dability and properties were estimated®.

The pressure deck beam and the window
frame were selected as the trial aircraft struc-
ture products. Fig.2 shows the beam, which
consists of an assembly structure using rolled
sheets of 2024 — T3 and solid extrusions of
7075 — T6511 and 2024 — T3511. Also, Fig.2
shows the window frame, which consists of an
assembly structure using rolled sheets of 7075—
T6 and solid extrusions of 2024 —T42. The
beam consists of three parts and the window
frame consists of six parts. When the new
alloy is applied to them, they can be the inte-
grated extruded sections because of its high
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Fig.1 The extrusion limit diagram obtained under laboratory conditions.
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Fig.2 The application of the new alloy to aircraft structure.

extrudability. Consequently, the cost of as-
sembly is expected to decrease because the
number of fastners can be reduced. Also, they
are in a highly corrosive circumstance, ac-
cordingly, their lives can increase because of
its high corrosion resistance.

2.2 Trial production

The trial production was done using produc-
tion facilities for all the processes. The billets
were cast to 328mm in diameter, and homoge-
nized. The chemical composition is shown in
Table 1. The billet was extruded for the beam
at a 44 extrusion ratio with a solid die. The bil-
let was extruded for the window frame at a 51
extrusion ratio with a port hole die. Also, in

32

Table 1 The chemical composition of the new alloy (mass%).

Si Fe Cu Mn | Mg Cr Zn Ti Al

0.76 | 0.14 | 1.65 | 0.01 0.96 | 0.16 | 0.01 | 0.01 | bal.

order to estimate the tensile properties of the
welded seam, the billet was extruded to a tri-
ple hollow cross section at a 44 extrusion ratio
with a port hole die. The temperature was set
at 753K in the solid and at 738K in the hollow.
The extrusion speed was set at 3m/min. Both
conditions are greater than the extrusion limit
of 2024, so 2024 cannot be extruded under both
conditions. The extrusions of the new alloy
were solution heat treated at 818K, quenched
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Fig.3 The beams for the four-point bending test.

Fig.4 The appearance of the extrusion for the beam.

Window frame

in a polymer, stretched and aged at 463K in 8h.

2.3 Evaluation of extrusion properties

The tensile test was performed on the extru-
sions according to ASTM B557. After the ex-
trusions of the new alloy —T6511 and 2024 —T
3511 were machined to half thickness and the
exfoliation corrosion test (MASTMAASIS
test) was performed according to ASTM G85
Annex A2. The conventional beam was made
by assembling rolled sheets of 2024 —T3 and
solid extrusions of 7075 —T6511 and 2024 —T
3511, and the new beam was made by a inte-
grated extrusion of the new alloy. The Triple holiow
strength of the two types of beam shown in Fig.5 The appearances of the hollow extrusions.
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Fig.3 was evaluated using the four-point in cross section as shown in Fig. 2, and its size
bending test. Also, the cost saving of the beam is over the limit depending on the extrusion
by the application of the new alloy was esti- press. Therefore, it was extruded by expand-
mated. ing flow guide. Since the thicknesses of the

sides are different, it is diffcult to get the de-
sirable shape because of unequal metal speed
of both sides during the extrusion. The desir-
3.1 Extrusion able shape of the beam shown in Fig. 4 was ex-
The extrusion for the beam is wide and thin truded by adjusting the flow guide shape. The

3. Results and Discussion

360 (mm)

Weld line

Weld
line
Weld
line

El
3

Fig. 6 The metallographic cross section of the extrusion—T6511 for the window frame.

Port
Weld sean A

4.
1
i Weld 3}We]d seam

i seam B

Port

Fig.7 The metallographic cross section of the triple hollow extrusion—T6511.
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extrusion pressure was 404 N/mm?, which was
much lower than the capacity of the extrusion
press in this condition, therefore, it was ex-
pected that the speed could be set higher than
3m/min. The sizes of the extrusion for the
beam were within the tolerance of ANSI H35.2.

Fig. 5 shows the appearances of hollow ex-
trusions. There were no surface crackings in
the window frame and triple hollow. Fig. 6
shows the metallographic cross section of the

window frame. The weld lines were not clear.
Fig. 7 shows the metallographic cross section
of the triple hollow extrusion. Also, the weld
lines were not clear. Therefore, it was consid-
ered that the metals in the weld seam were
joined tightly together.

3.2 Properties of extrusions

The tensile properties of the extrusion for
the beam and the window frame must not be
less than the standards of 2024—T3511. Fig. 8

30
. O Bean{ L direction)
< L a O@ o 1 1=, L A Window frame |
SO 00-.. £ N (L direction)
gt 282 o0d Bor s oo o, )
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Fig.8 The tensile properties of the extrusion—T6511 for the beam and the window frame.
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shows the tensile properties of the extrusions
for the beam and the window frame. The ten-
sile strength was 398 —426 N/mm? and the yield
strength was 364 —396 N/mm?® Their proper-
ties were higher than the standards of 2024 —
T3511, and its yield strength was much higher
than the 2024 — T3511 standard. Fig.9 shows
the tensile properties of the triple hollow ex-

Beam (Superficial exfoliation)

Window frame (Superficial exfoliation)

0 2024~ T3511 (Very servere exfoliation) 200um
mm

Fig.10 The results of the exfoliation corrosion
test (after 336h).

trusion. In the triple hollow extrusion, the ten-
sile properties of the weld seam were equal to
those of the solid parts, so it was considered
that the metals in the weld seam were jointed
tightly together.

Fig. 10 shows the results of the exfoliation
corrosion test. On the surfaces of the new
alloy, heavy pitting was observed after 168h
and superficial exfoliation was observed after
336h. However, on the surface of 2024 —T3511,
very severe exfoliation was observed after
336h. It was confirmed that the new alloy—T
6511 had a much better corrosion resistance
than 2024—T3511.

Fig. 11 shows the results of the four-point

100

0 | Cost Reduction2dy
§0 Assembly (71)
0
ST
RN
= Al Machining
30
20
v ateria
0 ‘,
Assembly Integrated
Fig. 12 The cost comparison of the beams.

Fig.11 The results of the four-point bending test of the beams.
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bending test of the beams. For both of the as-
sembly structure and the integrated structure,
crippling failure occurred in the flange of the
compression side. The loads were almost the
same, so the strength of the integrated struc-
ture beam was estimated to be equal to that of
the assembly structure beam.

3.3 Cost estimation

Fig.12 shows a cost comparison of the
beams. The cost of assembling largely de-
creased because the number of fastners could
be reduced using an integrated structure.
Also, the material cost decreased because the
new alloy had better extrudabiliy than 2024
and 7075. Consequently, the cost saving of the
beam was estimated to be 29%.

4. Conclusions

The pressure deck beam and the window
frame were selected as the application of the
new alloy. They can be changed from an as-
sembly structure to an integrated structure
using the new alloy extrusion. It was also con-
firmed that in production, the new alloy was
extruded into the hollow section while 2024
could not be extruded.

37

Tensile properties of the new alloy —T6511
extrusion were higher than the standards of
2024—T3511. The tensile properties of the weld
seam were as equal to those of the solid parts
in the triple hollow extrusion.

The new alloy —T6511 had better corrosion
resistance than 2024 —T3511.

The strength of the assembly structure
beam was equal to that of the integrated
structure beam.

The cost saving of the beam was estimated
to be 29% by using the new alloy extrusion.
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Heat Scratch in the Hot Rolling of
Aluminium Sheets and Its Relation
with the Roll Surface Temperature”

Takeshi Yoneyama**, Akihisa Fujita***, Hiroshi Asaoka***,
Hiroshi Kimura* * **, Ikuya Hoshino* **** and Misao Kokubo******

Occurrence of the heat scratch has been observed in the various rolling conditions with the direct

measurement of the roll surface temperature in the contacting arc using temperature sensors em-

bedded on the roll surface. Then the relation between the heat scratch and the roll surface tempera-

ture has been investigated. It has been revealed that there is a rapid increase of the roll surface

temperature in the contacting arc when heat scratch occurs. Although the roll surface temperature

is not the main causing factor for the heat scratch but its behaviour reflects the boundary condition

in the contacting arc between the sheet and the roll surfaces.

1. Introduction

The surface of the rolled sheet often be-
comes lusterless gray after the hot rolling of
aluminium by adhesion of some parts in the
sheet surface to the roll surface and by their
behaviour in the contacting arc. It remains as
surface defect in the succeeding rolling proc-
esses. This kind of surface defect produced in
the hot rolling process is called ” heat scratch”
in this report. The main factors for the heat
scratch are considered to be in the affinity be-
tween the sheet and the roll materials and in
the induced oil between them. But it is widely
believed that if the initial sheet temperature
becomes higher, heat scratch becomes easy to
be caused. Therefore temperature condition is
one of the significant factors for the occur-
rence of heat scratch. But the temperature
condition especially on the roll surface tem-

* This paper was presented at the Proceedings
of the Ist
Tribology in Manufacturing Processes 1997.

International Conference' on
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xxx Kanazawa University.
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perature in the contacting arc has not been
measured in detail because the contacting time
1s short and the contacting region is closed.

Our interest is as follows; (1) How the roll
surface temperature relates with the occur-
rence of heat scratch? Is the roll surface tem-
perature one of the factor for the occurrence
of heat scratch? How much difference in roll
surface temperature and heat flux are there
between the case of heat scratch and that of
no heat scratch? (2) How the roll surface tem-
perature and heat flux change according to
the lubricant?

In this report, heat scratch occurrence
situation is observed with the direct measure-
ment of roll surface temperature using the
temperature sensors embedded on the roll sur-
face”. And then the relation between the heat
scratch and the roll surface temperature or
heat flux are investigated.

2. Experimental Procedure

Rolling conditions such as rolled sheet mate-
rial, lubrication and initial sheet temperatures
are changed to observe the occurrence of heat
scratch. In order to compare the differences of
material, pure aluminium A1050 which makes
little heat scratch and Al —Mg alloy AS5182
which makes much heat scratch were used. As
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the differences of the lubricant, emulsion, oil
and no lubricant conditions were used in the
rolling of pure aluminium. Emulsion and oil
conditions were used in the rolling of Al—Mg
alloy. Initial sheet temperature 6: is changed
from 300 to 480°C. Reduction ratio 7 is mainly
from 40% to 60% in pure aluminium and from
10% to 30% in Al—Mg alloy. Rolling speed is
30m/min, the diameter of the work roll is
321mm. Initial thickness of the rolled sheet is
10mm and the width of the sheet is 350mm.
Contacting time is about 60ms when 7 is 50%.
The structure of the temperature sensor for
detecting surface temperature and surface
heat flux is shown in Fig.1. Temperatures in
0.2mm and 0.3mm depths from the roll surface
are detected by thermocouples which were
pressure welded in each spot. Surface tem-
perature and heat flux are calculated from
two temperature data using unsteady one di-
mensional reverse calculation method?. In this
calculation, thermal conductivity of the roll
was assumed as 38 W/m/K. A roll equipped
with temperature sensors is shown in Fig. 2.

3. Heat scratch
3.1 Heat scratch in pure aluminium rolling
Temperature detecting

point for 0.3mm below
the surface

Temperature detecting
point for 0.2mm below
the surface

Rolling $10 // Roll surface
d}PeCtEfn 94 Thermocouple
y —
-N ! 3 0.08
37 el
Sensor ; Sﬁnsor View A
o0 3
biock ; chlp Thefgggouple
] 92
1
i
; View B

Groove cavity is
filled with Mg0 cement

Fig.1 Siructure of the temperature sensor.

Temperature
sensor 30

iy Hagaetic drap

Slip-ring

iz
Supporting  Magnetic sensor
box

Fig.2 Work roll equipped with temperature sensors.
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There was no heat scratch on the rolled
sheet surfaces in the rolling of pure aluminium
with emulsion lubrication in the range of 300—
480°C in initial sheet temperature and 10— 60
% in reduction ratio. Sheet surface observed
by optical microscope is shown in Fig.3—a.
Profile of the roll surface is transferred with
gloss on the sheet surface. In case of no lubri-
cation, adhesion of the sheet material to the
roll surface occurred. Sometimes the rolled
sheet did not depart from the roll surface
after the exit of the roll gap. Microscopic
structure of the sheet surface in case of adhe-
sion is shown in Fig. 3—b. Without lubrication,
trace on the sheet in the rolling direction be-
comes severe and there are some spots where
the trace stopped and the terminal of the
stripe is separated from the bulk material.

3.2 Heat scratch in Al—Mg alloy rolling

The surface of the rolled sheet becomes gray
by heat scratch in case of rolling of Al—Mg
alloy sheets with usual mineral oil based emul-
sion lubrication. Only when the oil was di-

Rolling direction 1 75um |
eer——————-

(a) Rolled with emulsion lubrication

Rolling direction . 75 1rm |
—.—.——9

(b) Rolled with no lubricant

Fig.3 Surface of the pure aluminium rolled sheet.
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rectly painted on the roll surface, the heat
scratch was prevented. The surface of the
sheet with little heat scratch in oil lubrication
is shown in Fig. 4—a. And one with much heat
scratch in emulsion is shown in Fig. 4—b. The
surface in oil lubrication is similar with that in
pure aluminium rolling. There remain traces in
rolling direction. On the other hand, in case of
emulsion, it looks as that many parts of the
sheet surface adhered to the roll surface and
were dragged by the roll. The shapes of the
adhered parts become circular and the top pe-
riphery of those are nearly separated.

3.3 Summary of the occurrence of heat

scratch

As above described, heat scratch scarcely
occur in the rolling of pure aluminium. Only
when the sheet was rolled at high temperature
without lubricant, adhesion of the sheet to the
roll occurred. On the other hand, heat scratch
usually occurs in the rolling of Al—Mg alloy
sheet with emulsion. Heat scratch cannot be

Rolling direction ' 75pm
_——)

(a) Rolled with oil lubrication

Rolling direction 75m
———————

(b) Rolied with emulsion lubricant

Fig.4 Surface of Al—Mg alloy rolled sheet.
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avolded unless the full oil is supplied into the
boundary surface in this experiment.

As the initial sheet temperature increases,
the heat scratch becomes hard. From these
facts, it 1s obvious that at first, there are the
kinds of sheets which make heat scratch easy
and the kinds of materials which hardly makes
heat scratches. Secondly, heat scratch be-
comes easy to be produced by the lubrications
in order of oil, emulsion and no lubrication.
Thirdly, as the initial temperature of the sheet
in-

increases, occurrence of heat scratch

Tablel The factor for the occurrence of the heat scratch

First Second Third Forth
factor factor factor factor Heat
scratch
Sheet Initial sheet| Reduction
Lubrication occurrence
material temperature ratio
Emulsion 460°C 609 much
Al—Mg
t t t i
alloy
0il 300°C 10% little
No
lubricant
460°C 609 much
Pure t
.. . 1 i )
aluminium| Emulsion
? 300°C 10% little
0il
y  Roll

Sheet ™S
v V=>v

(a) Adhesion occur
Heat resistance decrease

V Dragged by the
V>V = Shearing slip

\?7§SEL Heat generation
(b) Adhering part is dragged

—=V

T st ) e
V<V 0p par lsseﬂrﬂev

(¢) Adhering part is separated

Fig.5 Heat scratch phenomenon model.
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creases. These relation with the factors and
the tendency of heat scratch is shown in
Table 1.

The behaviour of the occurrence of the heat
scratch is estimated as illustrated in Fig. 5. At
the entrance of the contacting arc, some parts
of the sheet surface adhere to the roll surface
and then are dragged by the roll with rotating
speed. The adhering parts are moved in the
sheet surface with shearing slips on the
boundary with the bulk material because the
velocity of the roll surface is faster than the
average sheet speed until the neutral point
where the speeds coincide with each other. At
the exit point, adhering parts are removed
from the roll surface. In this separation, the
top part of the periphery of the attached part
is torn off from the bulk. From this model, fol-
lowing things are estimated. Heat transfer re-
sistance between the sheet and the roll will be

400 . ' . i
5ol Entrance ©=480°C  Exit

300
250+

6 =400°C
6 =300°C

200+
150
100

50

-— Contacting arc-\

Emulsion lubrication
Reduction ratio: 60%-

Roll surface temperature, °C

0 A 1 L s ] " e
0 5 10 15 20 25
Rotation angle, degree

Fig.6 Increase of the roll surface temperature in the
contacting arc in pure aluminium rolling.

60 T T T T T
0 Emulsion lubrication |
S0r Reduction ratio: 60%
=
~ 40+ .
z 6 ,=460°C
= 30t - :
ERr 0 =400°C
= 10+
-
0 e 6,2300°C
_10 L | n 1 " L 1
0 5 10 15 20 25

Rotation angle, degree

Fig.7 Heat flux on the roll surface in the contacting
arc corresponding to Fig. 6.

reduced by heat scratch and heat generation
by the slip of the adhering material with the
bulk will increase and then total heat genera-
tion will increase by the additional shearing
deformation by the increased friction in the
contacting surface.

4. Temperature and heat flux on the roll
surface

4.1 Pure aluminium rolling
4.1.1 Relation between the initial sheet
temperature and the roll surface
temperature
Change of the roll surface temperature at
the contacting arc is shown in Fig. 6 when the
initial sheet temperature is changed as 300, 400
and 460°C. Although the maximum roll surface
temperature increases as the initial sheet tem-
perature increases, the difference between

(] 400 T T T T T
° asol 0i1 No Tubricant )
0 ,=400°C /6,=415°C ]
300 SRR, .
250 - ‘ _
Emulsion
200

, 6 =400°C
150

100

H Reduction ratio: 50%
50 Eremy

Roll surface temperature,

0 5 1 " 1 I
0 5 10 15 20 25
Rotation angle, degree

Fig.8 Roll surface temperature change
in various lubrications.

5 0 L T T T T

Reduction ratio: 50% |

0 5 10 15 20 25
Rotation angle, degree

Fig.9 Heat flux in the contacting arc
corresponding to Fig. 8.
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them also increases. At the initial sheet tem-
perature 6: 300°C the difference is about 50°C,
but it is about 100°C at 6: 460°C. Heat flux is
also increases with the increase of initial sheet
temperature as shown in Fig.7. The initial
sheet temperature is the major factor for the
temperature and the heat flux on the roll sur-
face. -

4.1.2 Relation between lubrication and roll

surface temperature or heat flux

Change of the roll surface temperature by
the change of lubrication with oil, emulsion
and no lubricant is shown in Fig. 8 and that of
heat flux is shown in Fig. 9. The same experi-
mental cases with initial sheet temperature
and initial roll temperature are compared.
There are no differences in the roll surface
temperature but heat flux is small in the case
of oil lubrication compared with those in emul-
sion and no lubricant.

400 T T T T T T
O . .
& 450l No Tubricant (Seizure occured)
S 300+ o
- mulsion
= 250+
b=
£ 200+
@ 150 +
(41
C 100 6 ,=400°C
> 50 Reduction ratio: 50% |
.-5 O ( N 1 N 1 1 1
o= 0 5 10 15 20 25 30
Rotation angle, degree
Fig.10 Increase of surface temperature in case of
seizure in pure aluminium rolling.
50 T T T T T
I 6,2400°C
L . Reduction ratio: 50%
L ™ Emulsion '
=
=
< 0 ///No lubricant .
(Seizure occured) ]
. 20p |
z
T
"; L
£ 0 Wﬁw : ,
0i Emulsion
_.1 0 1 1 [

0 5 10 15 20 25 30
Rotation angle, degree

Fig.11 Heat flux in the contacting arc
corresponding to Fig. 10.
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4.1.3 Relation between the heat scratch
and the roll surface temperature
or heat flux

The roll surface temperature increase in

‘case of heat scratch with no lubrication is

shown in Fig. 10 compared with the case of no
heat scratch in emulsion lubrication. Roll sur-
face temperature increases rapidly in the en-
trance part of the contacting arc. After that,
the temperature decreases and then increases
again. Such ”"double peek” was observed in
each temperature sensors embedded on the
roll surface in width direction. The rapid in-
crease of the surface temperature in the en-
trance part may be due to the decrease of heat
transfer resistance by adhesion of sheet mate-
rial to the roll surface. This is also indicated
by that the heat flux is also high in the former

400

350 | 61:45\2‘0C 81:4050C

300 +
250}
200
150 6=399°C g =305°C
100 »

50 Reduction ratio: 30%

Roll surface temperature, °C

0 5 10 15 20
Rotation angle, degree

Variation of the increase of roll surface
temperature according to the initial
sheet temperature in the rolling of Al—
Mg alloy sheet.

50 H T T T
Reduction ratio:30%
40 + 912452°C 1
NE ]
= 30+ T
s 6 =405°C
5 20 6,=3040°C
5 10+
0 EXA 912305°C

0 5 10 15 20
Rotation angle, degree

Fig. 13 Variation of the heat flux on the roll
surface corresponding to Fig. 12.
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part of the contacting arc as shown in Fig. 11.
The reason why the high roll surface tempera-
ture or high heat flux continues after the exit
of the contact arc is that the sheet seized the
roll even after the exit of the roll gap.

4.2 Al—Mg alloy rolling

4.2.1 Relation between initial sheet tem-
perature or reduction ratio with
roll surface temperature or heat
flux

The maximum roll surface temperature in-

creases as the initial sheet temperature in-
creases also in the rolling of Al— Mg alloy
sheet as shown in Fig.12. Heat flux also in-
creases with the increase of initial sheet tem-
perature as shown in Fig.13. Roll surface
temperature also increases as the reduction
ratio increases as shown in Fig. 14 because the
amount of the heat generation by the plastic
deformation is larger in the rolling of Al—Mg
alloy than that in pure aluminium rolling due
to its high deformation resistance.

4. 2.2 Relation between lubrication and roll
surface temperature or heat flux

The difference of the roll surface tempera-

ture or heat flux between the emulsion lubrica-
tion and oil lubrication was not measured
clearly because of the roll surface condition
and rolling equipment condition.

4.2.3 Relation between heat scratch and
roll surface temperature or heat
flux

Roll surface temperature in case of severe

heat scratch is compared with that in the case

400 H T T H
O, [OFTIC
s 7= ]
5 300+
o 250
S 00l 0 =414C
- 7 =40%
g 1901 0 =412°C )
“ 100 F 7=20% .
< s0F Emulsion tubrication -
'D—o: 0 5 1 ! 1

0 5 10 15 20 25
Rotation angle, degree
Fig.14 Variation of the increase of roll surface

temperature according to the reduction
ratio in Al1—Mg alloy.
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of little heat scratch in the same emulsion lu-
brication as shown in Fig. 15. Fluctuation of
the temperature is large in the case of hard
heat scratch. There are some decreasing spots
in heat flux as shown in Fig. 16 in the same ex-
periments. These may reflect the change of
contacting condition between the sheet and the
roll surfaces.

5. Conclusion

Occurrence of the heat scratch in the hot
rolling of pure aluminium and Al— Mg alloy
has been observed with the direct measure-
ment of roll surface temperature in the con-
tacting arc, and their relations are investi-
gated.

In pure aluminium rolling, there is no heat

¢ 400 T
) i
& 350+
= 300t
(31
S 2501 8 =414C, 7 =40Y
= 200¢ Emulsion
S 150[ Heat scrateh
“4— - 0 - 9,
’5 100_ 91-47.0 C] 7—40/0
@ Emulsion E
= Lower heat scratc
o= O ] 1 . 1 1
0 5 10 15 20 25
Rotation angle, degree
Fig.15 Comparison of the roll surface temperature
in the contacting arc between in the case of
heat scratch and that of low heat scratch in
the rolling of Al1—Mg alloy sheet.
80 T T T ¥ T T
~ 60r 4
~
&= _47 4o —A00
= 6 =414C, 7 =40%
40 Heat scratch .
5 8 =470°C, 7 =40%
“ 20r Lower heat scratch 1
a
<
D
0
() SO
1 1 1 1
0 5 10 15 20 25
Rotation angle, degres
Fig.16 Comparison of the heat flux in the contacting

arc corresponding to Fig. 15.
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scratch in usual emulsion lubrication. Seizure
occurred only when the lubrication is not sup-
plied in the roll gap. In that case, roll surface
temperature increases rapidly in the entrance
part of the contacting arc and the curve shows
”double peek”. Heat flux is also large in the
former part of the contacting area. In the roll-
ing of Al— Mg alloy, heat scratch occurs in
usual emulsion lubrication. There are many
adhering spots on the sheet surface which
have been dragged by the roll surface.
Fluctuations of the roll surface temperature
and heat flux in the contacting arc have been
observed. It may reflect the change of the con-
tacting condition between the sheet and the
roll surfaces.

44

The factor for the occurrence of the heat
scratch is firstly the affinity of the sheet mate-
rial to the roll material, secondly the induced
oil in the boundary and thirdly the initial sheet
temperature. The maximum roll surface tem-
perature may be the minor factor for the oc-
currence of heat scratch. But the changes of
the roll surface temperature and heat flux re-
flect the lubrication condition and the occur-
rence of heat scratch.
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State Feedback Control of the Strip Steering
for Aluminium Hot Rolling Mills”

Yoshihide Okamura** and Ikuya Hoshino* **

This paper discusses the influence of the various factors on the strip steering, and the new concept

of the parallel mill modulus control. It has given an outline of a new steering control system, and
has shown 1ts effectiveness. The parallel mill modulus control based on the bending force difference
operation is useful in comparison with the conventional control using the roll gap difference opera-

tion, because the value of the parallel mill modulus, which depends on the rolling conditions, is not
needed. A new steering control system, based on the state feedback using both bending force differ-
ence and roll gap difference, has been developed to compensate for the time delay of the actuators

and to stabilize steering. By analytically deriving the controller parameters from the plant parame-

ters, tuning of the control system is made easy. The effectiveness of the new system has been shown

by application in an actual plant.

1. Introduction

Strip steering in the rolling process is an un-
stable system which increases rapidly.
Steering is a serious problem because it leads
to strip tearing in the extreme case and,
moreover, it significantly reduces productiv-
ity. In particular, steering occurs easily, due
to rolling conditions such as reducing the strip
crown to improve the thickness accuracy.
Therefore, various countermeasures have been
studied to reduce steering. Steering is caused
by various asymmetric factors such as me-
chanical asymmetry of the mill. Consequently,
it is important, in order to reduce steering, to
understand the influence of these various fac-
tors on steering, and to decrease the impact of
the various asymmetric factors. At the same
time, the necessity for active steering control
is becoming more urgent.

In this paper, first, the influence of various
factors on steering, and their importance in
preventing deterioration of the parallel mill
modulus are discussed. Second, the parallel

*

This paper was presented in Control Eng.
Practice, 5 (1997, 1035.

x**+ No.2 Dept., Research & Development Center.
«+* No.2 Dept., Research & Development Center,
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mill modulus control is shown, and the advan-
tages of the method using the bending force
difference are clarified in comparison with the
conventional method (using the roll gap differ-
ence). Finally, a new steering control system,
based on state feedback using both bending
force difference and roll gap difference, has
been designed to compensate for the time
delay in the actuators, and to stabilize steer-
ing. This has been successfully applied to an
actual plant.

2. Principles of steering

Strip steering, here, is taken to mean the lat-
eral movement of the strip, and is defined by
the distance between the centers of the strip
and the roll. Fig.1 shows the steering phe-
nomenon caused by off-center rolling. In this
case, first a difference occurs in the reduction
rates between the two sides, and this leads to
a difference in the entry strip velocity. The
strip then moves towards the side with the
smaller reduction. Steering is further in-
creased by the spreading of the roll gap. Here,
the deterioration of the parallel mill modulus,
which is usual in some modern crown control
mills, makes steering more serious, and it is
important to keep the parallel mill modulus
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large, in order to reduce steering.

3. Influence of various factors on steering

3.1 Mathematical models

Fig. 2 shows the mathematical model for the
steering of a single-stand rolling mill. In this
model, the asymmetry of the mill is consid-
ered. The validity of this model has been dis-
cussed by Nakajima et al”., and this model
makes it possible to obtain a quantitative
evaluation of the steering. It has been con-
firmed that the model corresponds well with
the actual plant output.

Os roll gdp =Ds roll gap Osroll gép <Ds roH gap

, 0s) : Operator side; (Ds)  Drive side
~ Vos : Operator. side entry strip velocity
. Vds : Drive side entry sirip velocity

Fig.1 Strip steering phenomenon.

Mill deformation model (Os)

Mill deformation model (Ds)
() Steering growth model

a, = (& +) P, a, = - b) i,
B, :( )AZS‘KH)+(1+3ZSbﬂ;)/KF’
B. =(ls_ b) /(ls 'KH)+(1'“ 36 ﬂ;) /KF,

( X = (3ls —b)/IZZs
o= PJL.

Daws =DPasb. D =Ps b,

Fig. 2 Block diagram of the steering model.

3.2 Evaluation method

The influence of various factors on steering
was evaluated using the mathematical model
shown in Fig. 2 The strip steering was defined
by the maximum value of the lateral movement
from the load, from the time of leaving the
previous stand to the time of reaching the cur-
rent stand. The parallel mill modulus (M) is
defined as

VPR N R S SRS

Kyl Ke Iy Ky b
where
5h:55+§&9— @
M,
Table 1 Model parameters.
P 700 (x9.8kN)
1
v 50 (m/min)
b 1400 (mm)
Ky 1000 (X9.8kN/mm)
Ky 3000 (x9.8kN/mm)
Kw 2000 (%9.8kN/mm)
ls 3302 (mm)
Ir 2286 (mm)
3 8 (mm)
H 12 (mm)
0P/dh —175 (X 9.8kN/mm)
ar/eH 175 (X 9.8kN/mm)

<Various factors>
Difference in friction
coefficient (0.05)
Difference in
roll gap (0.10mm)
Difference in strip (10°C)
temperature distribution

Strip wedge (0.4%)

Off center (10.0mm)

- - 1 1 11
Steering (relative numbers)) 20 40 60 80 100

50% deterioration of the parallel mill modulus
[_1:No deterioration of the parallel mill modulus

Fig. 3 Influence of various factors on the strip steering.
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A 50% decrease in K, with a deterioration of
the parallel mill modulus was assumed.
Table 1 shows the model parameters.

3.3 Evaluation results

Fig. 3 shows the quantitative evaluation re-
sults of the influence of various factors on
steering. The results are summarized as fol-
lows :

(1) From the aspect of mill mechanical sym-
metry, the difference in the friction coefficient
and the difference in the roll gap (such as that
caused by poor mechanical accuracy of the
mill) have a great influence on steering.

(2) From a strip symmetry point of view, the
differences in the temperature distribution
and the wedge have a great influence on steer-
ing.

(8) The deterioration of the parallel mill
modulus influences all these factors, and
makes the steering more serious.

Here, as is well-known, the deterioration of
the parallel mill modulus makes the initial dif-
ference in the strip wedge ratio smaller.
However, the influence of the deterioration of
the parallel mill modulus on steering is greater
than that of the initial difference in the strip
wedge ratio. Consequently, it is important to
prevent any deterioration of the parallel mill
modulus, so as to reduce steering.

4. Concept of parallel mill modulus control

One method of controlling the parallel mill
modulus by using the roll gap difference has
been proposed?. However, this requires the
use of high-response actuators as the hydrau-
lic gap-control devices. Consequently, a new
control method, which uses the bending force
difference instead of the roll gap difference,
has been developed. Table 2 shows a compari-
son between the conventional and new meth-
ods. In the case of the conventional method,
the manipulated value of the roll gap differ-
ence is given by

oP
M, ®

The controlled equivalent parallel mill mod-

ulus (M) can be expressed by
My

M=
C 1_C7

8S=—c¢

4
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where, if ¢ is taken from 0 to 1, M, is obtained
from M, to o, From equation (3), it is obvious
that the value of M} is necessary for operation
using the roll gap difference. In the case of
using the bending force difference, however,
the manipulated value is given by

6P;=—cdP . )

M, is controlled in the same way as equation
(4. The important point is that M, which de-
pends on the rolling conditions, is not neces-
sary in the case of using the bending force
difference. In this, the method using the bend-
ing force difference is more advantageous
than the conventional one using the roll gap
difference. Fig. 4 shows the effects of the par-
allel mill modulus control using the bending
force difference. Fig.4(a) shows the case
when the time constant of the actuator is 0.01
second. Though strip steering is not com-
pletely stabilized, steering is significantly re-

Table 2 Concept of the parallel mill modulus control.

Roll gap Bending force
Actuator
difference difference
. . _ 6P, ¢ _sa, 0P 16D
Exit strip wedge Sh 6S+—MP Sh=6S I-"-——MP
6S=—cj/[—P O6P;= —c6P
Control method P
(6P=5P,) (6P=0P,.—6Py)
Controlled exit oP oP
Oh=————- Sh= —_—
strip wedge My/(=¢) o5+ My/(—¢)
Mp Necessary Not necessary
200 Jf —— T j —— et
',’:,D_QOOMC:.M”. . M =M, .
g=
1‘3 200 T T T x |
N LT AR RS AT A I EATANRER N RN
R LA R | L J |I.|
0 5 10 15 200 5 10 15 20
Time (s) Time (s)
(a) T, =0.01s (b) 7T, =0.1s

Fig. 4 Simulation results of the parallel mill modulus
control using the bending force difference.
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duced by making M. large. However, a dete-
rioration in the response of the actuator re-
duces the effects as shown in Fig.4(b).
Consequently, it becomes important for the ef-
fective reduction of steering to address the
time delay of the actuators. The next section
will discuss the design method of a controller
that will completely stabilize steering.

5. Development of the new steering control

5.1 The conventional and the new control

Various methods to stabilize steering have
been proposed. For example, an approach via
traditional PD-control®, which adjusts the hy-
draulic gap control device using the signal of
the rolling load difference, has been developed.
However, it is difficult to ensure enough stabil-
ity of the control system because it is impossi-
ble to completely realize the differentiation.

An approach via simple P-control®, which
adjusts the hydraulic gap control device using
a steering sensor that has no delay, is possible
for stabilizing steering without differentiation.
However, to detect steering without delay, the
sensor will need to be installed in a harsh envi-
ronment, and it will be very difficult to main-
tain sensor accuracy.

An approach using optimal regulator theo-
ry?, makes it possible to completely stabilize
steering. However, this requires the solution of
Riccati equations in the course of the control-
ler synthesis, resulting in a complex feedback
structure that leads to serious difficulty in ac-
tual implementation.

In this paper, a compensator using the
method of pole assignment based on the state
feedback is described. By analytically deriving
the controller parameters from the plant pa-
rameters, tuning of the control system is made
easy.

5.2 Design strategy of the new system

The features of the plant are as follows :

(1) When attempting to stabilize steering by
using a low-response electric gap control de-
vice, the manipulated value is apt to saturate,
and steering cannot actually be stabilized. The
difference in the response between the electric
gap control device and the bending-force con-
trol device is as follows.

48

T¢=0.1—0.5[s]

T,=0.05—0.1[s]

(2) The steering sensor is on the exit side of
the mill because of the harsh environment, and
the distance between the mill stand and the
sensor produces a detection time delay.

In consideration of the above features in the
plant, the controller was designed using the
following two steps.

(i) The state feedback control was designed
to stabilize steering using the signal of the
rolling load difference.

(ii) After stabilization of steering, an inte-
gral controller, which adjusts the roll gap dif-
ference using the signal from the steering
sensor, was designed to reduce the steady-
state deviations in steering.

The plant is an unstable system, and one of
the output signals has a detection time delay.
Predictor control could be applied to such a
system, but it is normally difficult to maintain
a steering sensor in such a harsh environment.
On the other hand, steering can be stabilized
using the rolling load difference only. Conse-
quently, a controller was designed to stabilize
steering by means of the state feedback using
the rolling load difference, even though the
steering sensor cannot be used.

Here, Smith’s method can be applied to ad-
dress the detection time delay of steering, but
the structure of the compensator becomes
rather complex. On the other hand, there is
very little necessity for a reduction in the
steady-state deviation of steering in compari-
son with that for the stability of steering.
Consequently, a simple integral control algo-
rithm was designed to reduce the steady-state
deviation in steering, and was applied only to
the cases when the steering sensor can be
used.

5.3 Internal stabilization using state

feedback

By linearizing the mathematical model
which is shown in Fig. 2, the state-space equa-
tions of the plant can be shown as follows :

i=Ax+Bu+Ed ®
y=Czx+E,d D
r=[Yc Yo OF; 6S1%, y= [6P,¢ ys]T’

u=[6uy dugl”, d=Tyz dp dsl”. @®
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0 1 0 0 observer gains. Since the initial value is known
A= Gy 0 ay Aoy for 6P;, the corresponding observer gain can
0 0 —1/T, 0 ’ be set to zero. The estimate error, g, is given
0 0 0 ~1/ T as
0 0 Jc
0 0 ¢y 0 ¢y ¢y e=0P = 6P c=ley 0 cp3l) gc | 0P, (18)
B= » C=1 -1 ’ &P,
Ky/Ty O e 00 0 . ) B
0 KJT where 0P, is the estimate of 0F.
0 0 SO y 5.5 Selection of the state feedback gains
o g e en e The characteristic equation of the feedback
E= 51 53 54 , EZ:[ . 63 (ﬂ ) system is given by
€ s+ a,s’+a,s+a,=0, (16)
0 0 0
where

Here, to carry out the state feedback design
using the bending-force control device, the
state-space equations of the subsystem which
ignores the electric gap control device were
considered as follows :

Yo 0 1 0 Yo 0

Ll e |=law 0 aw || g || 0 |ou
O0F; 0 0 —1/T,]1.6F, K,/ Ty,
0 0 0 0 ]|ye
Flay, |6S+iay, ay ayll dp |, aom
0 0 0 0]lds
Yc Yo
6P, c=lcy 0 cl| gc |+ley ey cud| dp |-
0Py dg
1D

Here, the internal stabilization is realized by
the state feedback, given as
Ye
Sup= Lk, ky ky1| 9c |. 12)
6P,
5.4 Composition of the state observer
From eqs (10), (11) and (12), the state ob-
server and the state feedback controller are
given as follows. However, 0S, ¥, dp and ds
were ignored, to simplify the observer.

e 01 0 Ue
T ch =lay 0 Qo3 ch
6P, 0 0 —1/TylL65,
0 G,
+1 0 {Suzt+|G,le, Qk))
Ky/ Ty 0
Jc
Sug=1lk, ky k5| 7c |, (14)
5P,

where 7., Yc and 6P; are the estimates of
Yo, Uc and 8P, respectively. G, and G, are the

a,=1/Ty—ky Kp/ Ty,

a,=—ay Ay ky Kp/ Ty,

ay=—ay k" K/ Tyt ay -ky Kp/ Ty—an/ Ty

an

Here, eq. (16) was considered as a combined
system of first order and second orders, as in
the following equation.

(s +1/Ty) (s*+2twes + wk) =0. (18)

From a comparison of eqs (16) and (18), the
state feedback gains are obtained as follows :

ki=—(ay+2tws/ Ty +ws)/ (Kz ay)
— Ty /(K ay) 'was(am—l/TB’z):
ky=—(ay +2lws/ Ty +we) Ty / (Kzas),
ky=—T;/Kp-2¢ws, a9v
where T3, { and w are the tuning parameters.
As shown in eqs (13), (14) and (19), by ana-
lytically deriving the controller parameters
from the plant parameters, tuning of the con-
trol system is made easy.

5.6 Selection of the observer gains

The characteristic equation of the observer

Electric roll gap dg .
ref control device Sstgﬁélé}g
Yo dus K, |98 Ve .
™ n e " jo—»
ﬂ‘ Tes+1
—| Bending force - Rolling

v

control device process
it K, opP, 6PLC’
I <

T,s+1

— g;?rtle feedback | | Observer

A A

(State feedback control)

[K.]

s
(Integral control)

<«

Fig.5 Block diagram of the steering control.
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is given as (s+1/T,)(s*— G, cpys—ay— Gy cyy).
When the observer gains are given as

2nw
G1: “_77*_6_,
Cyy

1
G,=— (5121‘“020): 20)
Cy

the characteristic equation of the observer be-
comes (s+1/T,) (s +2nwss+ws), where 7 and
@ are the tuning parameters. To easily tune
the gains in an actual implementation, wg was
determined as equal to wg.

5.7 Results of synthesis

The final form of the controller was given as
follows :

Jc B 1ok O g
if/c _ By 0 hy O Ye
dt|8Py| | hs hy hy 0| 0P,
Oug 0 0 0 0JlLoug
-G, 0
n —G, 0 [5PLC} @D
0 0L ys
0 K,
e
[Mﬂz[kl ky Ik, 0} ﬁf 22
Oug 0 0 0 1]|6R,]
Oug
where
hy=Gcy,
his=Gycyg,
hpy=ay+ Gy ey,
hos=ay+ Gy,
hay=k, Ky/ Ty,
hy=ly Kp/ Ty,
Bog=—1/ Tyt kg Kp/ Ty 23

Fig. 5 shows the block diagram of the steer-
ing control system.
5.8 Stability condition of the control
system
In this section, the stability condition of the
control system is discussed. The transfer func-
tion, Gs(s), which shows the subsystem con-
structed from the plant and the state feedback
loop, is expressed by the sixth-order system
as shown in eq. (24) :
_ @y (s*+n.8"+n,s"+n,s+n,)
GS(S) =6 5 4 3 Z »
s'tdgs’+d,s +ds"tds +dist+d,
(24)
where n,—n,; and d,~d; are the coefficients,
which depend on the state feedback gains, the

o0

observer gains and the rolling conditions.
When G,(s) is internally stabilized by the state
feedback, the stability limit of the control sys-
tem is given as eq. (25), based on the Nyquist
stability criterion

w,(14+ T (D54 DY)
Ky (a sin w,L—f cos w,L

K< ) (25)

where

a=Dp(Ny+ T, Np) +D,(N;— TswoNy),

B=Dp(N,— TswoNg) — D (Np+ Tswo N,

Dp=—ws+d,wy—dy,wit+d,,

D;=d,wy—dswi+d,w,,

Ne=a,(ws—nymi+n,),

Ny=a,,(— 1305+ n,0,). (26)
Here, w, is the minimum value at the vector
loci of the open-loop system across the real
axis.

6. Results

6.1 Simulation results

Fig. 6 shows the simulation results. Here, 1t
is assumed that the disturbance, dg, is of the
step type. The influences of the entry strip
wedge, 0H, and the setting error of the coeffi-
cient, 6P/6h, on the controllability were also
discussed. Fig.6 (a) shows the case of no
OP/0h setting error and no entry strip wedge.

.9?/@. 9 DO
...J’F_- '—‘-4?.,_'_‘_‘

91
o

Strip
steering
(mm)
=)

wih
SS

(9.8kN)
=

difference

Roll gap  Bending force
th
S

difference
(mm)
=

S
2

o
—

2 3 40 1 2 3 4

Time (s) Time (s)
(a) No model error  (b) =50% model error
(D:No control {d; disturbance :+0.05mm)
(@:With state feedback control
(®:With state feedback + integral control
@:® + (OH disturbance + 0.2% anddP [oh error )
®:® + (6H disturbance - 0.2% anddP[oh error )

Fig. 6 Simulation results of the steering control.
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Without the control, strip steering is unstable,
but the feedback control makes steering sta-
ble. Furthermore, the integral control reduces
the steady-state deviations in steering.
Fig. 6 (b) shows the case when the entry strip
wedge (6H=10.2%) and the setting error of
0P/6h (actual/model==%50%) are added. The
system is also stable enough in such cases.

6.2 Practical results

The new steering control system was In-
stalled in the hot finishing tandem mill at
Nagoya works. The applied results of the new
system, with the state feedback but without
the integral control loop at the tail end of the
strip, are shown in Figs 7 and 8. The strip
steering has been improved by more than 40%.

(Os)
0 i ey
X ! i
~ (Ds) "\
2 5o} _RD L _RD
~ I 10s - 10s
oo &3] [ 1%

20F -
Y [(Ds) i

| (Os) B
20k N

bending force

Ref. of No.4 stand  Strip steering

difference (9.8kIN)
=
f"_'j r

(a)Without control ~ (b)With control

Fig.7 Example of an applied result.

25 i=130.83mml x=73.27mm
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Fig.8 Practical results.

7. Conclusions

This paper has discussed the influence of the
various factors on the strip steering, and the
concept of the parallel mill modulus control. It
has given an outline of a new steering control

51

system, and has shown its effectiveness. The
conclusions of this report are as follows :

(1) For a reduction in steering, it is impor-
tant to decrease the impact of the various
asymmetric factors, and, at the same time, to
prevent deterioration of the parallel mill
modulus.

(2) The parallel mill modulus control based -
on the bending force difference operation is
useful in comparison with the conventional
control using the roll gap difference operation,
because the value of the parallel mill modulus,
which depends on the rolling conditions, is not
needed.

(3) A new steering control system, based on
the state feedback using both bending force
difference and roll gap difference, has been de-
veloped to compensate for the time delay of
the actuators and to stabilize steering.

(4) By analytically deriving the controller
parameters from the plant parameters, tuning
of the control system is made easy.

(5) The effectiveness of the new system has
been shown by application in an actual plant.

List of symbols

Yo strip steering

Ys measured strip steering

y strip steering reference

Yoo initial strip steering (off-center)

£ constant depends on the rolling
conditions

v entry strip velocity

4B subscripts mean, respectively, the
operator side or the drive side of the
mill

Sa0 S initial roll gap on each side

AV difference in the strip wedge ratio

Ah,, ARy variation in the exit strip on each
side

AH,,AH, variation in the entry strip on each
side

P, Py rolling load on each side

DaDg contact load per unit width at the
strip edge

P total rolling load

Ky mill housing spring

Ky spring between the work roll and

the backup roll
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OF ¢

spring between the work roll and
the strip in the roll bite

distance between bearings

roll face length

exit strip thickness

entry strip thickness

strip width

influential coefficient between roll-
ing load and exit thickness
influential coefficient between roll-
ing load and entry thickness
Laplacian operator

disturbances

time delay of the steering sensor
exit strip wedge

entry strip wedge

measured rolling load difference
rolling load difference

roll gap difference

bending force difference
manipulated value of the roll gap
difference

manipulated value of the bending
force difference

gain of the electric roll gap control
device

time constant of the electric roll gap
control device

gain of the bending force control de-
vice
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T3 time constant of the bending force
control device

My parallel mill modulus
M, equivalent parallel mill modulus
e ' time(L) delay operator
Ay Cyj constants depend on the rolling con-
ditions
k; state feedback gain
K; integral gain
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Improvement in Waterside Corrosion Resistance
and Problems in Field Application of
Aluminium Radiator Tubes”

Hirokazu Tanaka**, Kenji Katoh** and Hiroshi Ikeda **

The influences of the chemical compositions and thickness of a sacrificial inner layer on the cor-

rosion resistance of aluminium alloy automobile radiator tube stocks were examined by the elevat-

ing temperature glassware corrosion tests using OY water. By providing a thick inner anode clad

containing sufficient Zinc, excellent waterside corrosion resistance was obtained. However, protec-

tion against pit perforation seemed to become incomplete when alkaline cooling water was kept hot

for a long duration. The sacrificial anodic effect of the inner clad could be lost under such condi-

tions.

1. Introduction

Recently aluminium alloys have been widely
utilized for automotive radiators®. In order to
make the tube stock’s gauge thinner for use in
automotive radiators, it is important to main-
tain good corrosion resistance. Many studies
have been carried out regarding the waterside
corrosion of an aluminium alloy radiator tube
and its protection® ”. However, these results
have been quite different based on the testing
conditions, and the essential method to pre-
vent waterside corrosion has not been clari-
fied. In this paper, the influence of the
chemical compositions and thickness of the
sacrificial inner layer on waterside corrosion
resistance of aluminium alloy radiator tube
stocks were examined using the glassware
corrosion tests with OY water widely used in
fabricators. Based upon these results and cor-
rosion potential measurements, the alloy de-
sign of the tube stock that provides good
waterside corrosion resistance was discussed.
Some recent studies have indicated that the
sacrificial inner layer could not protect the
core alloy under certain conditions® "', which
were distinct from the tests using OY water.

*  This paper was presented at The 6th International
Conference of Aluminum Alloys.

** No.6 Department, Research & Development
Center.
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Therefore the influences of pH and tempera-
ture on the corrosion resistance of tube stocks
were also examined by corrosion tests and
in coolants
considering the service environment.

electrochemical measurements

2. Experiment

2.1 Materials

Six tube stocks for non-corrosive flux braz-
ing consisting of core, A4045 outer filler clad
and inner anodic clad which contained Zinc
were prepared. Chemical analyses and clad
thickness of these materials are shown in
Table1 .

2.2 Test procedures

2.2.1 Waterside corrosion test

The waterside corrosion tests were carried
out following ASTM D1384 elevating tempera-
ture glassware testing methods with OY water
(solution A in Table 2 ). Test coupons, 50mm
by 80mm, were cut from brazed tube stocks
and the external surface and edge masked
using silicone resin. Every 24 hrs the solutions
were maintained at 361K for 8hrs and then
cooled to room temperature for 16hrs.

2.2.2 Elemental distribution analysis of

cross section

The redistribution of elements such as
Copper and Zinc through the material, which
was the result of diffusion during brazing, was
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Table 1 Chemical composition and structure of the specimens.
Filler Core Inner anode Total
No. Thickness Composition(mass%) Composition(mass%) Thickness | Thickness
Alloy (o)
(um) Si Fe Cu | Mn | Si Fe | Mg | Zn (um)
1 25
2 0.35 0.20 1.26 0.97 40
3 A4045 54
9.6781 25 0.50 0.17 0.47 1.16 0.25
S RIS %
5 0.36 0.20 1.30 1.47 40
6 54
Table 2 Composition and characteristics of corrosion test solution.
Composition of solution(ppm)
Solution pH EC (mS/cm)
Cl™ S04~ Cu?* Fed*t
A 1 30 3.0 1.1
195 60
- - 3.0 1.1

monitored by electron probe microanalysis
(EPMA) line scanning in the tube thickness di-
rection.

2.2.3 Measurement of corrosion potential

change through thickness

The inner surface of the brazed tube stock
coupons was carefully polished using emery
paper to eliminate a certain thickness such as
approximately 20, 30, 40, 50 and 100pm. After
masking all but the polished surface with
resin, the corrosion potential of these speci-
mens was measured in reference to a satu-
rated calomel electrode in stirred B solution as
listed in Table 2, that was employed to avoid
the depositing of metal ions in A solution at
room temperature for 24hrs. By plotting the
results, which were the average of the meas-
ured data during 24hrs for each specimen, ver-
sus the polished off thickness, the corrosion
potential change with thickness for each tube
stock was obtained.

3. Results and Discussion

3.1 Influence of inner clad thickness and
alloying elements on corrosion be-
haviour

Fig.1 shows the maximum pit depth for

specimens after every testing duration in A so-
lution. Fig. 2 shows the relationship between

o4

the maximum pit depth and inner clad thick-
ness after 2810hrs of testing. Fig. 3 shows the
cross sections of the maximum pit depth after
1880hrs of testing. These results indicated that
the inner clad thickness had the greatest effect
on the corrosion resistance and the decrease
in maximum pit depth as the inner clad was
thickened. In case of the thin inner clad of
25pm (No.l and 4), the maximum pit depth
was found to vary proportionately with the
test duration and created perforations after
2980hrs of testing. On the specimen with a
thicker inner clad over 40um, the maximum pit
depth was independent to the testing duration

0.25

=0=No.1 =No.2 -—No.3
-o-No.4 -w-No.5 —4No. 6

020 f

g
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2015

(3]
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000 1 L Il )

1000 1500 2000
Testing duration (h)
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Fig.1 Results of corrosion test in A solution.
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0.25 L and was well controlled. Especially, No.6
—0~-No. 1~3 specimen having a thickness of 54um and high
02 L —e-No. 4~ Zinc inner clad showed good corrosion resis-
E tance and the pit depth was controlled within

=z the inner clad.
;%0' 197 The redistribution of elements through the
- material of typical brazed tubes is shown in
: 0.1 F Fig.4—a and b. Zinc contained in the inner
E clad diffused into the core and Copper in the
‘;‘ 005 | core diffused into the inner clad during braz-
ing. When the inner clad was as thin as 25pm
(Fig.4—a), the concentration of Zinc at the
0 ) ) ) inner surface was reduced to half or less than

0.02 0.03 0.04 0.05 0.06

Inner clad thickness (mm)

Fig.2 Relation between maximum pit depth after
2980hrs corrosion test in A solution and
inner clad thickness.

No. 3

Fig.3 Cross sections of pit for typical specimens
after 1880hrs corrosion test in A solution.

1.5
<| Inner —7n —Cu
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<

21.0 t
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E

%0.5 -
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040 I3 1 1

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Distance from inner surface (mm)

Fig.4—a Results of EPMA line scan of Zinc and
Copper across the brazed specimen No.1.

99

before brazing and Copper in the core ap-
proached the inner surface. On the other hand,
when inner clad was as thick as 54pm
(Fig. 4—b), almost 3/4 of the Zinc remained in
the inner surface and Copper in the core did
not approach the inner surface. Good corro-
sion resistance of the tubes with a thick inner
clad seems to be dependent on this redistribu-
tion of Zinc and Copper, which might promote
an active corrosion potential at the inner sur-
face enough to protect the core. The corrosion
potential changes through the thickness in B
solution are shown in Fig. 5. The potential for
the inner clad surface was the most anodic
and it gradually changed to cathodic with the
distance from the inner surface for every tube.
The potential difference between the inner sur-
face and middle of the core increased with
inner clad thickness and Zinc content.
According to these results, it has been con-

1.5
—1Zn —Cu
inner Core

X

21.0 |

£

5

E

%0.5 »

C

8

0.00 005 0.10 0.15 0.20 0.25 0.30

Distance from inner surface (mm)

Fig.4—b Results of EPMA line scan of Zinc and
Copper across the brazed specimen No.3.
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Table 3 Potential difference analysis.

Potential difference (mV)
Specimen | .
No Pit penetration Between inner surface and | Between inner surface and | Between inner surface and
bottom of pit bottom of inner middle of core
1 Perforation 25 ~0 25
4 Perforation 25 5 25
2 Middle of core 65 40 65
5 Reaching core 85 50 100
3 Within inner 65 80 115
6 Within inner 60 70 100

* : after 2980hrs immersion test in A solution

-500
’g *
@ -850 |
2] [
>
z
600 ¢
é -650
5
‘@
g -700 F ==No.1 =+No.2 ——No. 3
8 -o-No.4 -mNo.5 =&No.§
¢ Core
_750 ] 1 1 i ) L i

0 0.010020030.04 0.05 0.06

Distance from surface (mm)

Fig.5 Results of corrosion potential distribution
measurement in B solution.

sidered that the potential difference between
the inner clad layer as a sacrificial anode and
the core as a cathode is required to protect the
core from waterside corrosion. The potential
difference between the inner surface and the
some parts of specimen after the maximum
duration of the corrosion test, which is deter-
mined from Fig. 5, is shown Table 3. The po-
tential difference between the inner surface
and pit bottom seems to be 60 to 656mV, when
tube stocks had no perforation. Therefor, in
the case of No.3 and 6, potential difference be-
tween the inner surface and the bottom of
inner layer was larger than 60mV, corrosion
would be controlled within the inner layer. On
the another specimens, the pit penetrated into
the core, because there were not such large
potential difference between the inner surface

56

and the bottom of inner layer. In the case of
No.2 and 5, there was enough potential differ-
ence between the inner surface and the core,
pit was controlled after reaching to the core.
On the other hand, because there was no po-
tential difference enough to prevent the pit
penetration between the inner surface and the
core, the perforation caused on No.l and 4.
The obtained value of the effective potential
difference to protect a pit was similar to the
results of studies?~? in similar tests with dilute
solutions. However, it must be understood that
the value will be changed with the characteris-
tics of the cooling water such as electric con-
duetivity, Chloric ion content and so on. A well
designed sacrificial inner layer will be effective
to protect against pit perforation when using
water containing corrosive reagents such as
Chloric ion.

3.2 Problems in service environment

The present study shows the good effect of
the sacrificial anode of the inner clad in cool-
ing water containing corrosive ions. However,
recent studies have indicated that the inner
layer can not provide sacrificial protection of
the core alloy under certain conditions® =1,
Tests were carried out using ASTM water
(100ppmCl~, 100ppmSO+~, and 100ppmHCO;~)
or its modifications that promoted alkaline,
and they were kept at a temperature above
361K for longer term than low temperature as
shown in Table 4. As it has not been clarified
in a past study, the influences of pH and tem-
perature on corrosion resistance were also ex-
amined for some typical radiator tube stocks.

Chemical composition and clad thickness of
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Table 4 Effect of sacrificial inner layer on core alloy under several conditions.

N Test condition Effect of sacrificial Reference
o.
Solution Cycle inner layer on core alloy number
1 ASTM water 363K —1hrs, R.T.~—23hrs + 5
2 Weak acid solution 361K —8hrs, R.T.—16hrs + 6
3 Neutral dilute solution 361K —8hrs, R.T.—16hrs + 7
Concentrated ASTM water
4 361K —8hrs, R.T.—16hrs - 8
containing Cu®"
5 ASTM water 353K —8hrs, R.T.—16hrs - 9
6 Concentrated ASTM water | 361K —8hrs, R.T.—16hrs - 10
Table 5 Chemical composition and structure of the specimens.
Filler Core Inner anode Total
No. All Thickness All All thickness Thickness
o o o
Y (um) Y Y (um) (mm)
1 A4343 25 A3003 A1070 50 0.25
2 - - A3003 AT072 50 0.24
3 A4343 25 A3003 Al—2%7Zn 50 0.25
0.30
5 00 —o— [nner:AA1070/Core:AA3003
: _ - - [nner :AAT072/Core:AA3003
%63 E . =4 Inner :Al-2%Zn/Core : AA3003
=
£
Temperature ~
@w |3 =
o
[
W=
= X
bright light brown dark brown black S! igljt o
film film £ilm film etching é 010 L
1] =
[
=
Fig.6 Film formation afer immersion tests.
these materials are shown in Table 5. Since it 0.00 ‘ ' :
is well known that a hydroxide film forms on [ 8.0 g,}:) 10.0 1.0
p

an aluminium surface boiled in hot, weakly al-
kaline solutions and the same film formation
is reported in these studies™ ¥, film formation
behaviour was investigated using an immer-
sion test at 363K to 388K for lhr in the 30vol%
service coolants and controlling these pH from
7.5 to 10.0 using NaOH. The results are shown
in Fig.6. A thick black film was formed at
temperatures of 377K to 388K and about pH
9.0. When the pH or temperature was higher
than these values, the inner surface changed
with a slight alkaline etching. On the other
hand, when the pH or temperature was lower
than these values, bright surface film was

of

Fig.7 Relation between maximum pit depth
after 1440hrs corrosion test in the cool-
ants and pH of the coolants.

formed. These results have been consistent
with the results predicted from the potential—
pH diagram,

The glassware corrosion test almost the
same as already described was carried out
using the coolants with various pHs. The inner
surface after the tests corresponded with the
results of the short immersion tests. In the
neutral coolants, a bright film formed and no
pits were observed. In the weakly alkaline
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{nner:AA1070/ Core: AA3003 Inner:AA1072/ AA3003

Inner: Al-2%Zn/Core: AA3003 0.2 mm

Fig.8 Cross sections of pit for specimens after
1440hrs corrosion test in the coolant of

pH 10.
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Fig.9 Results of anodic polarization measurement
in the coolants of pH7.5 and 10 at room tem-
perature for A7072.

coolants of pH 8.0 to 10.0, a black film formed
and corrosion pits were observed. Fig. 7 shows
the maximum pit depth after 1440hrs of the
glassware corrosion tests in the coolants.
Fig. 8 shows cross sections of pit for speci-
mens after 1440hrs glassware corrosion test in
the coolant of pH 10. The maximum pit depth
increased as the pH increased. Also, there was
no difference in the maximum pit depth, which
penetrated into the core, among these speci-
mens. As shown in Fig. 7 and 8, in the solution
with a pH greater than 9.0, the effect of the
sacrificial anode seemed to be negligible. This
was similar to the other specimens.

Anodic polarization was measured in the
coolants of pH7.5 and 10 at 361K and room
temperature. The result for A7072 is shown in
Fig. 9. It was also similar to the other speci-
mens. It is well known that above the pitting
potential, the current will immediately in-

o8
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Fig.10 Potential—pH diagram for the aluminium-
water system at 298K and 373K'®.

crease during anodic polarization, the protec-
tive surface film on aluminium will break down
and pitting corrosion will take place. Cathodic
protection of aluminium is achieved by con-
trolling the corrosion potential to the passive
state below the pitting potential. At that time,
the corrosion rate will be restricted to the cur-
rent in the passive state. The passive state cur-
rent in the coolant of pHI10 at 361K is two
orders of magnitude than in the coolant of
pH7.5 at room temperature. This large current
in hot alkaline coolant seems to be the result
from decreasing of stability of aluminum hy-
droxide in hot alkaline solution as shown in
Fig. 10. Since the current in the passive state is
quite large and the polarization curve indi-
cates that the corrosion rate is under anodic
control for any aluminium alloy, as shown in
Fig. 8, a sacrificial anodic effect can not ex-
pected in hot alkaline coolants. Fig. 8 also in-
dicates that the corrosion potential seems to
be located below the pitting potential and the
pitting mechanism in alkaline coolants may be
different from common cool neutral solutions
containing Chloric ion. The deep pits in hot al-
kaline coolants seemed to be the result of fo-
cusing of corrosion current from surrounding
local wide cathode to the defects where prefer-
ential dissolution take place to produce the
black surface film on the surrounding area.
Therefore, it is also important that an
aluminium radiator tube be protected by the
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sufficient coolants.

4. Conclusions

The influences of chemical compositions and
the thickness of the sacrificial inner layer on
the corrosion resistance of aluminium alloy
automobile radiator tube stocks were exam-
ined by elevating the temperature of glassware
corrosion tests using OY water. It is impor-
tant to have both a sufficient inner thickness
for preventing the approach of Copper dif-
fused from the core to the inner surface dur-
ing brazing and sufficient Zinc content in the
inner clad for having a potential difference
greater than 60 mV between the inner surface
and core. With the sacrificial inner clad satis-
fying these conditions, the corrosion depth of
the inside of the tube was controlled less than
the inner clad thickness for the long term. A
well designed sacrificial inner layer will be ef-
fective to protect pit perforation in using
water containing corrosive reagents such as
Chloric ion.

The influences of pH and temperature on the
corrosion resistance were also examined using
corrosion tests and electrochemical measure-
ments with pH controlled service coolants. In
the coolants of pH 9.0 to 10.0, the black film
formed on the inner surface and pits ap-
proached the core. It is considered that the
pits were the result of preferential dissolution
at the defects of the formed porous surface

09

film and the effect of the sacrificial anode was
lost because of increasing of current in the
passive state in alkaline coolants. Therefore, it
is also important that an aluminium radiator
tube must be protected by the sufficient cool-
ants.
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Neck Formability of Aluminium D&I Cans during
Smooth Die Necking or Spin Flow Necking”

Yoshinari Kikuta **, Shin Tsuchida*** and James E. Prichard****

The material’s behaviour has been investigated during the reduction of the neck diameter of

aluminium D&l cans made from different types of body sheet.

In smooth die necking with multiple stages, the smaller neck diameters lead to thicker thickwalls

by circumferential compression and softer thickwalls because of the Bauschinger effect, and the
earing appears at the trimmed can edge. The earing occurs at 45, 135, 225 and 315 degrees to the roll-
ing direction. The thickwalls at the 90 and 270 degree positions thickens and softens the most. The
earing growth in material made by HR—CR 1s the smallest in four kinds of materials.

In spin flow necking the thickwall thins and hardens because of the axial stretching by the tools,

and the earing appears. The earing occurs at various positions around the trimmed can edge in the
material from the HR —~IA —CR processes. In spin flow flange reforming, the thickwall and the

earing variation around the circumference are reduced by the effect of a stop ring built in the re-

former.

1. Introduction

Metal saving by downsizing of the can end is
one of the tasks to reduce can costs.
According to the end’s downsizing, the neck
portion of a 211 (2+11/16 inches) diameter
can body is reduced to 206, 204 or 202 diame-
ter.

The neck portion is so thin (near to 0.15mm)
that it is easy to buckle because of circum-
ferential compressive force during smooth die
necking. Also, earing appears at the trimmed
can edge. It is considered that these be-
haviours during necking have some influence
on split flanges and flange width variation.

Can body stocks are super-hardened mate-
rials by cold rolling AA3004 or AA3104 alu-
minium alloys. There are some kinds of
materials having different characteristics of

* This paper was presented at the Third Symposium
of Aluminum Alloys for Packaging in TMS
Annual Meeting held in San Antonio on February
16—19, 1998.

* % No.5 Department, Research & Development

Center.

Research & Development Center.

Can Division Machinery Plant, Reynolds Metals

Company.

* ok ok

* ok kK
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the mechanical properties and earing because
of the different manufacturing processes for
the same alloy’™®. It is expected that each ma-
terial shows a different behaviour during
necking corresponding to its mechanical prop-
erties.

In this paper the forming behaviour of these
different materials has been studied at the re-
ducing neck diameter of typical 211 cans.
Smooth die necking process and spin flow
necking process have been compared in the
present study.

2. Experimental Procedure

2.1 Materials

The materials used in the present study are
AA3004 aluminium alloys (Table1) manufac-
tured by four processes shown in Table 2.
Material A is the most popular. Material D is
obtained by the final annealing for material A
and has larger elongation and better
drawability. Material B and C tend to show
less softening at the baking because of the in-
termediate annealing by a continuous anneal-
ing line (CAL+*IA) whose characteristics are
rapid heating and rapid cooling. Table 3 shows
the mechanical properties of these materials.
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2.2 Profile of the tested can

The trimmed cans were prepared for the
necking tests. Its profile is shown in Fig. 1. The
top portion of the trimmed cans were coated
and cured at 478K for 10 minutes in a labora-
tory oven.

2.3 Smooth die necking method

202 smooth neck was formed by 16 stages of
die necking from a 211 diameter can as shown
in Fig. 2. The 209, 206 and 204 necked cans were
sampled from the necking process down to 202
diameter. At each sampling stage, the thick-
ness and the hardness were measured at the
top portion of can. The shape changes of the
trimmed edge were also traced at these four
stages. These measurements were continued
for the same can through the necking from 211
to 202.

Table 1 Chemical composition. (mass%)

Si Fe Cu Mn Mg

0.27 0.43 0.21 1.06 1.19

Table 2 Manufacturing processes for can body sheets.

Material Process
A Homo -+ HR -rerererrrrrrrrrermmemaiannn. CR
B Homo -+ HR -+ CALTA «veerrreeee CR
C Homo - HR - CR - CAL*IA --- CR
D Homo e HR e CR ............ BAT.FA

HR : Hot rolling, CR : Cold rolling,
IA : Intermediate annealing, FA : Final annealing

2.4 Spin flow necking method

The neck portion of the 206 prenecked can
was reduced to 202 diameter by spin flow
necking as shown in Fig.3. The prenecking
was performed by standard die necking. The
flange of the 202 spin flow necked can was re-

¢ 66mMmM
0.165mm -
0.100mm_ 124mm
¢ 50mm

Fig.1 Profile of the trimmed can.

R23 Thickwall
R5<

Knock Out

Base Pad

Necking Die

Fig.2 Smooth die necking.

Table 3 Mechanical properties of test sheet materials. (0.30t)

Direction As fabricated AB 478K X10min
Material to RD T.S. Y.S. E. FEaring n-—value r—value T.S. Y.S. E.
(deg) ®N/mm?) (N/mm?® (%) (%) 1-2% 1% (N/mm?) (N/mm? (%)
0 319 290 5 0.04 0.44 280 251 7
A 45 320 290 5 3.3 0.06 1.03 286 263 6
90 331 300 4 0.06 1.35 298 275 7
0 320 298 4 0.02 0.40 301 273 7
B 45 326 298 5 2.7 0.05 0.80 307 278 7
90 336 304 5 0.06 1.51 318 286 7
0 283 274 2 0.04 0.54 286 250 6
C 45 290 267 3 4.3 0.06 1.01 283 247 6
90 297 271 4 0.07 1.20 291 253 7
0 325 298 6 0.06 0.36 302 275 6
D 45 329 298 6 3.1 0.06 1.09 307 282 6
90 340 308 5 0.06 1.38 318 292 6
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Fig.3 Spin flow necking.
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Fig.4 Spin flow flange reforming.

formed by the reformer with a stop ring
shown in Fig. 4*.

The thickness and the hardness at the top
portion of can and the shape of the trimmed
edge were measured for 3 stages, those are the
206 prenecked can, the 202 spin flow necked
can and the 202 flange reformed can.

3. Results-

3.1 Thickness change at the top portion
of can

In the case of smooth die necking with multi-
ple stages the smaller neck diameters lead to
thicker thickwalls because of circumferential
compression by die necking as shown in Fig. 5.
Thickwalls at 90 and 270 degrees to the rolling
direction especially thicken as a result of the
reduction of the neck diameter. This phenome-
non is considered to be caused by the material
characteristics, because the circumferential
compressive force from the necking die is uni-
form around the circumference.

Spin flow necking process is die prenecking,
spin flow necking and flange reforming. As
shown in Fig. 6 the thickwall thickens by die
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Fig.5 Thickwall thickening by die necking.
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Fig.6 Thickwall thinning by spin flow necking.

prenecking and is stretched along the can axis
and thins by spin flow necking. The thickness
at the top portion of the can tends to be thin-
ner due to circumferential tensile force during
flange reforming.

The other three materials show the same
material behaviour as material A in the both
cases of smooth die necking and spin flow
necking.

These results suggest that spin flow necking
has an advantage of lightweighting by the
gaugedowns of thickwall because it brings no
pleat and a thinner neck.

3.2 Hardness change at the top portion

of can

In the case of smooth die necking the
thickwall, especially at 90 and 270 degrees to
rolling direction, softens with the reduction of
neck diameter as shown in Fig. 7. It is consid-
ered that this softening is caused by the
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Fig. 7 Softening by smooth die necking.
ST:Straight can
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Fig.8 Hardening by spin flow necking.

Bauschinger effect by circumferential com-
pression and axial bending-unbending during
smooth die necking. Because the thicker
thickwalls lead to softer thickwalls and tem-
perature increase by plastic working is little

extremely. The other three materials also sof-

tens with the reduction of neck diameter.
Materials A and D soften more than materials
B and C.

In the case of spin flow necking prenecking
(by the standard die necking) makes the
thickwall soft, and following spin flow necking
makes it hard as shown in Fig. 8. Materials B
and C are no hardness change by flange re-
forming hardly.

3.3 Shape change of the trimmed can edge

The earing appears by necking at the evenly
trimmed can edge because of anisotropy in
these materials. The earing height is
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Fig.9 Edge profiles of 202 smooth die necked cans.
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Fig. 10 Earing growth by smooth die necking.

associated with the flange width variation
after flanging. If this variation is too large,
seaming problems will occur.

Fig. 9 shows the edge profiles of 202 smooth
die necked cans. The height of can changes
around the circumference. The earing is high
at 45, 135, 225 and 315 degrees, especially in
material C. This earing height in material C is
sometimes over the limit of flange variation.

Fig. 10 shows the height from the peak to the
valley of these profiles. The smaller neck di-
ameter leads to higher earing in all materials.
The difference among materials becomes
larger as the neck diameter is reduced. The
earing growth in material A is the smallest in
206 diameter or less. Material C tends to cre-
ate larger earing than the others. If the flange
variation limit is 0.2mm, materials C and D go
over the limit in the case of 202 diameter.

Fig. 11 and Fig. 12 show the edge profiles of
202 spin flow necked cans and 202 flange
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Fig. 11 Edge profiles of 202 spin flow necked cans.
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Fig. 12 Edge profiles of 202 flange reformed cans.

reformed cans. The earing can be observed in
the spin flow necked cans also. The edge pro-
file is asymmetric to the rolling direction. This
reason is considered that the stretch deforma-
tion by spin flow necking is not uniform
around the circumference. Spin flow flange re-
forming reforms the earing variation due to
the restriction of radial deformation by a stop
ring built into the reformer. Therefore, the
edge profiles are not so different among the
materials after the flange reforming.

The earing heights after 202 spin flow neck-
ing are nearly equal to those of 202 smooth die
necked cans (Fig. 13). Material C tends to cre-
ate larger earing than the others.
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Fig. 13 Earing growth by spin flow necking.

4, Summary

Using four kinds of body sheets, the changes
of thickness, hardness and earing at the top
portion of 211 diameter can have been ana-
lyzed in the two kinds of necking processes.
The results are summarized as follows :

1. In the case of smooth die necking the
thickwall thickens by circumferential com-
it softens because of the
Bauschinger effect. The earing appears at the
trimmed can edge with the reduction of neck
diameter. The earing growth in material A is

pression and

the smallest in four kinds of materials.

2. In the case of spin flow necking the
thickwall thins and hardens because of the
axial stretching by the tools. The earing ap-
pears by die necking for prenecking once, and
the following spin flow flange reforming re-
duces the earing by the mechanical restriction
of a stop ring built into the reformer.
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Flange Formability of the Necked Cans

by Smooth Die Necking or Spin Flow Necking”

Yoshinari Kikuta * *, Shin Tsuchida*** and James E. Prichard* ***

Flange formability has been investigated after smooth die necking or spin flow necking for
aluminium D&I cans made from different types of body sheets.

Flange formability in cases of both smooth die necking and spin flow necking is superior in the
material which tends to the softer thickwall after necking. These materials are made by HR—CR,
HR—CAL+IA—CR and HR—CR—BAT-+FA processes.

Flange formability of the material made by HR —CR—CAL+*IA—CR process is poor though its
thickwall is softer than that of the other materials.

The flange formability is adversely affected by the reduction of neck diameter by smooth die
necking and becomes not so much affected by the thickwall hardness before necking. The reason is
supposed that the formability depends on the frequency of die necking which increases in the case of
making a smaller neck diameter. At that time, the thickwall is subjected to the bending-unbending
for many times, which makes the fragile flange. Flange formability after spin flow necking is
better than that after smooth die necking when the neck diameter is smaller than 206 because the

spin flow necking includes fewer repetitions of bending-unbending.

1. Introduction

There are some types of can body stocks
whose mechanical properties and earing are
changed by the different manufacturing proc-
esses. All of them are made from the same
alloy; that i1s AA3004 or AA3104. The cause of
this variation is a restriction of the rolling mill
hardware and the objective of obtaining spe-
cial material characteristics'™®.

In the previous paper?, these material’s
behaviours which include the change of thick-
ness, hardness and earing at the trimmed can
edge as a result of the reduction of the neck di-
ameter have been investigated.

In this paper the flange formability after
necking has been studied on these different
characteristic materials as it is expected that

* This paper was presented at the Third Symposium
of Aluminum Alloys for Packaging in TMS
Annual Meeting held in San Antonio on February
16—19, 1998.

* * No.5 Department, Research & Development

Center.

Research & Development Center.
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the flange formabhility is also affected by the
material’s properties. Smooth die necking
process and spin flow necking process have
been compared in the present study.

2. Experimental Procedure
2.1 Materials
The materials used in the present study are
the same as those of the previous work. They
are AA3004 aluminium alloys (Table 1) manu-
factured by four types of processes shown in

Table1 Chemical composition. (mass%)

Si Fe Cu

Table 2 Manufacturing processes for can body sheets.

Material Process
A Homo ee HR .............................. CR
B Homo *++ HR -+ CALCLA +eeererrerer CR
C Homo - HR - CR -+ CAL-IA --- CR
D Homo “es HR vaa CR ............ BAT FA

HR : Hot rolling, CR : Cold rolling,
IA : Intermediate annealing, FA : Final annealing
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Table 2. Material A is the most popular.
Material D is obtained by the final annealing
for material A and has larger elongation and
better drawability. Materials B and C tend to
show less softening at the baking because the
intermediate annealing by a continuous an-
nealing line (CAL-+TA) whose characteristics
are rapid heating and rapid cooling. Table 3
shows mechanical properties of these materi-
als.

2.2 Profile of the tested can

The standard 211 (2+11/16 inches) diameter
and 124mm height D&I cans have been used.
The original thickwall thickness is 0.165mm
and the thinwall thickness is 0.100mm. All of
the tested cans were coated and cured at 478K
for 10 minutes before necking in a laboratory
oven.

Two kinds of necking processes, smooth die
necking and spin flow necking, were applied to
these coated straight cans. The details are
presented in the previous paper?.

2.3 Measurement

Flange formability has been measured by
the expanding test for the top portion of the
necked can, considering that the split flange is
a phenomenon dependent on the circumfer-
ential tensile strain at the trimmed can edge,
though the flanging in the machine is by spin-
ning.

In the case of smooth die necking the punch
fitted neck diameter as shown in Fig. 1 was in-

Maximal

flange widtrw

(Spin Flanger)

7/

Fig.1 Expanding Test.

serted into the 206, 204 and 202 necked cans.
Flange formability is estimated by the maxi-
mal expanded width which is obtained just be-
fore a crack at the edge of flange occurs.

In the case of spin flow necking the maximal
expanded width was measured by the same
method as shown in Fig. 1 for the 202 spin flow
necked cans before flange reforming.

Johnson wax was used as the lubricating oil
between punch and can, and the inserting
speed of punch was 10mm/min.

3. Results

In the case of smooth die necking the flange
formabilities of materials A and D are supe-
rior to those of materials B and C as shown in
Fig. 2. The amount of the reduction of the neck
diameter leads to decreases of the maximal
expanded width and limits the deviation be-
tween the materials. In the case of 202 its de-

Table 3 Mechanical properties of materials. (0.30t)

Direction As fabricated AB 478K X10min
Material to RD T.S. Y.S. E. FEaring n—value r—value T.S. Y.S. E.
(deg) (N/mm?® N/mm? (%) (%) 1-2% 1% | (N/mm? (N/mm?) (%)
0 319 290 5 0.04 0.4 280 251 7
A 45 320 290 5 3.3 0.06 1.03 286 263 6
90 331 300 4 0.06 1.35 298 275 7
0 320 298 4 0.02 0.40 301 273 7
B 45 326 298 5 2.7 0.05 0.80 307 278 7
90 336 304 5 0.06 1.51 318 286 7
0 283 274 2 0.04 0.54 286 250 6
C 45 290 267 3 4.3 0.06 1.01 283 247 6
90 297 211 4 0.07 1.20 291 253 7
0 325 298 6 0.06 0.36 302 275 6
D 45 399 298 6 3.1 0.06 1.09 307 282 6
90 340 308 5 0.06 1.38 318 292 6
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viation disappears.

In the case of spin flow necking the flange
formability of material A is excellent when
compared to the others as shown in Fig. 3. The
maximal expanded width in the case of spin
flow necking is usually larger than that in the
case of smooth die necking regardless of the
neck diameter. It is considered that when the
amount of expansion by the test is the same
between the smooth die necked cans and the
spin flow necked cans, the maximal expanded
width of the spin flow necked cans is larger
than that of the smooth die necked cans be-
cause the spin flow necked cans have the pre-
flange made by spin flow necking before the
expanding test.

Fig.4 and Fig.5 show the relation between
the maximal expanded width and the Vickers
hardness at the top portion of can before the
expanding test. These hardness were meas-
ured at the section of the top portion of can
before the expanding test. In the case of
smooth die necking the flange formability is
superior in materials A, B and D with the
softer thickwall. The flange formability de-
creases in the smaller neck diameters though
the thickwall softens with the reduction of
neck diameter®. And the smaller neck diame-
ter leads to less dependency of the hardness
on the maximal expanded width. The reasons
are supposed that the flange becomes more
fragile with the frequent bending-unbending
into the smaller neck diameter.

In the case of spin flow necking, as in the
case of smooth die necking, the softer material
leads to better flange formability except mate-
rial C. The flange formability of spin flow
necked cans depends on the property of 206 die
prenecked cans and is a little higher than that
of smooth die necked cans. Because they are
considered that the thickwall is not subjected
to the bending-unbending during spin flow
necking.

The flange formability of material C is poor
though its thickwall is softer than that of the
other materials in the both necking method. It
is considered that the decline of elongation due
to the easy development of local necking,
which is because of very fine precipitates on
the cold rolled microstructure, affects the
formability after necking. The work hardening
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and the microcrack initiation proceed easily
on such microstructure in which very fine pre-
cipitates obstruct dislocation movements®.

4, Summary

The flange formability after smooth die
necking or spin flow necking in the four types
of body stock have been investigated by the
expanding test of the necked cans. The results
are summarized as follows:

1. In material A (made by the process of hot
rolling and continued cold rolling), B (made
by the process including CAL*IA between hot
rolling and cold rolling) and D (made by the
process including final annealing after cold
rolling), the flange formability is superior
with the softer thickwall after necking. The
flange formability of material C (made by the
process of HR—CR— CAL-+<IA—CR) is poor
though its thickwall is softer than that of the
other materials. It i1s considered that the
microstructure created by the different manu-
facturing process affects the formability.

2. In the case of smooth die necking the
amount of the reduction of the neck diameter
leads to decreases of the maximal expanded
width and limits the influence of the material’s
properties. The flange formability of the
smaller necked cans is not so affected by the
hardness at the top portion of can before
necking because the thickwall is subjected to
the bending-unbending for many repetitions
into a smaller neck diameter and it becomes
more fragile.

3. The flange formability after spin flow
necking is superior to that after smooth die
necking in the 206 neck diameter or less. The
reason is considered that the less frequency of
the bending-unbending work is subjected to
the thickwall during necking.
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Honeycomb panel has many fracture modes due to the load conditions, and fracture modes of
honeycomb panel are roughly divided to face plate fracture and honeycomb core fracture. The frac-
ture strength of honeycomb core is generally inferior to that of face plate. The out-of-plane shear
fatigue test of a brazed aluminium honeycomb panel was carried out, and the fatigue strength of

honeycomb core was investigated. When the fatigue strength is evaluated by using maximum shear

stress, the difference of shear fatigue strength between core-direction L and W disappears.

Therefore, if we can grasp characteristics of base material, fracture strength of face plate and hon-

eycomb core, it is able to estimate the fracture strength and fatigue strength of honeycomb panel

of various fracture modes, and handle a brazed aluminium honeycomb panel the same as ordinary

materials.

1. Introduction

Honeycomb panels have been used for vari-
ous structural applications because of their
excellent properties, such as panel flatness,
high rigidity and light weight. Since a brazed
aluminium honeycomb panel (BP) is produced
by brazing aluminium face plate and alu-
minium honeycomb core in vacuum atmos-
phere, it has weldability and bendability,
which is different from an adhesive honey-
comb panel. Therefore, BP has been adopted
in roof, canopy, curtain-wall for building, and
the body structure of express train such as se-
ries 500 shin-kansen super express®. When BP
will be used as a structural member, it is im-
portant to grasp its fatigue properties.
Fatigue properties of BP, however, have been
little investigated"®. A honeycomb panel is a
kind of structure itself. Honeycomb panel has

* Main part of this paper was presented at 5th Japan
International SAMPE Symposium & Exhibition
(October 28—31, 1997, Tokyo).

* No.4 Department, Research & Development
Center.

**»x  Extrusion & Drawing Technology Section,

Extruded Products Division.

Design Technology Department, Urban
Engineering Division.
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many fracture modes due to the load condi-
tions, and fracture modes of honeycomb panel
are roughly divided to face plate fracture and
honeycomb fracture. The fracture
strength of honeycomb core is generally infe-
rior to that of face plate. In this paper, the
out-of-plane shear fatigue test of BP was car-
ried out, and the fatigue strength of honey-
comb core was investigated.

core

2. Experiment

2.1 Test panel

The schematic illustration of honeycomb
panel is shown in Fig.1. BP consists of two
face plates and honeycomb cores which have
vent holes. Face plates of the honeycomb panel
are made of aluminium brazing sheet 6951/
4045. Honeycomb cores are made of aluminium
sheet 6951. Where, L direction is longitudinal
core direction, and W direction is vertical di-
rection. Fig.2 shows the dimensions of test
panel. Panel height, which includes two face
plate thickness, is 30mm, and honeycomb core
cell size is also 30mm. There are typical dimen-
sions of BP for the body structure of series 500
shin-kansen super express. Table1 shows the
tensile properties of the face plate.



70 SUMITOMO LIGHT METAL TECHNICAL REPORTS

December 1998

Face plate

Face plate

Honeycomb Honeycomb core

core

Vent
holes

Fig.1 Schematic illustration of brazed
honeycomb panel.

< m('v
Neutral | | | I O S o 30
axis B
«
Panel height (mm) 30
Cell size (mm) 30
Face plate thickness (mm) 1.2/1.0
Core thickness (mm) 0.2
Fig.2 Dimensions of honeycomb panel.
Table 1 Tensile properties of face plate.
Tensile Strength (N/mm?) Elongation
Direction
YS UTS 8
L 175 220 10
w 180 227 9

Table 2 4-points bending fatigue test conditions.

Support span  (mm) 300
Load span (mm) 100
Test temperature CC) 23
Stress ratio 0.1
Test frequency (Hz) 10

2.2 VFatigue test conditions

4-points bending type shear fatigue tests of
honeycomb panel were performed by using an
servo-hydraulic fatigue testing machine, and
the out-of-plane shear fatigue strength of BP
has been investigated. Both core-direction L
and W are taken to the parallel direction to the
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bending axis. The fatigue test conditions are
shown in Table 2. Fatigue tests were carried
out at room temperature under load control
mode at a frequency 10Hz. Fig.3 shows a
situation of the fatigue test. The shape and
size of specimen are shown in Fig. 4. The speci-
men width is 95mm for core-direction L, and
104mm for core-direction W, which include at
least three honeycomb cells respectively.
Moreover, the thicker face plate of BP, which
is 1.2mm thickness, was set up at compression
side of bending.

Fig.3 Situation of fatigue test.
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o
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Fig.4 Shape and size of test panel.
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3. Results and Discussion

L—N curves of the fatigue tests are shown
in Fig.5. The vertical axis is the maximum
shear load for unit length. L—N curve of core-
direction L is much higher than that of core-
direction W. When fatigue strength will be
estimated by using maximum shear load, it
has the difference between core-direction L
and W. Fatigue strength of core-direction L at
107 cycles is 14 N/mm, and core-direction W is
7.8N/mm. The shear stress of honeycomb core
is calculated by wusing the method of
Takeshima and his group®. They have investi-
gated static strengths of honeycomb panels
experimentally and analytically. Fig. 6 shows
an unit area of honeycomb panel. The unit
length of core-direction L is b/2 (b is honey-

100
£

o E
O~
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Fig.5 Fatigue test results (L—N curves).
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Fig.6 Unit area of honeycomb panel.

comb core cell size), and core-direction W 1is
v 3b/2. The shear stress of the honeycomb
core has been calculated as follows:
=7 {(3.09E0,)/ (1— v)}"2(t./b)* o))
w= /¥ 3){(B.09E0,)/ (1—v)}"*(t./b)?* (2)

where, E is an elastic modulus, o, is 0.2%
proof stress, v is Poisson’s ratio, and tc is a
thickness of honeycomb core. Table3 shows
the static shear strength of honeycomb panel,
which is investigated by static 4-points bend-
ing test. Fig. 7 shows S—N curves of fatigue
tests, where the vertical axis is the maximum
shear stress. Fig. 7 also shows the fatigue test
results of base material. Table 4 shows the fa-
tigue strength at 107 cycles. When the fatigue
strength is evaluated by using maximum shear
load, the shear fatigue strengths of honey-
comb panel are different due to honeycomb
core-direction. Accordingly, in the case of
shear fracture of honeycomb core, honeycomb

Table 3 Shear strength of honeycomb panel.

Shear strength
Direction
(N/mm?)
L 213.8
w 214.4

Table 4 Fatigue test results.

Base material Honeycomb core
Direction Maximum stress Maximum shear stress
(N/mm?) (N/mm?)
L 110 38
W 115 36
1000
& F
£
B E
o -
% Z 100¢
o £
©
(1]
c
m .
10k © Honeycomb core/dir. L
g E AHoneycomb core/ dir. W
e o Base material/dir L
% & Base material/ dir W
=

1 L 1 L
104 105 105 107 103

Number of cycles to failure

Fig.7 Fatigue test results(S—N curves).
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panel is an anisotropic material, and it is due
to honeycomb core structure.

On the other hand, when the Tfatigue
strength will be evaluated by using maximum
shear stress, the difference of shear fatigue
strengths between core-direction L and W dis-
appears. The shear fatigue strength and static
shear strength of honeycomb core are 37
N/mm?® and 214N/mm?* respectively, so fatigue
ratio i1s 0.17. The shear fatigue strength of
honeycomb core is about 33% of base mate-
rial. Therefore, the shear fatigue strength of
honeycomb core is inferior to the strength of
face plate fracture mode. For designing hon-
eycomb panel structure, however, there is no
design that shear fracture of honeycomb core
precedes other fracture mode, such as face
plate fracture mode. Because they cannot use
honeycomb panels effectively.

As before mentioned, honeycomb panel is a
kind of structure itself, and it has stress con-
centrated parts, such as connecting position
between face plate and honeycomb core. Until
now, however, it is found that the effect of
stress concentration i1s not so remarkable.
There are many fracture modes due to the
loading conditions for honeycomb panels, and
fracture modes are roughly divided to face
plate fracture mode and honeycomb core frac-
ture mode. When we can grasp the material
properties of base material, it is able to pre-
dict the fracture load and fatigue strength for
various fracture modes by using essential
elastic theory and buckling theory. When we
can grasp the fatigue strength of base mate-
rial and honeycomb core, it is also able to pre-
dict the fatigue strength of honeycomb panel.
Therefore, it would be able to handle BP as a

72

base material, the same as ordinary wrought
materials.

4. Conclusions

Shear fatigue tests of brazed aluminium
honeycomb panels are conducted with atten-
tion to shear fatigue strength of honeycomb
core. The results are described below.

(1) When the fatigue strength is evaluated by
using maximum shear stress, the difference of
shear fatigue strength between core-direction
L and W disappears. Therefore, it is able to
handle the shear strength of honeycomb panel
the same as those of ordinary materials.

(2) The shear fatigue strength of honeycomb
core is 37N/mm?, and a fatigue ratio is 0.17.

(3) The shear fatigue strength of honeycomb
core is about 33% of the strength of face plate
fracture mode.

(4) When we can grasp the material proper-
ties of base material, the fracture stress of
face plate, and the fracture stress of honey-
comb core, it is able to predict the fracture
load and fatigue strength of honeycomb panel
for various fracture mode by using essential
elastic theory and buckling theory. It would be
able to handle BP as a base material the same
as ordinary wrought materials.
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Performance of the Tin Coated Copper Tube
against Cuprosolvency Problem "Blue water”
in the East of Hokkaido

Yutaka Yamada, Jun-ichi Ito, Tetsuro Atsumi and Koji Nagata

In the east of Hokkaido, the cuprosolvency problem due to the dissolution of copper has been oc-

curring in cold and hot water plumbing system (once-through) of private house. To solve this prob-

lem, we have investigated the cause of general dissolution of copper and evaluated the performance

of the tin coated copper tube in the actual plumbing.

The cuprosolvency problem is related to the seasonal decrease of pH value of water through the

year. Namely, general dissolution increase with decreasing pH at 6.2-6.5. Under the water quality

in this area, the tin coated copper tube shows high anti-cuprosolvency and this property has being

maintained over three years. Cuprosolvency problem was solved by partial replacement of existing

copper tube with the tin coated copper tube, for example more than 60% in the plumbing ratio.
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Fig.1 Schematic diagram of actual plumbing test.
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Fig. 2 Appearance of inner surface and cross section of
copper tube used for three years.
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Fig.3 Variation of pH and copper ion concentration of
tap water in A city.
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Table 1 Typical chemical analysis of tap water at A,B, and
C city in Hokkaido and D city in Tokai district.

Ttem B City/C City|D City|A City|E City
pH 69 | 68 | 67 |08 1 65
Conductivity (uS/cm) 185 74 | 120 | 190 70
Total hardness{CaCO; ppm) 54 12 — 42 30
Ca hardness (CaCO3 ppm)| 45 3 - 27 7
M alkalinity (CaCO; ppm)| 11 4 - 25 11
HCO;™ (ppm) 13 5 5 31 13
S04~ (ppm) 100 7 29 26 6
Cl~ (ppm) 9 17 5 16 10
Fe (ppm) 0.06 | 06 | — |<0.05] -
Si0; (ppm) 41 6 - 46 10
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Fig.4 Variation of pH and copper ion concentration of
tap water at private houses.

(a) Inner surface

(b) Cross section

Fig.5 Appearance of inner surface and cross section of the tin
coated copper tube used for three and a half years.
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Fig. 6 SEM images of inner surface and EDX analysis of
cross section of the tin coated copper tube used for
three and a half years.
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coated copper tube in actual plumbing test.
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laboratory test.

FhPLOWEETCEELTZ b00, ZORMERE
PTH 1o —H, pHEL KU TIEBIF BHA 4 vIEH
B3, EER0%THLFEDT 2EEERL 7,
NI Sn BB OBER L1 4 v iAHEORBEKIC
BV, ICEERCBY 281 4 vighESEM @I
s ol N 2 EL » S RMcipRlE N, oD
BERO~60%ZFcELLIMFlshBRIC>0TH
WL, £9, Sn KU Sn0; id pH6~T7 O /KiT B L
TCuk ) bEICEEBMIEHBI EMSD, Sndbd
13 SnO: i & B EmBEAIEHIC L 281 & v EIHHIzh
HinEZ oM, LL, OB OE
FIcPREs N, Lo &5 aFE L WIFIER =AY 3
iR ThEv, ki, (D, QRUT@RICRTAR
hToSn K CuPRIBICE BEBICODWTEALTH
170

Sn+2H:0—>Sn0:+4H* +4e” €D)
2Cu** +HyCOs+2H:0

—Cu:(OH):COs +4H* @
Cue(OH),COs+2H* +2e~

—Cu0+H:COs+H:0 €)

FHbbL, SnA Sn0. ZAERKT 5BERIE & Co®t 25
Cux(OH):COs SRR L, XS MBS 1 TCu0
DEERT ARBRIENEZL ONSE, # LT, pHH 3
{3 Cu & Sn OARTEKBAK £ » Tld, HkL 7Ca0
HCutHBBIELEALNEY, O EMD, AR
he—HAERLIHA 2+ v i3 (1)~ Q) DBEAMIGDFEE,
B s 5 WREERE L THEIFE L, ZORERMA 4

(it

71
100
£ 80
o
ke
®
5 60
é \,\ 0
TN
Q
g Sn
z 2 Cu
0 i
0 24 48 72 96 120

Sputter time (min})

Fig. 9 Depth profiles of Sn, Cu, and O of the tin coated
copper tube tested at private house C for one year
analyzed by AES.
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Pitting Corrosion of Copper Coiled Tubes
in the Air Conditioning System having
the Open Heat Storage Water Tank

Yutaka Yamada, Tetsuro Atsumi, Akihisa Mori, Ryuichi Hatanaka
and Nobuyuki Nakao

Pitting corrosion of copper coiled tubes has been experienced in the air conditioning system hav-
ing the open heat storage water tank. Although the morphology of the pitting was similar to type 1
pitting corrosion in plumbing copper tubes, the quality of circulating water in the system was dif-
ferent from those in plumbing system and the inner surface of corroded tubes was fully covered
with corrosion product occurred for galvanized steel tubes using main plumbing in the air condi-
tioning system.

The factor of the pitting corrosion has been investigated by field test in above actual air condi-
tioning system. The circulating water was more corrosive and contained the fine corrosion- product
particles of galvanized steel. The presence of both carbon film and corrosion product of galvanized
steel on the copper tubes caused the pitting corrosion. As the pitting corrosion was much influenced
by fine corrosion—product particles of galvanized steel rather than carbon film on inner surface of
copper tube, pitting corrosion was reduced by entrapping the fine corrosion-product particles of

galvanized steel in the circulating water with fine mesh filter.
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BIMRERRRNEH Y 2 7 2icBWVWT, HHasN 34
BEAKICRTIRETH LM v FWED 2 VIIHEON
BHICHERIBEME N 3856, BREHEANOBRE®
2B IcHBEINDED, WThoBSILAENERX
NTWVW3B, BIFIR2VTRE, ThETESHOMIEHRE
Mz E Y, BERROROXBLNTV S, —4,
BEIRERNRION —F v HESIARFLOEREZE
AZ b5 & OMEMIEROE/MES 205 T2, BRE
BN b SOMERRE L 2 MEIRS TV, ZLT,
BEBRxhATLAR BB L IR0 ERL, »
SIEARCISHROBEEES EHES NI HTE
OYENHER L TV 5 2 &MLV, ENEFNDKE,
HifakE s 5 bk BT 5 & pHAA8~9 & 5L, M
T U ES 100mg/l B~ 100mg/1 £EV, Fik,
ERBEBRYPZOEEIC DY, SRROBAERY EHEE
ShAMETFREEh TV S,

AUIE TREBKTOILER > W THRENFEDO & —
FrREogEs, BEMOAEGERLE LTRSS
NAWMMTICER LT, FlESRAEL TV 2 EMHHERSS
T T~

2. £ B H &

2.1 HHE

A 15.0mm X AE 0.5mm X £ & 2000mm @ JIS
H3300 C1220 © b AIRBHKEE (L%, WE L)
ZHEV, ENEEEE CEY Nol % ; 2mg/m?, No.2
% ; 3mg/m?, No.3% ; bmg/m? % U No.4 & ;: Omg/m?
Ellc4BE~TEYMILicb 02 HHAEE L,
ENEECRENRTDNE L - RV EEAEER
MicrLicboTdh, FoEIENOEMEGHES
TR ERE U5, THEE & IR O REBAR TENME %A
fRXETHNECEMEL, FABRETRNEZCLDRAEL
726

2.2 HBREH

R AL TIEOMMRERERNEH > 2 5  DE
ERIC N NI EERERY, ChicElEEREE L,
EEGETKESFER SLIK icfiF S h o BERRHK (2
%, EBRKEET) EEANKRE®0.12m/s THAKL T
Bl oo, WMBREBRD 2EME L, &/, BB O
LEER AR S BMENRMA D R 7 — V& EREER:
%, EREEMERVF 725 —-Y2RVTRHE Lz, B
KRAFLERS 20T, Rkbeftlisiias L, ~7
U Th O3 - 118, EFEEMEIC X 2TEEBE T
AL,

R AARRECKETENEE CROBELHE
T 57, HEEK No 1~3EEH Y, 107 ARRR
2B I -1,

HER 2 LR KEFT Kb OB T O Z B4
5%, HREREREICA v Y2 10um O7 4 W
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Table 1 Typical analysis of test water.

Open heat . Filtered .
Circulating| | . |Replenishment
storage circulating
water water
tank water water *
pH 7.9 8.2 8.0 6.3
Conductivity
142 152 143 e
(pS/cm)
Total hardness
42 46 41 40
(CaCO; ppm)
Ca hardness
38 40 37 32
(CaCO; ppm)
M alkalinity
48 580 46 15
(CaCO; ppm)
HCO3™
59 — 56 18
(ppm)
SO~
5 6 5 18
(ppm)
Cl™
5 5 6 7
(ppm)
Si0,
3 3 3 7
(ppm)
Total Fe
<0.1 12 <0.1 <0.1
(ppm)
T.D.S
40 1182 43 22
(ppm)

* : Filter mesh : 10pm

5 —RBE Lz, HEEIC No. 3 RUF NodEEH W,
74V —EBREEOLLET L7 BEEBREB I 57,
BB, 745 —id 1~2:BMECB L, £/, B
AEMRE LTIy EREAEH L, BASHREND
HERAEEB I - 1,

2.3 HBkKE

Table 1 icH2GEK, #EHBK, # v ¥a 10um D7 «
V5 —ER % DIEBRIK K RIHE 7K O KBS ER 2R,
LERK EBRK ST 3 &, EBKOEHEM 71
B VEE, 2 Fe RURRBERMIES L >TWVW3, &L
T, ERAKEA 9y Y2 l0m D7 4 VY —2BERIE 3
&7, LAHHOMERERMIKkO zh s BIEREEE
Ho>TWb, BERAKOM 74 VE, £ FeRUKRE
BP0 I JERK S R E MR I 0 AT T80 4 o
FHE DB L, KOEhT LT ORE
KB bDEHEESNI,

3. =

B B R

3.1 BT
Fig. 1< No.1~3% o 10 # B Bk #% O Wi & U Wil
R¥L, PFig. 2 KA BBOEEEERT, No.2 KU
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Fig.1 Surface appearance and cross section of copper O 2
tubes tested for 10 months in Test 1. E
>
30 E 0.1
o O No.1 =
cf A No.2 = g
. ] No.3 12
— 20 Time(month)
(79}
x A Fig.3 Variation of maximum pit depth of test tubes
o with time in Test 1.
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Fig. 2 Variation of number of pits with time in Test 1.

No.3&E T, EEAKEI Y v FOERSED ST,
ZOTAABOFRAENFHE SN, No.lE TN
BEE<Y Y FOEREFO N ICEVERSHES N
WBERh o7, #L T, Nol»hS Nod3EFEEEHEC
BENZ VL0, LAENEL, ToRERELZVTN
& BRI & - 72, No.1 & U No.2 iAo
BlE & bICERNEEINER L, Nol&EoK
BEIE No.2BicH~N, hiEb/h&hots, No.3ETH,
SHERBAIGTR 6 4 ARITABICIEML, TOREBESLHE
Bin&E1s -7,

Fig. 3 W R AFLEES oA ET T, BRALAHE
S IFEEBIARA® U, No.l, No.2, No.3EODONETHEHE
CEBOZWHMNEL, T0ZIbiE No.l Mixb/hE L,
HEAHPERL CLELTH 272, No.2 XU No.3E
oW TIERERBAISR 6 1 AR TRBICELL, TR’
HEPh Ll -7z,

3.2 B2

3.2.1 FLEFLEIKR

Fig. 4 No.3 kU NoAED 4 7 AHBREONER Y
WA R AERK 7 1 V5 —EREENCRT, F7,
Fig. s KB CBEBAFESOMZERT, BECERO
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Fig.4 Surface appearance and cross section of copper
tubes tested for 4 months in Test 2.

mg/m? D No.4 BEiZ 7 « V7 —@EBAFETILOEGE b
WohEREG T Y v FOBRR S NI, 20T iEE
AERCIVWVEAEOERVWEEDATH -z, £,
BAESCBVTE, 740y —BREECXIEER
ZRHB oMb o1, —F, HE CE5mg/m2 ® No.3
BTH, 7405 —BREHEOVWTIICbREHTY v
FOEEE F O T OASEES N, BREESET 1
Wy —ERESEREDR 1/3 Eh I DEVEERL T
Wize 7 4% —EiRE OHRE I b D Kbk
DOFENS S, 10pm BITFOKRGEH % 7 4 V5 —
TRAKBRETHIEETER LT EDEA BB,
KBRERIAARERT & LTh — K v RIRR UK
FFAs, ABoRERNT & U TOkRikiTsEE54 3 C
EERTHDTH D,
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Fig. 5 Effect by removing fine particles in test water
on the relationship between corrosion depth
and residual free carbon.

300

_ Non-Filtered
©
T 200¢ —~=-"%>No.3
O -~
23 4 o
c 0 S S —" ~SN [
2 ; 0 Filtered
£
O ~—
O G
100 I} P11 1 3 1 I i 1 L 1 1 Jnda L 1 1 1 i1 oL
0 500 1000 1500 2000 2500
Time (h)

Fig.6 Corrosion potential change of copper tubes in Test 2.

3.2.2 BAEEEMOEBEL

Fig.6 i No3 U No A EDERAK 7 4+ V& — B
BFROBABHEN OREELERT, No.3EIDWL
T, 74y —EBEOEE, MK BAEHREN
13#9—50mV vs SCE, BEjoRBA & & bIciBL IcER
LR L, PERBIREE 300~400 B & Z 2 THRE
BREAIH 200mV vs SCE £ TEABIC LR L Tz, £O
%, HRPEALTCHEFELVENOLERRZA LMY,
220mV vs SCE TR L1z, 7 1 V¥ —EBE OEA
7 4 vy RS B OEH £RTH, WA B

AEBEBN I —80mV vs SCE, B OLEMIH
200mV vs SCE L RN EDTH > 7c, T, EBMUEN
@ i HERBALE % 500~600 B & 7 4 v & — @R
L0100 BRTE P 12 —F, NodABED T 4 V& —
EEH RO BRI O BARBAEEA 13 —80~—90mV vs
SCE, ZD®OBMNE(IZHME LS No3BED 7 1 vy —
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Fig.7 EDX analysis of fine particles in test water.
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Fig.8 X-ray diffraction analysis of fine particles
in test water.

R OGS LR ABEERL 2, BORTEMIRK
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7 4 & —EaRELS 100~120mV vs SCE T& - 12,
NodED7 4 vy —@BRELEOLETE, 710
BEREOCEMMIEL, No3BERUF NodED7 1+
—EREOE T, No3EOBEMAKELHL-TH
BALO FRICRIE T KPR FR U — R VD
fcn%‘n@ CEBTEDLND, BT, No3ED7 4

—EEEOEMNIE, TRTORBEAOhTHRLEL
BALERL, KPR FRUA —F v RECHEMERMH
D LT,

3.3 KM TR

KPR F O EDX SHrfER % Fig. Tic, X #REE
% Fig. 8105 T o = 5z, Fig. 91c d7kepisr T % fit
ETH/LL, X7 E%R EPMA WS E2 B 212 - o8
RERT, EDX OHFFER T Fe, Zn, Si, Cu i<
Aooh, XERFTE~NIELVTZ 24 b (ZnSiOy
(OH): * H,0) MEIEE Nz, EPMA HATER TIX
Zn, SikU Febsafid e &N, Zn, SiAFEHIEI, Fe
BINOERERANBIREBREEN, £, Cu b
WPTHAHIn, SiEEMEBEILED LN, ChoiER
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Fig.9 EPMA analysis of fine particles in test water.

o, KR FiEEIC~IELY >4 b EEBR{LYT
Bkah, COWMEPEBELEZLOTH S EHMEN,

4, & =

THhOERD» S, BHEFKT BT 2MEOFAERK
R TF & A — v RIEOHEFEER R4 d 5 T LR
& o t, BINK LA OREN S Ic K FERF O
BIrHo>WTEE LT,

R 1 RU 2 TEOShIEREENERE C B L&KL
BAESOBRTERL, Fig. 10icR Lk, BRkDO7 4
Wi —EREORAKALAEES KBV T, KRB 4~6
HBOBARS L0 AROBRES 2 ILEKT 5 &,
10 AROFBEPCEVEETH S, ThRERHC
EBNEL, oKk FRELET 2154, FLALEK
Btsh o8 HORIc B RE L, FERFcEL S H#IT
L, ZOBOEITIEL UAEHERL TS, TOX
A BB SLEOHETHES - EBE LT,
LaEoFEE 2 oMETIc L D AR L BaERY, 413
bbEgEm~y v FBEREKEL, 7V — FESED
Ltz EDBBRLTVWEHDEEZ TV D,

B CEM O0mg/m? TRIGERKD 7 + V7 —EEE
b 53, FALAERSIZH0.05mm & I1Z2IE[FH
BTh 3, £, BE CEH 2mg/m? THERKD 7 1
Ly —BRETS Omg/m? EEIUEBRESTHY, B
B C 845 0~2mg/m? OHETORRIIESE C KUK
WRFRME & S5 EY, KZT0b0OBEEEIHE
2ZPTVWEEELZONS, BYEH CEY 2mg/m* Yl L
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Residual free carbon (mg/m?)

Fig. 10 Relationship between maximum pit depth and
residual free carbon in Test 1 and Test 2.
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Fig. 11 Schematic of each influence factors on the pitting
corrosion.
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HFic>0WT, Fig. 110X H i 3 >R /T 2
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BECEIOBBRTERLERTH I, I IIKkE
Db DODBEMHET AH (- Ry RERT, »
DKM FARESNARETORR), HRIIL —
TV EIES BT 2R (1 — K VEIRET, okt
BRI hRESNLRETORA), MBI IZKPHEL
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Fig.12 EPMA analysis of C on surface of copper tubes.

FEET 28 ( — X VIREE T, »okbEkT
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ClREEENTWV B, FLEOFA & BT IR T & 4 —
FURBEOHFEIEHIc L5, GBI L SFERTION
ﬂﬁ< ERRKKES E TOMREEMEEERT 5 &,
DEEBE I KPERFOAPRZVDEEL b5,
E% ERRREALDZAL T SR F R O 4 — KR v R
DOEBIWASNA TS, No3ED 7 4+ V¥ —ElE
b 5 HABHEN 1T 200mV vs SCE %
TW3H, HRRLAEESKHELEBR LA TVWS, &
REMD EFIEH — 8 VR, FLROMETICKPH
WFHBRLTWE D EEZ NS, £LT, REBE2
O No4 EDOHREMEBEMENLHEFETARP RSN
o TR ELD S, FLESFEA LIBY 2 FBAIEH 100mV
vs SCE £E& X o1t
AR U f Kb & o — o v REEOREER I X 3
LEFEC>VTRO LS IKEZX -, Fig.12 103 2
KAWL HEERNRETO C © EPMA BOHHERERT,
B C &4 bmg/m* OEEREIC I3 C DBESH K
Hah, #—KvREMIERTICARE—cERL T
BT ERRLTVDB, TD&D HEMREDREILEE
K & B L 7 GE, 71— RER S v — ¥, A
HEAS T/ — FERVBRERIGSEZ 5%, i, B
e LTEER~NIENLT 7 4+ &8 L% ik &
LIk hfh F 2 SO ERKSERE N S &, HENHE
WHET 5, Chick»>T, SEHE, +RLLEER
DT /- FIEPRD L, osKehi IS iss sy —
FEEBID %ﬁm%&t Lo BHREBEND LF
bEBILIR, TOHTHEESNE DEEL SN,
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F 7, B CEMN Omg/m? D EPMA o iERcRl
K CHROABVIIE IR Fig. 2 IR T & 5 UM &
Fhevv v FOERBRONDY, BEEELYETL
ARMERIEVRMNICS 22 b5 b LB 2 EBE
Ab,
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BEEBREVWCEER LI, COBREEEA, EFER
BETTRELTOWAILEREE LT, Kb F2k
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RUOHED H — K vEBEAERY C B TEY 2mg/m? Bl
TEd 2 ERERT B,

b, ¥ & &

Bk REHME AT Y 2 7 & CEH & 12 RN
FBioRgEdT 2RI >VTHRFL, DToL S BiERE
"/,
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Hsﬁé:hto

3) BREWEMNOFEETHH — KV EERTK
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Sumitomo Light Metal Technical Reports, Vol. 39 No. 1 (1998), pp. 85-89

Development of Triplex Aluminum Oxide
Dispersion Strengthened Copper Cooling
Tube for Nuclear Fusion Reactor

Masaki Kumagai, Tetsuya Ando, Shigeru Senda, Soji Kajiura,
Hisanobu Okamura, Yoshitaka Gotoh and Masato Akiba

Divertor target of International Thermonuclear Experimental Reactor (ITER) is designed to
withstand nearly 20MW/m? heat loading under normal operation conditions. Due to extremely high
heat fluxes and thermal shocks, plasma-facing surfaces of those components will be armored with
carbon fiber reinforced carbon composite (CFC) tiles, metallurgically joined to cooling tubes sup-
ported on a backing plate. Oxygen free copper (OFCu) cooling tube has excellent thermal conductiv-
ity and brazeability, but it is low strength and heat resistance. Oxide dispersion strengthened
copper (DSCu), which has high thermal conductivity and high strength even after brazing with
Cu-Ag-Ti brazing metal in the armor tile joining, is one of the most promising candidates for cool-
ing channel materials. However, DSCu tends to be penetrated by brazing metal excessively.

In this study, OFCu/DSCu (Cu-0.5mass% Al:0s)/OFCu triplex tube (OD/ID=21mm/15mm) has
been developed through internal oxidation treatment of Cu-0.3mass%Al alloy powder, hot extru-
sion of a clad billet, rolling and drawing. The outer skin serves as a compliant layer for brazing
above Imm thickness. 0.5mm thickness of the inner one is enough to help in tightly grasping twisted
tapes which are inserted tube inside for improvement of the cooling performance. A large scale ver-
tical target mock-up has fabricated; the triplex tube were joined to saddle shaped CFC tiles and
OFCu heat sink blocks. The mock-up endured 20MW/m?-10s-1000cycles thermal loading test at
JAERL
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75 R MM i R R R RE AP (Carbon
Fiber/Carbon Composite, LI'F CFC £529) &7 — =<
FANPBHELTED, BHELOEAICEASNUIE
HTh s, CFCHERFMHEoRSCR, BERmK
RALMEERY 5 Cu—Ag—Ti%A52HVBE T &Itk
D, 550Ny RUEBEHEICENITESRSE LN
ZCEDHLPIE>TVWEY O, Cu—Ag~Ti %5 >
DA IFFEREE S00°CUUETH %, /KD 7 v &8,
Y3y sy o AMREOREEEERES T TILE
EREVWEVS0CELZTH Y, L oEEGo o
DB SFFMBIC & - THRILL TL & 5, IR OMH
EHETHRET R ITORIERE ST, BHBEORERE &3
HOEWSD LD, THEHCET ZEH I b AT
ah, KPP REMEL->TLE S,

ZIT, BPEASEL N TV YII=y Al n
LHERICRA T, 1000°CIEL OERICEEhThIELAL
b€ d, fEROBVEEREFTT ST VI FoEGE
{BSRICiER Uk, 703 Fo3ucRibidE, TofE Lk
MEWE S A EHIC L 0B A R o FEFEAEHRE LT
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k= n2BEESECIBEL TV ST~
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MERICIEEESE LT, Z0FITRAHIMTTIIA
#HTh 59 HEEICEBIENFEHVICGS REESE
Clinc & s, BRAMICERRANEET 5 &M
F LW, i, HRME S REMBOREEREMP KX
CRB B, BMBEME S 2REEBPHEL LY,
o, ASRALOEDICEICEAT R AL F—
THEEES NPT VEEMEHICEFO D 5 40 Wn
5, BETEEOBMKMSTN S NI bR AR
FTEHZENEE LY, 22T, RAMIC NS ORES
L, 250 % bEMEELET 2 MEBRNA/ 7L 3+
SEGELHH/MBREFAC ZHEE %S, ITERO § A /5—4 —
BHIE L LTS T 2 & & bic, ZOMHEEEHO M ICT
2 EEEHME LT,
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Bird's-eye view of ITER Structure of divertor

Fig.1 Schematic illustrations of ITER and divertor.

86

2. A &

2.1 #EH

Fig. 27 v 3 +o3Ekss{bé (LI DSCu &89 ) @
SETEZRT, FEHSICRKT b4 XEkic kb {El
U1zRE T4um Pl T O Cu— Al &R EH W1, AlE
¥, DSCu &5 -7 & & OMEGRE, EEME, INTH
D5 vADENT 0.3mass¥ & LD, TORKDOE
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850°CITIIBRE; 5 C L ic K NI ER L = &, A
SEEH 50nm OGRS 7oV 3 AR X NAEELET
RE) BOBUIBERE L, &5AENZAFHSGT
700°CIT NBVEF; U R R D R4 18 80 O B4 % 8 oT
Lizo COBREBEHKEZ L2 (CIP) X v [E1L
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B i 7 2 BT AR 60mm I BRIE U, [EIiE
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BMIZRHIR® OFCu R Y v 3 =9 & 7 o &
(CuCrZr) ZR Wi,

Fig. 3 Io/RT & 5 it L Br Bl 2 abeib,
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DSCuw/OFCu 0 ZEE LI TOHETIER L 7z, OFCu
BONAZE 120mm, W 100mm OEERiicE T a4
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Vol.39 No.l BRI F@RIER 7 v 3 F O =EE Dkl 87

; I IE N PHEES S SNT VSO EEHKE L,

3. BRRUEER

3.1 B3I mEixOHERE

DSCu core BB % 5 5 0 A5 Lz 850°C X 600s 0 Zeftk T B

High strength after brazing BHEZES L, MBAROBHIEEZRAE L ERE
Table 1 ¥ Fig. 4 127”9, {L2ES T DFEE, DSCuth

“QOFCu clad « DTV F BT 0.5mass% TH - 2o DSCu K U OFCu
Good heat conductivity DEEREF, FHFh 85%IACS KU 102%IACS & 5
Outer layer : Good brazeability Mo t, 5lEERMEIC BT DSCu i OFCu % CuCrZr i
Stress relief WRTHEICHMENE, REEBSIFEREROTER

b Inner layer : Stability of swirl tape BERED 300°CIK BV T b Z DEEANE, - 72, 850°C
(Section of Corrosion resistance

cooling element) X 600s O FESZ DI, DSCu 28 Cu—0.75mass%Cr—
Fig. 3 Concept of triplex DSCu cooling tube. 0.16mass%Zr 540 2 LI ETH - 729,
3.2 A5
Too BEEMO TV I > BBBAKREREOCOIIC L b ER Fig. 5 iR &RV 5 5 OIEA 0 R OFERER T,
L, ERISTVTY) v VBICEOREL 7, A DBEMEBmICIEL > 2 &, DSCu 254 2mm,
2.2 B5fT17EE OFCu 3y 4mm &, OFCu OB KEM - 72, BMKN

%9, DSCuKk U OFCuicsdd % Cu—~Ag %55 DL D B S OYLHIEZEE, DSCu 3% 125um, OFCu 28
BOEFNB D, WRERA TR -7 B #40pm &, DSCu OADE L < RiEFHE I id ¥4 K28
& 0.25mm @ 25mm F OFER D FiKE & 30um, & Hont, TOEERDPS, DSCus OFCuicth T A 2
Imm DR D Cu—15mass%Ag —5mass%P % 5 % &
%, 1.3Pa ©EZEh T 680°C X 300s THEAETT - 720

Table 1 Properties of copper materials.

42mm X 35mm it D OFCu AR % —micE L, & Electrical Hardness
& 10mm, 25mm fi, XEHS (Ra) 25um inkf L  |composition °°(‘;;:2§;y ay) | Softenine
DSCu & CFCH iz, KOS 100um @ Cu—28 Metrial | st |— femperacure
mass%Ag — 1.8mass%Ti 5 5 i3 #, 1.3x10"*Pa Before | After |Before| After | ()
@E%\EEP 850°C X 600s T 5 5 ﬁ' ¥ %ﬁ ate AD H— Uf(ﬁ annealing | annealing ; annealing | annealing
DOFEF D DSCuBxEE L, BEHA S 0.5mm Bt/ DSCu | 054,05 | 84 8 | 155 | 150 1000
CFCHIcHE AN T 5 5 T MO HMWT 3 2 E %= Hl OFCu - 100 102 112 60 950
EL f:° ) , 0.75Cr

PR FBORBAIERIC CERBERBEC L > OB GGz o @ | 9 | 168 T | 50
BUSTTZ T U Tz, BT icid CFC M R U 2 5 0wt
HEAYV, BEABOESE50um & L, 700CTHEAS 500 } |
N, 20°CE TH—ITBHIE N BEMETIT- 1% < Dscy —*— u.Ts.

2.3 #eHHR = CoL

~ 500 OFCuy ——2— UTS.

PHEEE L 2 OARCHEHT AMATT AEBmm,. £ | —o— ¥
& & 20mm, E& 50mm ® CFCH# 4 4 VK OIE 35mm, £ 400> CuCrzr —o— YIS |
= 15mm, £ 35mm® OFCuk—k ¥v 4%, Cu— 5 \\
28mass%Ag —2mass%Ti *— X F A5 %24 LT, 1.3 2 25 o

o, USRS e . n

X 10~%Pa @:égqn 850°C X 600s T HIJ:@S@ME“'E%: 5> 5 E\ \
{ij‘ L7, :Eé(i%b%%ﬁ 3000mm @ZEEEU, Eé =4 200 — 4
1500mm & Lo T OBBRAIC 10m/s O Fik Tk g \’Q\l
2% L, CFC#flic ITER 75 X < st as et & i 2 100 o j.\ ~<
TOMEEARE LETFE - A2BT A LI E 5T, © ‘"*‘*T-:::%
FA N — FICFR S N AEERUEETEEMERET - - 0

0 100 200 300 400 500 600
foo EWBEMENE LT, SMW/m*OBERE 1ks

DRI 1X 104 B D LS A 2o BB BE Test temperature  (C)
HERE LT, 20MW/m? OEER % 10s OEEEE T Fig. 4 Tensile properties of copper materials at elevated
1X10°EgEVRELE Ak, IS OBANRABED A temperature after annealing at 850°C for 600s.
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Fig.5 Results of Cu—Ag brazing test at 680°C for 300s.
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Fig. 6 Influence of OFCu thickness on joint strength
between DSCu and CFC.

DEDS DT L, B A 5 BEBICHRE L THEAH
DAEIWBART B ¥ -7, Fig. 6 KARDE X %
ZZ 1 DSCu it Wiz 5[ HBRoOREERT,
OFCu A DIE & 5 Imm R DHEIIE, AHIMBT L
I F ORI ~RBE L, 55 IO BRRESK
ELETFT BT EBHSLITE 512, OFCuAEDOE &
B lmmicis s &, BIWEEE S 16~22MPa & 72 b,
CFC ME L OEAMED 19~24MPa it { 5 - 12,
Fig. 7ic OFCu AR O E s S BYIL S OBGR AR T,
OFCu AR DE & H Imm RKiss DIFE I G EEEE I AT
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TRELTW,, EESMOHENRA KRG T 5 8IET)
(7,,) &, OFCu®EXH 1mm PlLETOFCu 4575\
BIERTHBRELT B, Cho0ER2L, AR
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Fig. 7 Influence of OFCu thickness on residual thermal
stress between DSCu and CFC.

3.3 ZEELLTOEHE

Fig. 4 12;R L7 DSCu 5 O OFCu OFM O /1% & &
2, ZEEICBIF B DSCu OEFREER & 850°C BEF % O
FIOM%%E Fig. 8 iWiRd o 5 50 & AW BEM
iR T 33 & SEE Imm © OFCu 2B As 4%
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D3FELLETH Y, FHRERORETRERE TH 5 300
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13200MPa L ETH b, OFCu Bk E ich~T
WIBoBEEALTVWAEHESNS, T T, Hidl
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Fig.8 Relation between DSCu volume fraction and
yield stress after annealing at 850°C.
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Fig. 9 Structure of divertor test unit with triplex
DSCu tube.
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Fig. 10 Apparatus of divertor test unit and
microstructure of the joint.

Table 2 Results of thermal cycle test.

Divertor | First wall (MW/m?%)
Condition . Result
MW/m® | General Special
Normal No crack
5 0.25—0.5 3-5
heat load (20s X 1000cycle)
Urgent 90 No crack
heat load (10s X 1000cycle)
Electron Beam
j J l Vacuum
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Recent Topics on the Aluminium Industries

Shiro Sato

The aluminium industries consist of three major fields. The first field is the raw material proc-
essings for minig bauxite and refining alumina, second is the smelting processings to win
aluminium metal by molten salt electrolysis and the third is the processings to manufacture the
wrought semi-finished products by rolling or extrusion, or to manufacture the fabricated products
by casting or forging.

The world statistical data show that the mining bauxite and refinig alumina are made in the lim-
ited countries rich in natural resources, such as Australia, Guinea, Jamaica and Brasil for bauxite
and Australia, EC, U.S.A. and CIS (Russia) for alumina. The annual production of aluminium
metal in the world is about 20 million tons and it is well balanced with the world consumption.

Japanese aluminium industries are confined their activities to the manufacturing processings for
sheets and extrusions (semi-finished products), forgings and castings. Total production of
aluminium products in Japan is about 4 million tons, the second largest in the world and next to
U.S.A..

Almost all trading of aluminium metal is made under the effect of London Metal Exchange
(LME). April 1997, Tokyo Commodity Exchange (TOCOM) has started trial operation of
aluminium metal trading but the amount traded through TOCOM has been much less than that ex-
pected.

Under the recent trend toward the environmental protection, the mass reduction of automobiles
has become a matter of great concern. Recent examples of success for the mass reduction of auto-
motive parts are, for example, the bake hardenable body sheet of 6000 series alloys and the high
duty pistons manufactured by forging of extruded rods made from the ingot of spray deposition
(Ospray Process) of special aluminium alloys.

The largest commodity item of aluminium flat rolled products is can stock.lt is being traded in-
ternationally based on the price and the quality.

A hypothesis to claim that the invasion of aluminium into brain cells would cause Alzheimer dis-
ease has been presented. However, no concrete proof has been presented to prove the hypothesis. On
the contrary, it is becoming clear pathologically that Alzheimer disease has no positive connection
with alminium. Aluminium indestries never hesitate to support the useful investigation to clear the

relationship between Alzheimer disease and aluminium.

Aluminum CK), 88 (PED) SITEMBELTHV S

Lo NBES B ROH, RAMEREBRE TS 5

T =w s (Al FEFES 13, Aluminium (), Hall-Heroult #ZOFMH (1886 4F) LIk 2 & THh 3,
©PIROEG A 14 H, PR FEAMEAZC IR, 0 VT 7 AR SEMRELTHRCRIATRSL
KIE&EE, 22 (1997), 560 <8k & GBh otk & LTI © 8.13%), MHEE LT,

co BRESE TR, TEG+ BRETHHCE (LE: 2.1, FAKCEER: &2
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=y ald, B FHie) ~—XTH2000 5 i
HELTHBY, £z, DUBEDO 7V =9 A REFHEE
i, 4005 v EBABIKE->TWS, T =94,
EHENTI0FERERT, MAHSEMEE LT
RSE2DHMNEEDBICE->TWV D,

AR, EORE»SAT, SHOT NI 2w A T¥
OFEEEOHD» L, BB Lo LIRS, EELO
Bk & 23 RA THEETEHDTH 3,

2. TIHWEIzZOoLIEODTOT7 14—l

T2y A TER, ROIBMEOEKD > TS,

D) EMETHEER—F41 FOFE» &1 ¥ —7k
KE->TTNIFEREIETOTE,

2) TAIFOLEMEEFICLOERT VI =T A
x5 5 TcoIi,

D TAI=vaiie (WY RS LEANS,
275y FERFRE U TREAM RS 285,
BERFORM R E RS 5 T,

2.1 R—FH A E&TILEF

Table 12 tHRO R —+ 4 A4 rEHEERT. TV
I=zvald, nRELTHEPRECET ATV S,
T FEIERARRE L TOR—-F 41 M, MBRE
BOTRALEL TV S,

Table 2Vttt RO 7TV 3 FEHEEBEZ R T, £ — X F
5 ) 7 OEEENERLTE G, TIIFE, TLI=
U ADQEHRICHEITONE bDONIEEAETRTTH S,
—WiEe5 Iy 7 2AOERG St hr bodbH b
B - BAD,

2.2 TII =g LBigE

TN =g AF, T FERLY (NaAlFs : K
) OERETICARESY, CThEREERTAVWTE

13 23,519,500 b > /4ERT (1996.6) L& TWAEY, his
Hicosb, — &g, OARERE G omETE,
35,000 b v/EEM, OAHTH D, —ERITIEDOEFERE
i3, 1970 FERTEFEE 75,000 ~ v /4 QFF) Th -
fohs, S HTRIPEE 160,000 F v Th b, BoiitE b
TWAEBMRTIZTE, 400,000 v /4F QFRYD Ob oD
bho, KEIoERMBELV, BHEDEI 15 F5]
17,000KWh/ + ¥ Tdk - 755, 4 H Tt 15,800KWh/ k
v, OO T 13,000KWh/ kv &7 - T W32,
MROT7IV =9 siie i) OEFER% Table
3V WanT, FEEERECKE, CIS, 7+ 4, fH,
A—ZALIYT, TIINEEDVWDHYABEFERETH
b, THIC LTS, HEARE (HAE24M) oHAK B
WT, 7N =g sHI@OEENIZEAETOR TV
WZERHLWEY TH 3,

2.3 TIIZUAREOMIERE

TN =T A, K-SR, WHhYABRERE

Table 2 World production of alumina in 19957,

Country Production Ratio
(1000 metric tons) %)

Australia 13147 30.6
EC 5269 12.3
U.S.A. 4530 10.6
CIS 4487 10.5
Jamaica 3030 7.1
Brazil 2147 5.0
China,P.R. 2080 4.8
Venezuela 1700 4.0
Japan 743 1.7
Others 5803 13.5
Total 42936 (100)

Table 3 World production of primary aluminium in 1995%.

Bdatick-TBoN5, BE #H#HADPTT VI = Production Ratio
v AT (BigEh) 12 187 hEriciEE L, AFEREN Country (1000 metric tons) %)
Table1 World production of bauxite in 19950, U.S.A. 3375 17.1
CIS 3056 15.5
Country Production Ratio Canada 9179 110
(1000 metric tons) ©e China,P.R. 1658 8.4
Australia 42655 37.9 Australia 1293 6.6
Guinea 14400 12.8 Brazil 1188 6.0
Jamaica 10858 9.6 Norway 847 4.3
Brazil 10214 9.1 Venezuela 627 3.2
China,P.R. 6500 5.8 Germany,FR 575 2.9
CIS 6057 5.4 India 524 2.7
India 5163 4.6 Bahrain 460 2.3
Venezuela 5360 4.8 Japan 18 0.1
Others 11473 10.2 Others 3897 19.8
Total 112680 100) Total 19690 100)
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Table 4 Total demand of aluminium products in six world major advanced countries.

Output in 1994 (1000 metric tons)
Use
U.S.A. Japan |Germany,FR| France |United Kingdom Ttaly Total
Transport 2309 1131 362 2217 106 231 4366
Machine 571 120 119 30 39 76 955
Electric application 671 236 68 77 24 73 1155
Construction 1402 950 21 88 76 313 3100
Packaging 2281 402 129 67 121 120 3120
Others 1163 816 305 109 104 174 2671
Export 1196 189 754 479 17 259 3048
Total 9599 3844 2008 1077 641 1246 18415
A f 1 th rat

verage of yeary Rrowm I | gy 3.7 2.9 2.9 2.8 4.9 33

from 1984 to 1994 (%)

LTHwWShEbDDEDI, 8B (51 AR FA2ED)
PIELE LT ELHVSORTWS, Fh, BREH
(BRI o—2) PRBRA®R (o7 v b OHEERER
K& wbHVond, Choa@iLT7r =y
LOMERLEL, TOREIESEEFECHERICOVT,
RBBIc I NiZ Tabled D LS5z, TI=v
LOH®ELT, WX, BEROCAENKE IS
BTWB I EDBDrD, Tableb ldHBEO 7L =

Table 5 Total demand of aluminium products in Japan

in 1996.
Demand
Group Field
(1000 metric tons)
Can body & lid 407.8
Foil 15.5
Transport (automobile etc.) 111.2
Sheets Construction 84
Export (can stock ete.) 181.4
Others 302.5
Total 1241.9
Construction (window sash) 902
Transport 127.3
Metallic product 44.5
Tubes & Bars Electric application 40.7
Export 8.3
Others 135.7
Total 1258.5
Automobile 950.3
(including die castings: 593.8)
Casts Others 178.5
Total 1128.8
Import product 191.0
Others
Iron & steel industry 273.0
Total demand 4093.2
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Table 6 World demand of primary aluminium in 1994,
Rezional Demand Mai X Demand
egional groups . ain countr .
& & (1000 metric tons) Y (1000 metric tons)
Germany 1501.5
France 735.0
Europe 5198.0
Italy 660.0
UK 500.0
U.S.A. 5407.1
America 6732.4 Canada 532.8
Brazil 413.8
Japan 2345.8
Asia 4751.2
India 415.0
Eastern bloc 2388.7
Total demand 19723.9
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Fig.1 Primary aluminium cost curve in 1996.
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Table 7 Estimation of world demand and supply of primary aluminium?®.

D

Calendar year 1995 1996 1997 1998 1999
Supply *!
Past western countries 14389 (88.2) 15315 (91.4) 15912 (92.5) 16306 (94.4) 16752 (95.5)
Past eastern countries 5100 (84.0) 5353 (84.9) 5611 (88.2) 5731 (89.4) 5836 (89.6)
(Low grade) ~300 ~300 —300 —300 —300

Total supply 19189 (87.1)

20368 (89.6)

21223 (91.4) 21737 (93.1) 22288 (94.2)

Growth rate (103.7) (106.1) (104.2) (102.4) (102.5)
Demand *?2
Past western countries 17464 (1.4) 17601 (0.8) 18029 (2.4) 18479 (2.5 18879 (2.2)
Past eastern countries 2695 (6.9) 2933 (8.8) 3107 (5.9) 3256 (4.8) 3364 (3.3)
Total demand 20159 (2.1) 20534 (1.9) 21136 (2.9) 21735 (2.8) 22243 (2.3)
Difference —970 —166 87 2 45

*1 () : Raito of operation in %,

%2 () : Change to the preceding year in %.

Table 8 Energy resources of electric power used for electrolysis of aluminium in the world®.

(unit : GWh)
Regoin Water power Coal 0il Natural gas |Atomic power Total
Africa 6221 3745 0 0 0 9966
North America 61032 27362 0 80 649 89123
Latin America 31726 0 0 309 61 32096
Asia 5280 7740 1185 12095 2 26302
Europe 21950 10144 2697 2288 12162 49241
Australia & Oceanic 6209 17203 0 439 0 23851
Total 132418 66194 3882 15211 12874 230579
Ratio (%) 574 28.7 1.7 6.6 5.6 100.0

Wc, SigifoBEME 7V =9 2FM &M%
(IME) © 16% & d 2T EFHE LT L0 LT
BB, FREICT IV F OBAMGICDWT, Alcoa 4t
Alusuisse £, KO BillitonfLE DB T7 v 3 =9 A%
HEoM (LME) @©125% CEEE) &3 330%
L TWBEDT ETH B,

3.3 LME & JME (TOCOM)

(1 LME

SH, 7=y AFHESOREI OB, s Fy
£&BA51F7, LME (London Metal Exchange Co.), %
ML TITbhTY 3,

LME O3 H < 1876 8ETH BH, 743 = &%
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T = A¥HIEO LME i, 45, &EE, S
A -7, LMETBOoRER s, Fflsg
EHKECEM AN LDy, IFEMEALTH
7co Fig. 213 1986 EA> 5 1995 4 10 B0 LME &
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EERT, O 10FEMTECEIR 18,725 T~ v (1986
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T = sl oMR oEER (20,000 F b )
I LT, LME QW ELR 19 L HTEVIcRE W T
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OGN, HOESOHIcBW TR, BEOFEKEAX
A DTHENRTVWARZ EEERLTWS, LMEltBWT
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Fig. 2 Change of transactions of primary aluminium
in LME.
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(2) JME (TOCOM)
DOAERRHRE2MOT VI =y AFHIESOHEET
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HRALT, 7=y sl OFEMBNEIER
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Table 9 Total supply of primary aluminium in Japan

in 1995.
Supply
G Tt
roup em (1000 metric tons)
Domestic production 17
Import (joint project invested) 910
Primary | Import (long-term contract) 812
metal Spot 678
Total 2417
Domestic production 1049
Secondary Import 330
alloy

Total 1379
Recycle 1200
Scrap Import 155
Total 1355
Total (excluding domestic production 102

of secondary alloy)

BELTRI—FLIEIATHD, ALBBITTE
BZLOICRB DI, RKOIEAPSBELEIN S,
D AERZMEEK 2) —TOMGIRIcESTZ I L,
D VRIANy VOBERIZIELU SN B I &P, TOCOM
TR7NWVI =y ATHGIRERRESERE L TELE
ZERERZ & LT3,

GBEL: 10 A1 BX b RERERESIFTEBVTH, &
HIENEEIFIC-SWT, 7o =9 LHSOEWEE]
MEIBENT)

3.4 BED7ZII =Y AMSER

1996 FEFIchBETHHE N2 TV =9 A8 5
24,000 Fr 282, HRE2MTHE, HELSH
oIS iR ETHS, TIREEHS, X2 Ty T XI5,
1995 FEO HHFED 7V T =9 A Hie O FLEAARH % Table
9ITRT, HISHBE 4,102 T v ORN, i 2,417
Frr G9%) ThY, fhic k&S (F &L THEAMR
LSRR &X2 99 78FNFNR L3V TFr v K
U1,35FrvThB, BL, ZkESHESDOENERE
W27 3y 7 EFHEEFHWTITbRTWS o, HiE
HRICREE LAV, FiligomA FER), vwbw3
HFEIA, BEAOT NV IMEEEE 7o Y 2 2 Mabhs
HoSEISHEL, HELEIEL CEBE D 2 b Tihle
BB EAEABNELTWVWAESLODT, Tablell i
ZOEMERYT . bHAEO SR & SEARMALE, b
¥, oK, EEK, KEM, 7YTRbk-TW3,

4, TFIIZHALEAEE
4.1 BEBEOT7II=YALEHS
SHOBEHEICBWT, TV =9 A5E8HEL D
GRBHEShATHWS, BEBYUSHBERES), EEE
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Table 18 Project to import aluminium metal to Japan by Japanese investiments.

Project Nation Japanese investors Froject
(1000 metric tons)

NZAS New Zealand Sumitomo Chemical Co., Ltd. 540
VENALUM Venezuela Showa Denko K.K. and 5 others 140
PORTLAND Australia Marubeni Corp. 33
ALPAC Canada Nippon Light Metal Co., Ltd., etc. 45
ASAHAN Indonesia Sumitomo Chemical Co., L.itd. and 4 others 135
BOYNE Australia Sumitomo Light Metal Ind., Ltd. and 4 others 131
AMAZON Brazil OECF and 31 others 170
ALMAX USA Mitsui & Co., Ltd. and 2 others 160
ALOETTE Canada Kobe Steel, Ltd. and the other 42
Total 910

HIHEBIIO>WTKERBO TV LR EFEL /£
(1994 4F) #ERY, = vV VEROPREI9FEL X LD,
FS4 7 b LA BARER 22 fEis S Riast 98 BEic 7
W LDEFESHED S, D05 b, EHL LOHERE
Wy v kA o n i % Tablell IR T, &%,
KEERSHE LT, ¥V vy —TJoy o, Bvixy b,
Vo= A VYT x—RAVE (Zavbh, YT) HEMR

Table 11 Automotive parts whose aluminization ratio
exceeds 50% .

Parts No. of applied model (%)

(1) Engine

Piston 30 (100)

Starter motor body 29 (97D

Cylinder head 29 (97

Cam shaft bearing cap 26 (87)

Throttle body 26 (87)

Cylinder head cover 26 (87)

0il pump body 25 (83)

Alternator body 24 (80)

Water pump body 24 (80)

Intake manifold 24 (80)

Water pump inlet 19 (63)

Water pump outlet 19 (63)

Delivery pipe 16 (53)
(2) Drive train

Transmission valve body (lower) 29 (97

(upper) 21 (70)

(3) Brake

Master cylinder part 26 (87)
(4) Heat exchanger

Condenser 26 (87)

Evaporator 20 (67

Radiator 16 (53)
(5) Wheel

Wheel 15 (50)
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Table 12 Variation of automotive materials in Japanese passenger car in 1973 to 199710,

%
Materials,” Year 1973 1992 1997
Steel 60.4 54.9 52.1
Special steel 17.5 15.3 16.9
(Steel, total) (711.9) (70.2) (69.0)
Copper 1.0 1.0 1.2
Aluminium 2.8 6.0 7.5
Other nonferrous metal 1.2 1.0 0.9
(Nonferrous-metal, total) (5.0) (8.0) 9.6)
Plastic 2.9 6.2 6.2
Functional plastic — 1.1 1.3
(Plastic, total) 2.9 (1.3 (1.5)
Paint 2.1 1.5 1.7
Rubber 4.8 3.1 3.3
Glass 2.8 2.8 2.8
Other 1.3 7.8 7.1
(Non-metal, total) 11.0) (15.2) (14.9)
Table 13 Variation of automotive materials in U.S. passenger car in 1978 to 199712,
kg (%)
Materials.” Year 1978 1990 1997
Steel 1198 (73.6) 987 (69.3) 983.0 (66.7)
Aluminium 50.9 (3.1) 71.9 (5.0) 93.4 (6.3
Plastic 81.6 (5.0) 102.5 (7.3) 119.8 (7.5)
Other 297.5 (18.3) 264.6 (18.6) 263.8 (18.0)
Total 1,628 1,426 1,460

10 mode fuel consumption (km/I)

Y

<

500

1000 1500
Car weight(kg)

2000

Fig.3 Relation between car weight and fuel consumption

in Japanese cars

13)
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e BT LRBBARDILTH B,

KEICE, HEHEEESE I UETEREY » oMk
HEBE O TRME MPG (mile per gallon) % % 723,
CAFE (Corporate Average Fuel Economy) 238 7E 9
%, CAFE i3, £BEBELH»EE U2 BB ORI
BEOHEE (MPG) MTREE L T CAFE BEilE
ZFRERIBZEDEVWT EERHTWS, CAFE HHIE
1978 £Eic 18.0MPG T& - 73, 1980 4Fiz 20MPG, %
LT 1985 F1ic 27.5MPG (11.7km/L) L HETsNL TS
HicE-TW3, FAERSN2BHHEOEAERL (W
W75y AL &, HFA L THEHOEREEK
k6L, CORR, £D0BHBHEIT CAFE HE|H
L33, 2O EEMI B0, HEHD
EERE(k & & b IEB(LETmAICE 2 C EBNEE D
3, TIMBOMRET NI LT B NEEMSAE T
5,

THAI=vAOLE Q.70 F#%okE (787 @1
/B3THBM, TVI=Y LG54 OBBMIHRERMLD
b/hE WY, FRERRE TV =0 ASS-OIEIIT
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oA TS, BENS/BREE2DFTRITV, A -
TN =Y LALEBOEKEET 55 ¥ NSX (£ /
Ty 7 REEEE) RU Audi A8 (R—R 7 L — sk
BHEA) oWV T, B—I-W (Body In White, F7,
Ryt y MEEDVWDHW ZEW KX Uil D hang on parts
ZEELORERNOHEGE) 0FEREFMBOBRLEA -V
Ty afeBloGHicowTHRLIESA, &
bic Table M4 lioRnd XSl 7 3fhic L b 0B DEE
DHIESERE N, Fig 4R 7=y oH54880
Audi AB DEED 7 L — L DFEEEIRY,

gl QENE R 7 1 OBR{bE B LW s LT,
HROISHhEOERMA —H —354H 1T & % ULSAB-
Consortium (Ultra Light Steel Auto Body)®#3d %,
SIET2HAFVERL T, MB0AE L FHEHE
CHRTEHEZEANCAEL, MEFoREEREL
X9ETEHDTHB, YHEBRORERICINE, St
BREEE 0% AT 32 E LT, 26%DEERFHA
FEELEARIALTHBEDT ETH B,
IROBBHEDH h Fic>\\WT, CAFE HEHEDBH
MRESEETLEITHASH, BEHED CAFE & 275

MPG (11.7km/L) &2\, BRERHE S V—-7/id 5
BRohzg| & hiFaERBHINTBD, BEER»S
RERHERRZ N TVWBE XS Th b, BHRE EX
AR ROYSNEBHEESN-2-d b, TORESRKVICHE
Han b,

4.3 BEFERTII =T LG

BEHEAOTIVI =y 8582 0T, 2L 0E
NIR PR BEAT R, KETREOOEHL
LTHBHEBERF 42 VEHEER F VB ERSSK
SVWTHEHBIZENET B,

EFEAAT 4 2 VEEHEO T L I LOhThE
SO LIEONTVE LD TH 2, SHDE T AR
BT, £7VIEF 4 HIZ2HERE, & ¥ NSX & Audi
ABDHTH D, hOoHEFEOdICIEI RV 2 v b EIED &
LT, 7av¥—, b3 v 7Yy F, L=T7%D0bY
% hang-on parts iC 7NV =9 A &GEWERA LTV S
bOBHRINAEETH B, A7 142 VHORMIC
i, 2000 %A% (Al-Cuw), 5000 %&%& (Al—Mg),
6000 %&4€ (Al—Mg—S) MHBEhFhERIhTEx
EEAERFON, Bk TREMNE/LE D 6000 R A &0k

Table 14 Comparison of weight of bodies in white made by steel

with those of aluminium alloys. (kg)
NSX Audi A8
Steel body in white 350 417
All aluminium body in white 210 250
Weight reduction (%) —40 —40

Extrusion

Sheet

Diecast

Fig.4 Aluminium semi-finished products used in Audi A8 spaceframe body structure.
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Table 15 Mechanical properties of aluminium alloys auto body sheet!®.

Tensile strength| Yield strength Elongation
Mark Alloy content n-—value r—value
(N/mm? (N/mm? (%)
GM245 Al—4.5 Mg—Mn 270 130 28 0.30 0.80
GC45 |Al—4.5 Mg—Cu—Mn 275 140 30 0.30 0.72
GC55 Al—5.5 Mg—Cu 280 120 35 0.31 0.80
SG112 Al—Mg—8i 240 135 32 0.28 0.55
SG08 Al-Mg—S8i—Cu 280 150 28 0.23 0.70

Fig.5 Billet manufacturing by spray deposition
by Osprey process.
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W=y AEERONTHEEEELDETEEE D,
aBEEc LTV =y s0BEKESEDORIIE, BE
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197(0.5)
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<
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Unit: Milion can (%)

Fig. 6 Market share of each metal can in Japan (1995) 2,
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Fig.7 Aluminium can stock coils.
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NHAET, &LMEoRVWETH B, 2Fh, KHE
50Kg DADEETIE, —HM72Y 50mg £ THASH
205, RIEHmgD 7V =y AAERLTS, R
LoXEEAESFE @BV EDEVEI LS, HL, B
I E > TIRT VI =9 ADHEER» SISO OE S
Rohal bbb H50, 7=y sfFEERICRET
Wz A b LR S SRR B R ALER S o B £ 7 AL 3 e &
NTVWA0DT, BHEBRELAVTH B EMNEL, —
HOERFARELXHBBRTILH5 LI ERIBEECEZIEIY
B, 4B, PDEoRmBERIRTTVI =Y 2E2E0
BHTAEX2DIEIE>VWTTH-T, EHIC L BHEA
NOH D ANBESE LB ERTOT, WH TS
KRB 2T NETH 5,

PlEeilirtc k5 5bidc, BEOEBIEBVWTAR
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Table 16 Aluminium content in food stuffs (average value).

Food stuffs Aluminium content (ug/100g)
Meat 180
Milk 110
Egg 100

Uncleaned rice 230
Cleaned rice 120
Wheat 710
Fish 200
Shellfish 3800
Leaf vegetable 1200
Fleshy fruit 100
Root vegetable 260
Fruit 66
Tuber vegetable 260
Mushroom 610
Seaweed 8500
Soy bean*Sesame 24175
Coffee 4
Beer 7

Tea (Tea bag) 446

CEBRPOEOENENE TV =g ald, TV A
T —fROFERE RBRRE VLD EAKREINE, T =
v AERTE, EXRO I BE TEEORIICED,
—ZNEELARZE-RLELVBDEZEZ TV B,

7. £ & &

TNz ATERIKREITRCH TSNS, o4
bbb, F—F44 MEEDG S T FEEICE B AR
TR, TVIFHoEBT7TLVI =y s B8 T,
T = A, SR M PR ERICE ST
I, Thb,

JFEEAR LR P8R TR AN ZHE Tz h T h &R
PERIANF—ICEE MBI B TEAITED
nNTW3, BiBERA -3 7, BELKE, ov7,
HFFE, EROT VI =y AR RFRIRE
20007 b vThh, MELHEBR I NS vyRLTWL
%,

HAEO7 v =9 s TEIFE, HH, sEEkhso
MTTRERES A TE Y, FHOBELHRE I 400
Fbhrii, KEL->WTHRE LN TH B,

HEDOEE I DEZ L HLME (o> Fy&RBEEF) ©
HETLdHE, RELIA I EETELWS
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(TOCOM) itBWT, TII=v sH4&nf5ishs
-t GBLES), UL, BEDE A, K
& BPEREELIEOTRE->TWVW5, (BB, 0A1H
0 KIRFESEEIFcB W T SEEIBIGB S i),

HIFREAE C RIS AR T 2 VEF —HinBEEHE I L
315>, BEEOBRRASED LN TETVS, ZLT,
TN =Y AHFORAMSERECHEALTVS, LD
BEFERRIIFI & LT, ®F 4 ¢ x U HOBESTE/LE 6000
FESHPEEMER P YHEBEERART VI =D A
&4&#¥E (Spray Deposition EIC & 3) M EMD 5,

FAI=Y AERT Y = AFEMORROEES
Fchbo, ToEMTMBITERTREAR TS H 5,
IR Y v EREOEESEDbNR TV,

&, —ROEEICIY, TVI=ZDLETILYNA
< —ROBEMSIERE iz, L LIlEOHBEREGRAE
T3k AENSHMIRINTESY, L LARNA
DHEEN LTIV =9 AIT VYA < —iK & TG
THBIRMEDBED TREL H-TETV S, bHED
TV =y LAERTREERORIZEE TEEDOMEIAI
BDTVWBEELCATHL, ~ZbRELLTLVI=U LT
WA T —3REERRTH B EBVIESN AL LS
FALTOWABIRETH 5,
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D 7rvi=gs =% vy, BET VI =9 s@Y,
(1997).
2) Robert Unger : Light Metal Age, 55—5/6 (1997), 84.
3 LMEfE, (1997. 2. 4).

4) TPAT &R

102

5) LM @{g, (1997. 6. 6).

6) BARLEHIE, (1997. 8. 29).

7 R.P.Pawlek : Light Metal Age. 54—7/8 (1996, 8.

8) BFESE, (199%. 6. 25).

9) A I8 HREMTERTER (1996. 6. 25), kST
(1997. 6. 21, 7 EHEELEH (Financial Times) @
HHEES.

10) ReEHATELRAS
W, HoMm, (1994).

1D &@em (BT, (1997. 6. 6).

12) American Metal Market, Feb. 24, (1997).

13) BREE : &G, 34 (1993), 264.

14) Public Law 94—163—Dec. 22, 1975, Title I,
Improving Energy Efficiency, PartA-Automotive

HEER&AO 7 v 2 {LHEE

Fuel Economy.

Al Wrigley : American Metale Market, May 26,

(1997).

Nancy E. Kelly : ibid, July 29, (1997).

ReEwe  BEEo 7V (b4 F, MEHR,

GE4 80, 1996,

Yoshio Baba : Invitation to Weight Reduction

Using Wrought Aluminium, Paper preseted to

FISITA '96. held at Praha, 1721, 1996. 4%&&, 38

(1997), 147.

H. Uchida and H. Yoshida : Aluminum and

Magnesium Applications, TMS, Materials

Week’95, Cleaveland Ohio, (1995). 97.

20) R.W. Evans, A. G. Leatham and R. G. Brooks :
Powder Metallurgy, 28 (1985), 13.

21) H. Sano, N. Tokizane and K. Shibue : &&%, 35
(1994), 123.

22) LM #(E, (1996. 7. 5).

23) Bt B : Boundary, 12—5 (1996), 38.

15)

16)
17D

18

19



Reprinted from  SUMITOMO LIGHT METAL TECHNICAL REPORTS  (ritle No. R-457 )

FRESRER #3985 £15 (1998) 103-110

TV =g LEZITB T 35 OISR
FH R £

Sumitomo Light Metal Technical Reports, Vol. 39 No. 1 (1998), pp. 103-110

Recent Technical Developments
in Aluminium Industries

Teruo Uno

ErRBELBE LERASHPEME LY I —



ERELEFR 5395 F15 (1998) 103-110

i 17 & #4

TV = LBEEIIB T A RO

=

F HF R K™

Sumitomo Light Metal Technical Reports, Vol. 39 No. 1 (1998), pp. 103-110

Recent Technical Developments
in Aluminium Industries

Teruo Uno

Recent technical developments in aluminium industries presented in 2nd International Conference

and Trade Exposition held at Atlanta in 1997 are reviewed and discussed. Especially, new materials

or new technologies on aircraft, automobile, marine, train, beverage can, welding, building and

construction, infrastructure, casting, rolling and extrusion are described in this report.

1. & L & [C

KRETNVI =y 2 PeBFERLTTIVIFy 79TH
R2# (2nd International Conference and Trade Expo-
sition) 25199745 H 20 HA>5 5 A 23 HOLHATHKE
T hrIvIMCHE L, TORETE, TS
LAFEEEZ LD FL I FIEREE, FIZEELTR, H
RERFE, FREIRBER, Txou¥—, BREMNER SRR
BWICHBEL, Ty AEEOSREEET AL
AEHMNE LTHY, IFRIE—~EXBEIPFEESHL, &5
ElTEIE&E 3, XEHTRAERS, a8 TARE
5, HEEINS & O LR WER TR OBRMERLRE LA
HEhtc, XFETR, COXFCTBAShILIEYy 7R
ZH &I, T =y AEECBY ARIOEMNERE
AR5,

2. IO

2.1 MZE/FH

2.1.1 MBA7NVI=oLES
BEETRITT 3 MEMTRERE ORI XK
ORENLRT 3, i, SEE TRIFMEMRT S 28T
BRERESST TR, MEE2®RET 3 5 X cingMEsE
FEREEE LA, I VY3 FEERETEESE < v 2
ThHY, BEATEER 120~130CEEcET LAY
b5, D1, 2024 55D &5 BHEEREELSTRNEM

x Ty =wa, 4 (1997, 547, i EEIBAEEK
o PIEBASEE v ¥ — BN, IHEEL
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ICRREAS S 0, LEC ORI T Ol &k i #£h 7o 2618
GEBBEARICER s TV 3,

REMERSREEN T VWA SST T, 23 I VR
LD b BHEOKHEESFESNLTE D, BiEH
HEEH 150~200CicE T LR T 57, HEOT IV
12y LB b TRLMEMICEND 2618 54T
bR RS B, FDD, B —e b Yy
2, EEME, EEEOHMAT VI =y o858, HE
F & vEESREBBERMRE L TR EhTw 3, K
HEST Y N 22IKETARVETNVI =T L5808 E
R ERD D B0, v 24 DBEICREBF ¥
VEEWESRLE SN B, Starke 12 2618 &&= S LILH
HoOMEFEMEEBL, < v 2.2 28E LIEAKE,
C415 (Al1—5%Cu—0.8%Mg — 0.6%Mn — 0.5% Ag —
0.13%7Zr), C416 (Al1—5.4%Cu—0.5%Mg—0.3%Mn—
0.5%Ag—0.13%%r) HENMET VI =V aG5EEL
TEETHE T EEMEL TVWABDY, Fig. 113 C415 &
C416 O = iRHE % 2618 &4 & K L T/RT A, 2618
G2l LOMBHEET L T 5,

2.1.2 Al-Li%&%

TAIZY LAY FULs (FEE0.53g/om®) EHMT
3E, BRINEOHMEICHESMET L, B HE
md 5, VFvLE1%HEMTS EEEEIBETL,
WML 6% BT 5, Al-LiZR&4E& T, KEE -
TR ICINA T 2024 A& 1075 &G4 L FEE OEME
BELNE YD, MEFHAREFME L LcERsA
TW3, Al-Li %84 1950 ERic—EERbs h i
B, YEEORFEAS 2020 3PMEMSIE L, BEFFES
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—/r— C415-T8 sheet
—®— C416-T8 sheet

80 + 2519-T87plate f§

—~ F —>€—2618-T61 plate

g 75f —fH— 6013-T6 sheet

s 7o) \\

5 6s5f ©

%60k

o L

9 55| H—— +

> : N

[ r

B 50 I C415 & C416 samples held 300 h prior to testing;

c 45 | 2519-T87, 6013-T6 and 2618-T61 samples held

'q_:' E 100 h prior to testing.

4o'>||x11|‘»l|“>lnx:u|1 PR B SR '
50 100 150 200 250 300 350
Test temperature (F)
Fig.1 Elevated temperature longitudinal tensile strength

versus test temperature for C415 and C416 stretch
296 prior to artificial aging®.

HEr il SO hEBREA IO s, LaL,
AHEELEEE o8P EB s, 1980 FR LI
KRETHERRESES, ) F st 2~3%80
8090,8091,2090,2091 5 ¥ D& &I I iz, Tk
ETE, VFULERPPRVD, SRR HR
I & © S L% - 72 2094,2095 K E 0 &4 B
FENTW5B, Tablel FAENT Al-Li REE DL
FEERAREERT,

Al-LiR&&E, TFEOAMMBBETCMA T, #
BRSSO &EPEMEnC &R SOREEEL T
By, ERftcmdco e, —MOoEAEP
ZR—Z ¥ bVERELSY v (219544 REMIK
HRINTLBRICEEL L,

Al-LiR&esomEOHEM/AF &L LT, GKN
Western Helicopters #£¢id EH101 ~Y) 37 % — DK E—
AP T L — AT 8090 54 5091 &% (Al—4%Mg—
1.3%Li %) HHEHEEHLTWS, Fig. 21 Al-Li%
GEAFALIAA VY F v EVERTY, ZOXD A
DOHH TR Al-Li ZELOERI~NDOH L VWEA LR
ENBH, KREOTIVY = s E2EHT 5 KERE
i 3K a 2 MEOBEA L Y < 2 HROMEBHR T VS
= 5864 (7150,7475,7055,2324,2524 72 &) HERHE
e LTHEMASN, Al-LiZESPESMENKIFII
BASHAZEAAINEWEEZI NS, Al-Li 24

LR, PEEE SR S B0, EEE-mHET
HB0EEOBHIKREL, SHROBEMBEFRIIRES
ha,

2.2 BEHERE

KETIE, 1996 FiimtsBIaEsH k& TV
I =Y LADERDOT =y b &Y, BYEEOAES
FTHEEKRF 1 v— r AIRO & 5 2RGAMEHOTES
AL, HB#E~AO7 VI =Y sOMHRSEEICEM
LTW3, HBHASEASOMRBICMA T, FERik
e, Batl RBBEBMET VI =Y L858, EHEHM
LUy A 2 v is EIRWEH THENBRSHEA TV 5,
2.2.1 HSBEBRRE

MR TE (SSF : Semi Solid Forming) #EidEmE
OFYFIR OBEEE L TERIERIBEA TV S,
AERKCRLEROD S Alumax & 7id, MIT £ 9
SSF HAFEMAZEA L, SSFHE L v b OBEEMIEY
BRI R AL L T VW5, BETI, SSFHER
DERERETIIIFEESS T b VICEL, F—X, ~Nu YV
TEHEP S Y ARV Y a VIR E THBMBIEAL TV
%, 1997 FFICBIFED X < — 2 7 L — A B Plymouth
Prowler iz i3 = v ¥ VHBIES, ¥ X<y ¥ a YEMmAE
Fic 21 © SSFRIEMEAIh TV 5, Fig.3 i SSF &
i & b 8k X 1 72 Plymouth Prowler FERELFIY %7Kk,
SEYBLERR O a vy v+ TH B Zehe Associ-
ates |3, SSF ik b EN - BIGESETNTH 5 SFFM L,

Fig. 2 Assembly of EHI01 helicopter main cabin®.

Table1 Chemical composition limits of typical Al-Li alloys. (mass%)

Alloy Si Fe Cu Mn Mg Cr Zn Ti Zr Li Ag
2090 0.10 0.12 2.4—3.0 0.05 0.25 0.05 0.10 0.15 0.08—0.25 1.9—2.6 -
2091 0.20 0.30 1.8—2.5 0.10 1.1—-1.9 0.10 0.25 0.10  0.04—0.16 1.7-2.3 -
8090 0.20 0.30 1.0—1.6 0.10 0.6—1.3 0.10 0.25 0.10  0.04—0.16 2.2—-2.7 -
8091 0.30 0.50 1.6—2.2 0.10 0.50—1.2 0.10 0.25 0.10  0.08—0.16 2.4—2.8 -
2094 0.12 0.15 4.4-5.2 0.10 0.25—0.6 - 0.25 0.10 0.04—0.18 0.8—1.5 0.25—0.6
2095 0.12 0.15 3.9—4.6 0.10 0.25—0.6 - 0.25 0.10 0.04—0.18 1.0—1.6 0.25—0.6
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Fig.3 Semi-solid Formed structural and suspension
components produced for Plymouth Prowler®.

Z < OHMEEEAIBE L CTAEMOE R EHBIEDH T
Wb, Zi—7 4 v =0 HMT Hot Metal
Industies) #HicHB W T, SSF &G 3= ME T Ak
BN DA, REROSEEICHE L CgsE LB
Hoteo TOMEE LT, BEAHRONBEPLEZHMEID &
BOBAFICH D A, SES A B2+ EBATEE LN
VT & T SSF BURMIIE & T3 T LI LT a Y,

2.2.2 CFYaA v MEF

HAEOBHBHER T « Z#RIc L 2 €/ 3 7 ST
WThrh, BEMEHNELT, TLI=yae58H
AR—=Z27 — LHEOERIBED LN TS, XX—
27 L — LfEiER 6000 Ra e HEM 2 #E L TS
VT oA, EMELoBES ST S rEH
INTW B,

Alumax 7, A& & CHEHT % 6000 REE
MHEM oFiEaEm 2K L TV EY, JOBIE
RHT #LE (Retrogression Heat Treatment) % FIF L
72 6000 RAEMHEMoEEHETH D, EMZRRFE
EANEC X 0 316~538°CDEILH 5 W\ I3 A KRILREIR
mEL, EiRFE RS LTINS 5 E TOMICE
F X AT OEMNLAE L TEME L 2G5,
Z Df#EF 12 CF (Compression Fitting) Y= 4 v b &
MR b, Fig.4 3% OBEAHER 2RT, AESHE
KETE O AIV (Aluminium Intensive Vehicle)
HTH % Panoz Roadster @A I LTV 5,

2.2.3 RTLAT+~20Y

HEjHx v Y VAT 2 R BIEBAR 7 v 3 =
v ABEIDOVWT BFIBBENSHP T 5, T,
BB SEFE VI EROAREEM {5 AEE LT,
X747 +—3 P (SF : Spray Forming) MEH
EhTW5, Fig. 5 RRAT LA 74— 3 v/ OEAR %
R o ZBOBEBRMICERARERE DT 5 &, FAR
DR VA BERFECHREL THREL T, HERE
BREBIEELT Y 7+ -6 185, WENRE R 10°~
10°°C/sBRETH B, X7 UAEMFick Rizs, SF
ETRANEEEHAQF TRE S vy BRicEExn 5
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Fig.4 CF joints made in shallow hollow extrusion®

on

Fig.5 Schematic diagram for spray forming process™.

7o, FEROEBBEER R TV =y A58 KL T
BEROKREOSFESERD THEL, SRECERED
BLWHEEEEENELN S,

PEAK %t & Mannesmann #t ¢ld, SFHEC X 584,
BEELy bEFRMELUCAEHES YV VA ORFEE
EALEZEDTBYY, KLy Yy vyi—54F+%
SEHEL S 4 IR DA L Ba i, BEbhmlEE,
AGELRAS BT, BRI AR £15 U VIHIE: & BT,
TUVryTuy g 0SS ARIC R R THEEL
KW EDRIEMSH S EAMPAL TV, Fig.6lt/R
FTEHE, SFREICLAI VI Y54 FPFBCRMNT
EHALEN TV S,

2.3 FAfA

B, AFY T, A= +35)7, REEGTETE
T =Y AERERALEEET = U — OBERIHEZEEH
EXNTVE, TLVILOWFREBEE T =) ~DREX
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Fig. 6 Cylinder liner produced by spray forming process®

3, FREM T 30~40m, HE KO HEmERH T 710~120
m, WHLOHEIE30~40/ v b THB, TDOXINEHE
72 Y -0 ERTOFEEZ 200~300 £ AFE &L TRl X
No, MEMATWKT b v/8, REKCEMIEHATRE
00 b v/ EoT iy aMEREN, THLI=TL
DOEMTBEIZ 30000 + YEELHEEI NS, 2K 82m,
HESS /v FDT7 Y —EflicEnid, 420 D7
Vi ABFERINTVS, W3 5083 &8k
5383 &4 H321 & HI116 AEET, H321 M, 7

Lo, I E -4, RS, HI6RT Yy I v+ vy
7, MY v il Esh T3,

RS IR S N AR, BREPTEEEEREL
T, chETRFIH083GeBERsATVSE, L
L, 5083 A& MECHINIE S 2 OFOeOEAL
MED SN TW5H, Pechiney £1i3 5083 &4 & b ERE
D 5383 5L +BHFEL TWVWB19, Table2 1 5383 &4 &
5083 A& DR HIE O 2 R L TR, 5383 &%
DRAEMRIE 5083 B4 L BIERIU TH 548, #hv oA
EBOER, ~ VA VEERSHIRE, W,k vy
L,VNT =y AEREEFBHANTEDICHRER L
M 508344 L DMHETH 5, Table3 i 5383 &M D
BEAEETHREY 2577, RESRBET v o
HEREEE L, MHBECEREIA TS,

MW EhREshTVWE Y, D EoaskENTERER
AAICER S L TWiE WS, EHRELO RIS -
E&&ThY, SHROFRMERAIN S,

2.4 $EBEHEG
PEETHOBRE/AEMIc>WVWT, JIIFETE B £
D SRS I BT 2 RE O BIRBIRBCRARE &
hiz, BERRBOF®, £/ 3y 7 BE~ORHEP
FRAEMOT IV =9 A ~NDEBRPEEICEA TV B,
ERTHED TT IV =y sEEAFEA IO TLSE, Al—
In—Mg =& %, 7003 5&EALIEEH, 6Nl &4
AR A s s EmEE A ER s h, BEt
KARELEFEELTWS, fOFPEpEmE LT, V7
T & Fopt, KRBUPZEFHEM, 2530 =Hh L8R 008
FrznFhlEf L EGSEESh, BEEE-TY
5, HmiEE, FREME, TS CoEiERc Lo,
TN =y ARLALCHBREEPEYENTIE,
Fig. TR d & 9 W KIBSBREMIER IO TV S,
Fig. 8 REESMED 2 2 F = h 282V Z IR & il
ECHE A U 72 500 RFTHREE Y £/R87,

2.5 fokE

2.5.1 BOEHEOENME

Ty =0 A DIESERAETLR, TR,
ERR OB, FRIEEN S & ORBPEATITHh
h, Fig. 91RT Lo, EMWEDOKIETHEANL® 2
a2 MHIREERIIL, SREMRIR TV =9 ADRARDT
BICRE L1ze L L, CRUM IS OREHERS I
BIEZTNI =Y s FEE<y MR M VOBEESMMTL,
Ty =y AETGREECRED E— 7 Fl & TR
RKA->TWAIEEHELTWE, GLAREER~R Y
bR VORI L, REHARSICEDET M=
LEY=TWBETFTLTWVWS, <y bR PVEF)HA I 0
PR D 20, T THRIENESL», #5AM
DAHTIRL, EBETSEEZEEL TRELTVWS, <y
bR LIZ 1990 FEAr 5 1996 FE DR 2 fEICEE L,

Table 3 Minimum mechanical properties of 5383 sheet and
plates'”. (2—40mm)

Hoogovens Aluminium #7T%, ALUSTR &¥5 9 3 Temper Tensile Strength | Yield Strength | Elongation
a4 (5083 RALIC YL a = v A% RM) %5 (N/mm?) (N/mm? ©8)
L, 5083 A L THMEN 20% I LS k5b T O—HI11 290 145 17
EERELTVWEY, o EREOIBAMEE LT, H116 305 220 10
Swiss Aluminium %t & ¥ 6082 &4 O 4FH: & M AAREE ~ 1132 305 220 10
D@ P, Hydro Aluminium # & 0 6082 &4 & 0 & H34 340 210 >
HMEOHBHEA% 7108 (Al1—5%Zn—1%Mg %) OF

Table 2 Chemical composition limits of 5383 alloy'®. (mass%)
Alloy Si Fe Cu Mn Mg Cr Zn Ti Zr Al
5383 0.25 0.25 0.20 0.7-1.0 4.0-5.2 0.25 0.40 0.15 020  Rem
5083 0.40 0.40 0.10 0.4—1.0 4.0—4.9 0.05—0.25 0.25 0.15 Rem

106



Vol.39 No.l

T = LAEEIB T A REOEINEIS

107

600 (o]
550 o
E 500 P
2 450 () ) =
= 400 ) P \
© 350 (\ §
% 300 C ol
2 250 !
£ 200 9 e
2 150
= 100
50
0 o
-|8|3)5|8(3|2|3/2(2|8|2
=
Steel Aluminium | Steel | Al
Shinkansen Commuter

Fig.7 Car body weight of Shinkansen and comuter per
unit length'®,

Extrusion Extrusion

\ Honeycomb panel

Fig.8 Structure for car body of 500 Shinkansen fabricated

by brazed honeycomb panels'®.

20004FEE T E ST OBDOEESTRIEN 5, 73
=Y LAED Y = THETLAEARE, KEPEMNT
1994~1995 FFIC A F — WIER Ly F K P VICHLTT
W3 =Y AMEOMKESFIBET Lz EITL S, T
I =y AMREOSESIEE I, BRE/EINBEREO#E
GERF 4 B8O 2 R v K 1000 FH, = > Fd 202
k12 &), HERROBEH®RE (Y 7 {HME i & 3HlEDNS),
HLWESOOER, F5AF v 0 A2WBLILS 12—
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0.0170
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0.0150
0.0140
0.0130
0.0120

Sheet gauge(inch)

0.0110

76777879 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98

Year

Fig.9 Gauge reduction in can body stock from 1976—1998'.

|

Belt quench
system

Fig.10 Schematic diagram for Kaiser caster'®,

NMEMOBEHELE ENKNEELEIN B,

2.5.2 Micro Mill &

HHT NV =9 aREKE RS 72 EBBGRIEZL T
BEAN LY, JOHRTROMHORMEREERLEBD T
KEL, MNABOAERIZEI LW, TO72%, Kaiser
# T Micro Mill 72 & BRd 337 L WiRH 0 SLE Ei %
BEZE L TV 210, RiEIC L 2 EMOSIETIE, BIEF,
FENEGRSE BTN, SREERS &S —E D
54 VICHAAEN, BREE, SIRE T—BEETE
%, AETE, Fig. 10 RTHFLICEFEI LI~V
RASEERESHNERHAL TV 39, FEMIRE
A5 2~3.5mm, I 350mm BE & /P& W, HdE
BEAH 110m/min. & FEF IR E W T &EWERE DO
Thb, AEREIT M 0y 75 v P EFRBEILTY
%, Micro Mill F TR ABIELER KA BEAT 256 L
DIESRICEN, EREE LS, $Ed o EHARE
EE TH—BLTTAAHENH 0, MO REREK
BLTW2, WIEMNNS Wi, HES G B4R
EHRBE SN OPREREESH, LEDOEM O
HiAEELRE L TRBEAEFERELE VWAL D,

2.6 Av75/EREE

A4 v7SEETIR, TAY=YASSEIEREEICE
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Fig. 11 Installation of first aluminium road bridge

in Norway®®.

TEHEMPAKE B T BHER), BEY, EETORIH
FEoMEEbEHs 3, Fig. 11 ic/R$ /vy —
THHTOT NI =9 L5EBHERE (BE S 39m,
IBE 7.4m) OFH® TE, MEHTEL 32 ) — FERKR
LRSS B2EHLLCIHBORIBACELT, &
SFEHAMERTE, HESRLS, THoERTEs 7V
I = o LB S R, BHIPIRRIC I chZE e
MR L CERERR b oRE/L LM OBED S EH A,
HEOR DB L bIBAMTTET £ TERP S BETRET
LTW5,

TN = ABROEFMICOVTIE, SATYA Y
WA ZFOEELDERT NETH B, FA T AN
IR b EERET - BEEH, @THIR - Ak~ £
5F c RRBEH OB TIRE I NS D, Reynolds #LiT &
hid, KETET2EBTHHShE &M%, BFYR
BRI AENEE—EL TR0, T I=ZD A
BB ATED Lo 7 L7 b (TIE8IE) AT X,
TEREMOREER/NRICT 5 EMEREE T &, B
RTHPER T2 L, BEORECHERECHR
TEETEANERTE 3 E0RABHD, BENIC
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[

o
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Fig. 12 Schematic diagram for friction stir welding.

Table 4 Tensile properties of friction stir welded 6061 and
2195 alloys.
Alloy and | Test Material | Tensile Strength |Yield Strength|Elongation
Temper (N/mm?) (N/mm?) 96
Base Metal 324 303 16
6061 —T6
Welds 234 151 6
Base Metal 572 530 12
2195—T6
Welds 427 2176 9
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% @) Q Iel\
SNIF . \<:> oY [ON< O
T-90 o
O \
A /
Brushes Conveyor Flying Belt Belt
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Fig.13 Layout of 66 inch prototype Drag Caster at Reynolds Metals Company?.
Table 5 Comparison of production rates for various continuous casting process®™.
Process Production Rate Alloy Strip Width Gauge Speed
(piw) (inches) (inches) (ft/min)
Twin Roll 70--100 8111 80 0.20—0.40 3.0—5.0
Hunter-Twin Roll 87 1100 84 0 6
165 1100 84 0 45
Hazellet-Belt Cast 1200—1400 3105 52 0.625—1.5 20—30
Miecro-Mill 800— 2000 3XXX 15 0.08—0.14 300—400
Davy 4-Hi 75—220 70 0.08—0.23 10—40
Drag Cast 600—800 RX102 66 0 200
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Recent development of rolling mill control technology is described. The strip crown control, the
strip side shift control, the tension control, the temperature control of hot rolling mills, the thick-

ness control and the flatness control of cold rolling mills have been improved and advanced to cope
with increasing demand for productivity and quality under the condition of large variety and small
quantity production runs in aluminium industries.
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Table 1 Recent instalation of rolling mills (since 1984)

1,4,9,10),11),13)

Year| Company Plant Hot rolling mills Cold rolling mills
1984 | KAISER Trentwood (U.S.A)|Improvement F.5-T(HC) |Reconstruction 5-T 1730mm Full continuous
1986 | ALCAN Logan City (U.S.A)|Newly installed R+F.3-T |Newly installed 3-T 2450mm 1800m/min
PECHINEY Rhenalu  (France) Newly installed 1850mm 1800m /min
1987 | ALCOA Warrick (U.s.a) Reconstruction 2060mm
ALCOA Tennessee (U.S.A)|Reconstruction F.5-T Newly installed 2030mm Full continuous(CVC)
(CVC), 400m/min
1988 | Furukawa Fukui (Japan) Newly installed 1760mm 1800m/min (FIC)
Kobe Mooka (Japan) | ReconstructionF.4-T(TP),
370m /min
1990 | Sky Fukaya (Japan) Newly installed 2240mm 1800m/min(UC)
1991 |Sumitomo Nagoya (Japan) Newly installed 2240mm 2000m/min(UC)
1992 | Mitubishi Fuji (Japan) Newly installed 1930mm 1000m/min(VC)
Sumitomo Nagoya (Japan) |Reconstruction F.4-T
(VC,TP,CVC), 450m/min
1993 | KAAL Mooka (Japan) Newly installed 2-T 2400mm 1650m/min(CVC)
1995 | ALUNORF  Neuss (Germany)|Newly installed R+F, Newly installed 2-T 2450mm 1500m/min(CVC)
4-T (CVC), 480/min
1997 | Furukawa Fukui (Japan) | Reconstruction F.4-T
(TP), 360m/min

Symbols) R : Hot roughing mill, F : Hot finishing mill, -T : Tandem, xxxx mm : Roll barrel width,
xxxx m/min : Maximum speed, VC, HC, UC, TP, CVC : Equipment for strip crown and flatness control
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The Applications and Technical Issues
of High Strength Aluminium Alloys

Shinichi Matsuda and Hideo Yoshida

High-strength Al—Zn—Mg alloys have attractive properties for aircraft, automobile and mo-
torcycle applications. High content of solute elements, such as Zn, Mg, Cu, brings high-strength in
these alloys.

But it is hard to produce extruded bars, pipes and shapes of these alloys, because higher content
of these elements results in higher flow stress and more susceptible to crack during hot extrusion.
Therefore it causes crack of die, grain growth by heat resulting from friction between metal and
orifice and low extrusion speed, and makes the cost high. Recently, a lot of industrial technique
were developped to avoid these points, for example, new soaking process and indirect extrusion
press. It is most important to improve the productivity of these alloys for reducing the cost and
creating new applications.

Moreover, high large amount of solute elements causes inhomogenious appearance after anodiz-
ing and stress corrosion cracking. To obtain good appearance, casting and quenching process must
be achieved under carefully controlled condition. A new heat treatment, RRA, makes it possible to
utilize the alloy that has high content of alloying elements under severer stress conditions without
stress corrosion cracking.But usually highly alloyed material exhibits low toughness.In developing

high strength Al—Zn—Mg alloys, further study in not only corrosion property but also improve-

ment of toughness must be needed.

1. #&
Al—7Zn—Mg %&43, SHRE - S8EERT 0D,
frZEgt e 2 M s L OMERME S LTV S 5,
oMz orEIc kD, KEL 2EHISEHE NS,
107 —71F, 7003, NIl &L&cREINLE=
ta&g& (Al-Zn—Mg) TH 2 (Tablel), ZORKD
MEBIBETEE TR EFHERNE L, i, BREMP
AR E2METEC &b TEL LY, 2BBEO 7 L —
ALY LD ABEDN YN —L 4 VT g — A AV ED
PHA FFTE-2 RETERLLEATVWE, 4,
EMESHTORE(L=—XIIGZ 288 & L CHER
ERPHRFE N %,
RGO 95 M ASENRRS I TRR
««  WFFEBRFEw v & — H—I
wx+ IFEBAFEE v 7 — B8, THEL

il

THEXLT, Al-Zn—Mg EMA TERE(LD 28
I Cu 2L 1z, 7075, 7050 2RFE &4 2MTELED
TN—7hH 3 (Tablel), TNSRBEESIN S 7 V3
=Y ASEOBTRELEVERE LRI LD, MEBA
HEMEScEWoh B, B, LoESmEERLD
LEEHENEDoNTE Y, WREFERA Yy Y, 2
WMERO7O Y74 =0 T8 —Fa—7 0 il
HBExhTwa, Lel, ThI=v &80T

Table 1 Nominal chemical composition of 7000 series alloy.

Alloy Cu Mn Mg Cr Zn Zr

7003 |(=0.20)|(=0.30), 0.75
70N1 | (<0.20)| 0.45 1.5

(<£0.200| 5.8 0.15
(<0.30)| 4.5 0.12

7075 1.6 2.5 0.23 5.6
7050 2.3 2.2 6.2 0.12
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Fig.1 Appearance of hollow die (female) cracked
by high extrusion force.
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Fig.2 Inhomogenious macro structure of motorcycle rim.
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Fig.3 Effect of room temperature aging on tensile
properties of an annealed 7N01 shaped bar.

Fig.5 The appearance of specimens annealed at 548K and
683K respectively followed by cold rolling (the re-
duction of CR : 95%).
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Fig. 4 Effect of annealing temperature on the increase of
hardness during room temperature aging for 1, 7
and 25 day after annealing.

Fig. 6 Inhomogenious appearance of anodized tube and
its macro structure for front forks of motorcycles.
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(a) Conventional process

(b) Improved process

Fig. 8 Microstructures of ingots soaked by conventional
and improved process respectively.
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Fig. 9 Effect of soaking on the surface of extruded bar
(upper :conventional, lower :improved soaking).

Fig. 10 Indirect extrusion press.
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Spray Forming of Aluminium Alloys

Naoki Tokizane and Kazuhisa Shibue

This paper describes the present status of spray forming (SF) focusing on the development of

high performance aluminium alloys, following the brief explanation of the process itself and its

history.

SF has various advantages compared with other conventional processes, such as higher cooling

rate and more flexibility of alloy composition against ingot metallurgy, simpler process and lower
oxide content in the products against powder metallurgy. With these characteristic features of SF,
high strength Al—Zn—Cu— Mg alloys, heat resistant Al—Cu, Al—Fe alloys, wear resistant Al—
Si alloys and MMC'’s have been developed. Some of these materials are already practically applied

in automotive field to compressor (supercharger) rotors and cylinder liners.
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Fig.1 Solidification mechanism of spray forming.
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TFig.6 Appearance of SF preforms.

DL & 3 BERBR O AW EL 3100, BHEO
HHEATRETRE AV OHEBIEEEES 5
LETRBENTVWSE Y, 5%, SFEIB T 5 BEZHAR
DEMISRIHE & b, ioFETEBEELELEY, F
WH 5 “SFEL” OMENIFsN S,

Fig.6ic, SFETEMELZZMBERTY 7 4+ — s D4
WMAERT, FhFEh, EEX270mm X £& 1600mm, &
OB 350mm X 25 1300mm Th b, 7, Fig.7ic
‘LT Y 7+ — L OEARCEFWRS S, REN
FIRDAHKE—F ABEHAPBED S0 BLHN, <7 adK

125

Fig. 7 Transverse and longitudinal sections of a SF preform.
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Fig.10 Comparison of microstructure between cast and
spray formed materials for A1—208i—X alloys.
(a) Cast material, (b) Rapidly solidified material®®.
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Fig. 13 TEM image of PB105 extrusion®,

Fig. 14 Microstructure of MMC extrusion prepared by spray
forming (matrix : PB105, injectant : AlyO3)
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Development and Application of Brazed
Honeycomb Panels

Yasunaga Itoh and Keizo Namba

Aluminium honeycomb panels fabricated by adhesive bonding their cores and face sheets have
been put to practical use as structual elements due to light weight and high rigidity. The panels can
also be produced by brazing their cores and face sheets made of brazing sheets. Brazed honeycomb
panels are durable and superior in strengths at even high temperature to adhesive bonded panels. In

addition, brazed panels composed of aluminium materials are weldable and recyclable, seem to be

important material for the present and the future.
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Table 1 Comparison of rigidity with similar mass

per unit area.

Materials Brazed panel |Aluminium plate] Steel plate

Dimensions (mm) 800X 1800 X 26.6) 900 X 1800 2.7 900X 1800 X 1.0

Mass (kg/m?) 7.3 7.3 7.9
Bending rigidit
encme ey 1.95 0.01 0.002
(X10'N-m?
Torsional rigidity
6.27 0.03 0.005

(X10'N-m?/rad)

(a) H beam

Fig.2 Comparison of structural property in H beam and brazed honeycomb panel.
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Fig.3 Oumx—N diagram of brazed honeycomb panel.
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Fig.4 Cross section of TIG welded zone.
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Fig.5 Temperature distribution of panel through the heating.
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Fig. 6 Paradigmatic system of substantial temperature

feedback control.

Fig.7 Computer calculation result simulated substantial
temperature feedback control.
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Fig.9 Deflection analysis of prototype shinkansen
bodyshell using brazed honeycomb structure.
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Table 2 Elastic constants of tri-axially anisotropic solid.

Elastic constant
Tensile E, 0.0105% 10 N/mm?
E, 0.0087%10° N/mm?
E, 0.0195%10° N/mm?
Shearing Gry 0.0049<10° N/mm?
Gxz 0.0056<10° N/mm?
Gy, 0.0040% 105 N/mm?
Poisson ratio x—loading v,=1.00, »,=0.15
y—loading V,=0.57, v,=0.11
z—loading vy=v,=0.01
o
I
i
—

15HP —

Staggered )¢

|
t
530

200

Fig.10 Cross section of box girder for super conducting
magnets supporting frame.
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Fig.11 Comparison of experimental and analytical
stresses in bending and torsional tests.

Fig. 12 Series 500 Shinkansen.
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Fig. 13 Red tide research ship.

Fig.14 Toyota municipal museum of art.
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Applications of Aluminium Brazed Panels
for Underbody of Concept Cars

Yasunaga Itoh

Many concept cars using light weight and high rigidity aluminium brazed panels for their floors

in order to improve their body rigidity, have been produced and exhibited in Japan. The underbody

welded the brazed panels and several extruded members presents good vibrational behaviour and

light handling characteristics because of the high bending and torsional rigidity. This paper intro-

duces the properties of aluminium brazed panels and some applications for underbody of concept

cars.
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Fig.1 TOYOTA AXV-IV.

Fig.2 KYOCERA SCV-—2.
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S oHBLIzSCV-2 (Fig.2) Th 5, £z
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LB, T, -V -—OBRICFLETEHI0&D
D=—REHMIEBLEThE R SR VWIEFERL &
EALD

1Y —DIfAHEZTOBRICH BB - XL L —
FA 70RO VWEIRTARRERES Lz kW
haE, HEEZEFELTVWIHL LoBEohTtL{E
AEEbhic, MEBELTTEAI &R LIt &L
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SET, #EMNoBHENSVHEE, A[fERH %
CEMLIAVEBR > TEI, XTI, 2D X 573TEE
HEMDEME (T3 =9 LT L—X 2] &%
DHBER T 4 ~OEHAIZSDWTHBNT 5,

2. TUL—=XFnRzxIER

2.1 RRIVOEREBIETE

7L —X ¥z (Brazed Panel) &3 {EAERELSEL
EMEFE LA - VTV = LSS BOBE R RV
OEFRTH 5, TORTRIC, BOFBKDONH L VHHE
ThotkaTHhRN=HLITERL, TREFE IR
WENZ] ANRFIVERFATOE, 27 ORI LR
RKIGLTHEOLOBHEBESIN T ALY, FAMTRES
FREEDS 57 =# %) (Honeycomb Panel)
KD WTHRMNT %,

INER BN FIVOFEARRERE Fig. 31, TORLET
2% Fig. 4 1oRd, WRREREShIZT VI =Y 45
&R (27 : Core) E¥ORKIIEN, “HO7T
W3 =va&4o (iR : Face sheet) TH ¥ FA »
F L7, A5 (Brazing) Tk -» T—&KEEST %,
EEROME A4 2558 (Filler metal) &, 73
=y AT AFRE BB ERML CTARETT260D
THY, FRRERPITLHOL LD I v FIEES
nNTVw3, 7, BMELVRBHMELT, %2 VDF
WIRPPRERIC T v 3 =9 AHEOHIEM 2B L T—(K
AE3RTTETEBE N,

B3I HEE LT, 75y 7 ARFEHLEVWESE
A5t (Vacuum Brazing Process) ZHMAL TW
3, BEASfIERSEESRICKECHES AL
HET, MEEEERTINEAL, A25MEBRSETHE
BT BHETH B, 79 v 7 AEERLLWERSES
HETHZ 10, EEESPREERREEOREI
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bhTwa, HHHEEL TRz SR -9y
a R, BEAIMNFEIR L - THEEIh TV Y,
HR&ETITDASNFMOWT % Fig. 5 IC/RT. &
RhL 725 58», RERAIOH k- ThHRE2Z 7D
BELIR (BEAW) WwHEhlLTwa T bbb, TIT,
AA3HRERPL I T ERUT VI =0 ABETH B0,
BAREBHRL Tt 2, 2OLDEARENS
<, BPBER EOREE LI LT hmy, EFtko
BOWANRADBFONEDITTH B,

2.2 NRIVOME & EERTRERE

282 VO & BERTBEEIFA % Table 1 1</RT, IR,

Honeycomb core

Fig.3 Composition of aluminium brazed panel.

RN AT
Y 4 BRBRARRRARS
2 o0gegesetetelededs

0 o00e0e0000 0007

Completed panel Brazing

Fig.4 Manufacturing process of brazed panel.

Fig.5 Cross section of brazed zone.



138 T R &

& B

W December 1998

37, RO xVvORBERT 2EMOMER,
Thd B MROBME (RN—7 1 —F) K& - THRE
HEEd 5 Al-Mg—Si %k (6000 %) ogEE L TW
3, 53T A0FROEETHHMN, £/ 2 VEEI
HH 55 SHMOEEHDIS Iz, SRk LT
136000 R ERITE 5,

BIPERTREIS /s 2 VDA BRE 7 7 OFRIRIC & » THTF
i ap, ANAFoNN=hLsaT7EHW XV

AR ORI LhE, BEE R VEORERRLD
BEEITIS - TV B,

TR E L ok wT, B—EROT L E =
U ASERBR TR E B LI b Db Tabled TH % 2,
Bl 70 3 =7 A4 D 200 4%, #K @ 1000 fZic
b185, —7F, MItEAE L WS OB % Tabled 17K

Table 2 Standard strength of honeycomb panels.

T3 Table 1 DA EE CREFIRETH 5, B d . Adhesive bonded
. razed pane
2.3 /\*JW)EZM@E panel
NENVOBEOREF LT, HREE lmm, 27 Base metal 6951 5052
EX 0.2mm, ENH¥ 4 X 19mm, /SXIVOE X 26.6mm - hoot
— ace shee
DN LR IVOREE L Table2 IT/RT 2, BEHT thicknose 1.0mm 1.0mm
ickne
BALI A VOMEENBLT, ity y 74X
. . < ek 2 Core thickness 0.2mm 0.05mm
RS (FHE®ME) »PEVorsRHTH 5,
Table 2 TIZHHNMED AR LIk, EHRBEOEED Cell size 18mm 9-omm
Panel height 26.6mm 26.6mm
Table 1 Specification of producible brazed panel. H34 (Face sheet)
Temper T6 class HI8 (Core)
4045,/6951 ore
Face sheet (BA2PC class) mass per
Material i . 7.3kg/m’ 7.6kg/m?
aterials
Core 6951 unit area
Flatwise compressive
Frame 6N01 or 6063
strength 3.0Mpa 1.0Mpa
Face sheet 0.6~9.5mm (ASTM C 365)
thickness
Flatwise tensile
Core thickness 0.15~0.3mm strength 3.7MPa 0.7Mpa
Dimensions Cell size 10~30mm (ASTM C 297)
Height 7~100mm Flatwise shear
Panel size Width max.1200mm strength 0.9~1.5MPa 0.4~0.7"Mpa
Length max.3000mm (ASTM C 273)
Table 3 Comparison of rigidity with similar mass per unit area.
Materials Brazed panel Aluminium plate Steel plate

Dimensions (mm)

900<1800<26.6

900x1800% 2.7

900<1800<1.0

mass (kg/m?% 7.3 7.3 7.9
Bending rigidit
& ety 1.95 0.01 0.002
(X10*N+m?2)
Torsional rigidity
6.27 0.03 0.005
(X10'Nm?/rad)
Table 4 Comparison of mass per unit area with the same rigidity.
Materials Brazed panel Aluminium plate

Steel plate

Dimensions (mm)

900 < 1800< 26.6

9001800 15.6

900x1800%10.8

Bending rigidity
(X10'N+m?

1.95

1.95

1.95

mass (kg/m?%)

7.3

42.1

86.4
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Fig.9 MAZDA AZ-550.
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Fig. 10 Body sample of AZ550.

Fig. 11 Construction shape of AZ550 body.
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Fig.12 Underbody cut sample of AXV—1V.

. ,f,f,ﬁ,,gg,,/\})»\m

5l

Fig. 13 Construction shape of AXV —IV underbody.
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Fig.14 Underbody sample of SCV—2.

Fig.15 Construction shape of SCV—2 underbody.
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