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Grain Refinement of 7475 Series Aluminium
Alloy Sheet by Warm Rolling

Tadashi Minoda, Hiroki Tanaka, Kazuhisa Shibue and Hideo Yoshida

The effect of transition elements on grain refinement of 7475 aluminium alloy sheet produced by
warm rolling was investigated. The alloy which contains zirconium instead of chromium showed
ultra fine structures with stable subgrains after warm rolling at 350°C, followed by solution heat
treatment at 480°C. The average size of subgrains was about 2um in diameter. In addition, the crys-
tallographic orientation of the cross-rolled sample was strongly concentrated into {110}<111>> to
{110} <{112>>. Furthermore, it became clear that zirconium in solution has the effect of stabilizing
subgrains. That is, fine AlsZr compounds precipitate during warm rolling and they tend to be coher-
ent with the matrix. So, they inhibit recrystallization and stabilize subgrains. While, in the case of
the 7475 alloy with only chromium, recrystallization occurs during warm rolling, because
chromium-bearing compounds precipitate before warm rolling and they grow in relatively large size
during warm rolling. In addition, chromium-bearing compounds tend to be incoherent with the ma-
trix and they have less effect of inhibiting recrystallization. Moreover, the alloy containing both
chromium and zirconium showed a duplex structure with recrystallized grains and subgrains.
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Table 1 Chemical composition of specimens (mass%).

Alloy| Si | Fe | Cu | Mn {Mg | Cr | Zn | Ti | Zr | Al

A 10.0310.03]1.53| Tr.|2470.21]57410.03 Tr. | Bal.
B 0.04]0.04]1.59| Tr. 2.561]0.21 | 574 0.03]0.15 | Bal.
C 10.02]0.08|1.64| Tr. |2.40| Tr. | 5.55|0.03 | 0.17  Bal.

Table 2 Processing conditions for the unidirectional rolled
specimens.

Process Condition

Casting DC, ¢90mm X 100mm
Homo. 470°C~10h (FC)
350°C—10h (FC)

250°C, 40mm thick

t 30 X w 100X 100mm

350°C, Reheating for 30min

before every pass

Heat treatment
Forging
Machining

Warm rolling

16 passes for 0.8mm thick
350°C — 30min
SHT 480°C —5min (WQ)

Heat treatment

FC : Furnace Cooling
WQ : Water Quench
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Table 3 Processing conditions for the cross rolled specimen.

Process Condition

Casting DC, ¢90mm X 100mm
Homo. 470°C ~10h (FC)
350°C —10h (FC)
350°C, 40mm thick

t 30X w 100X 100mm

350°C, Reheating for 30min

Heat treatment
Forging
Machining
Warm rolling
before every pass

Cross directional rolling into 1.0

mm thick
Heat treatment | 350°C —30min
SHT 480°C —5min (WQ)

FC: Furnace Cooling
WQ: Water Quench
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Fig.1 Optical microstructures after solution heat treatment.
The thickness of the samples are 1.2mm for the
micrographs in the left column and 0.8mm for those in
the right.
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Fig.2 L~—ST cross section of the warm rolled sheet of alloy C
after solution heat treatment (0.8mm thick).
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Fig.3 Temperature changes of the sheets of alloy C with

different thickness before and after warm rolling.
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Fig.4 Transmission electron micrograph of the sheet of alloy
C with 1.2mm thick after solution heat treatment.

Fig. 5 Optical microstructure of the cross-rolled sheet of alloy
C after solution heat treatment.
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Fig.6 {111} —polefigures of warm rolled sheets after solution

heat treatment. Rolling directions were (A) in

unidirection and (B) in cross directions.
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Fig. 7 Optical microstructures of the warm rolled samples
before solution heat treatment.

Tem

Fig. 8 Optical microstructure of alloy C after solution heat
treatment. Homogenization heat treatment was car-
ried out at 470°C for 100h.
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Fig.9 Transmission electron micrographs of the forged sam-
ples after solution heat treatment. The micrographs in
the left column were not heat treated at 350°C and those
in the right were heat treated at 350°C for 100 h before
solution heat treatment.
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Fig. 10 Transmission electron micrographs and selected area
diffraction patterns of the forged samples after solu-
tion heat treatment. Precipitation heat treatments
were carried out at 350°C for 100 h before solution heat
treatment. Note that the precipitate of Alloy A is
identified as E phase and the one of Alloy C is identi-
fied as AlsZr of L1, structure.
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Fig. 11 Change of electrical conductivity and decrease of sol-
ute Cr (Alloy A) and Zr (Alloy C) concentration after
heat treatment at 350°C.
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Fig. 12 Schematic drawings representing the models for
the inhibiting effects of chromium and zirconium
on recrystallization.
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Material Characteristics of Warm Rolled
74’75 Based Aluminium Alloy Sheets Consisting of
Fine Grain Structure

Hiroki Tanaka, Tadashi Minoda, Hiroki Esaki,
Kazuhisa Shibue and Hideo Yoshida
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Material Characteristics of Warm Rolled
7475 Based Aluminium Alloy Sheets Consisting of
Fine Grain Structure

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

7xxx alloy fine grained sheets produced by a warm rolling method were investigated on their
microstructures and bulk properties comparing with cold rolled sheets of AAT475 alloy. The warm
rolled sheets deformed at 350°C kept the fine structure less than 3 um after solution heat treatment.
This structure was recognized by EBSP measurement as a subgrain structure with a high proportion
of low angle boundary less than 15° while the cold rolled sheets had a high proportion of high angle
boundary over 15°. It was also noted that the texture of the warm rolled sheets consisted mainly of
the 8 —fiber after solution heat treatment. A cross rolling method was applied for reducing anisot-
ropy on polarized optical micrograph and led to successful results. In addition, it was found that
the {011} <(822>> component was formed strongly by the cross rolling. The {011} <322>> component
was kept after solution heat treatment in the warm cross rolled sheets, but the cold cross rolled
sheets formed a recrystallization texture without any strong components. The strength of the
warm rolled sheets aged at 120°C increased about 10% comparing with that of the cold rolled
sheets. The most important result in this study was that the property of resistance to SCC of the
warm rolled sheets improved considerably. The reason of the above result was probably due to in-

termittent precipitation at grain boundaries on the warm rolled sheets in T6 condition.
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Table 1 Chemical compositions of specimens (mass%).

Alloy] Si | Fe | Cu {Mn | Mg | Cr { Zn | T1 | Zr | Al
M | 0.02|0.03 | 1.64 {<0.01} 2.40 {<0.01} 5.55 | 0.03 | 0.17} Bal.
S 10.04]0.03]1.51|<0.01 2.26 0.21 5.38 | 0.04 <0.01 Bal.
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TEM image
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‘

Fig.2 Optical and TEM micrographs after solution
heat treatment. WRI : warm rolling in one

direction, CR1 : cold rolling in one direction.
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Fig. 3 Optical and TEM micrographs after solution
heat treatment. WR2 : cross warm rolling in
two directions, CR2 : cross cold rolling in

two directions.
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Fig.4 Misorientation angle histograms of warm rolled
sheets (WRI, 2) and cold rolled sheets (CR1,2)
after solution heat treatment at 480°C for 300s.
(a) warm rolling in one direction, (b) cold roll-
ing in one direction, (¢) warm rolling in two di-

rections and (d) cold rolling in two directions.
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Fig.5 Comparison of {111} pole figures of warm rolled sheets (WR1,2) and cold rolled sheets (CR1,2)
between as rolled condition and T4 condition.
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Fig. 6 ODFs of warm rolled sheets (WR1,2) and cold rolled sheets (CR1,2). ¢2=0°

Table 2 Mechanical properties of warm rolled sheets
(WR1,2) and cold rolled sheets (CR1,2)

Tensile strength| Yield strength Elongation
Material
(MPa) (MPa) (%)
WR1 603 539 20
WR2 611 554 17
CRI1 548 475 24
CR2 577 505 22

PR mAER IC B 1) 2 W IR A BIE L 2o R % Fig. 7
ICRd . WR21Z1100h iICZE L THUERT LI - 77,
B AhE U7, CR2ZMITH NIRRT M (204 2
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Fig. 7 Life of SCC after aging treatment at 120°C for 24h.
WRI1 : warm rolling in one direction, WR2 : warm
rolling in two directions, CR1 : cold rolling in one
direction, CR2 : cold rolling in two directions.
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Fig.9 TEM images after aging treatment at 120°C for 24h.
(a)warm rolling in one direction, (b) cold rolling in
two directions.
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Effect of Cryogenic —working on the Mechanical
Properties of Aluminium Alloys

Hiroki Esaki, Kazuhisa Shibue and Hideo Yoshida

In order to create fine grain structures of aluminium alloy sheets in the “Super Metal Technology”

project, the strain accumulation processes were examined for Al—Mn and Al—Mg alloys by cryo-

genic compression tests used liquid nitrogen. In Al—Mn alloys, the accumulated strain by compres-
sion test at liquid nitrogen temperature (= —196°C) was higher than that by compression test at
room temperature. On the other hand, in Al—Mg alloys, the accumulated strain by compression
test at room temperature working was equal to or rather higher than that by compression test at

~196°C. The difference of the strain accumulation mechanism between Al-—Mn and Al—Mg alloys

was examined by two—stage plane—strain compression tests. The primary compression tests were

carried out at —196°C and secondary compression tests were carried out at various temperatures be-

tween —196°C and room temperature. These results were compared with that obtained when pri-

mary and secondary compression tests were carried out at room temperature. For Al—1.5Mn alloy,

the yield stress obtained by secondary compression test at room temperature after compressed 8%

at —196°C was increased than that both tests at room temperature. Howéver, for Al—3.0mass%

Mg alloy, yield stress by secondary compression test at room temperature after compressed 8% at

room temperature was showed higher than that by secondary compression test at room tempera-
ture after compressed 8% at —196°C. This result was thought the pinning for dislocation with Mg
atoms were lower in low temperature than in room temperature because of low diffusion rate of Mg

in low temperatures. Therefore, in order to increase the strain accumulation for Al—Mg alloy, it

is thought effective to work at the equal to or higher than room temperature.
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Table 1 Chemical compositions of specimens (mass%).

Si Fe Mn Mg Cr Zn Al
Pure Al 0.07  0.09 — - - - 99.81
Al—=0.5Mn| 0.08 0.09 0.51 = - 0.01  bal.
Al—1.0Mn| 0.07 0.10 1.08 - 0.01 0.01  bal.
Al=1.5Mn| 0.08 0.09 1.45 - 0.01 0.0l Dbal.
Al—3.0Mn| 0.07 0.07 - 2.90 - - bal.
Al—4.5Mn| 0.07 0.07 - 4.41 0.01 - bal.
Al=6.0Mn| 0.07 0.07 - 572 0.01 0.0l bal
Punch
Liquid nitrogen «‘
\
Y
L/
1%
 Specimen—A— _
I

Vessel

Tool steel plate

Fig.1 Schematic illustration of cryogenic compression
apparatus.
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Fig. 2 Schematic illustration of cryogenic plane—strain
compression apparatus.
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Having a light weight, a good heat conductivity and a good brazability, aluminum alloy is widely

used for automotive heat exchanger systems. The major problem with aluminum is perforation of

the tube by pitting corrosion and corrosion protection is necessary in the field. In radiator and con-

denser systems using the the Nocolok brazing process given good corrosion resistance using cathodic

protection with sacrificial anode made of Zn—sprayed onto tube or low corrosion potential fins etc.

On the other hand, in drawn—cup type evaporators, that are fabricated from brazing sheet tubes

in vacuum brazing method and then covered low electro—conductive drain water film in operation,

the effect of cathodic protection by the anode fin is limited to a very small area. Therefore, this has

been studied to improve self —corrosion resistance of the core in the brazing sheet tube.

As the results of these problems, tube thickness of a drawn cup evaporator been remained from

two to three times thicker than that of a radiator and a condenser. In order to achieve downsizing

of a drawn cup evaporator, the quad —layer brazing sheet tube, that has a sacrificial anode layer be-

tween an out—side solder layer and a core layer was studied. This paper describes the basic study

of the material development and the next paper describes its actual use. Using some accelerated cor-

rosion tests, the quad—layer brazing sheet tube had successful corrosion resistance. Besides the cor-

rosion tests, basic electrochemical measurements and galvanic coupled corrosion tests were carried

out as well. These results suggested that the balance of corrosion potential among core alloy, sac-

rificial anode alloy and outer solder alloy was important to get good cathodic protection effect for

the longest duration.

1. Introduction

Aluminium alloy is widely used but perfora-
tion of the tubes by pitting corrosion occurs
easily in some corrosive conditions. Therefore,
protection from pitting corrosion is one of the
biggest subjects in the fields. Many studies
have been carried out to prevent pitting corro-
sion on aluminium automotive heat exchang-
ers and cathodic protection using sacrificial
anode is recognized as a sufficient method"®.
For example, a radiator has a corrosion prob-

* This paper was presented at 2001 SAE World
Congress, Detroit, Michigan, U.S.A., March 5—8,
2001.

Reprinted with permission from SAE paper
number 2001—01—1253 (01HX —23), Society of
Automotive Engineers, Inc, (2001).
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lem on the waterside from the coolant circu-
lating through its tubes. A sacrificial anode
layer is cladded to the waterside of the radia-
tor tube it a good corrosion
resistance”. A condenser has the same prob-

to give

lems as a radiator, corrosion occurs on the
outside of the tubes exposed to any severe en-
vironment containing saline and snow — melt-
ing agents. To protect them from outside
corrosion, Zn—spray is applied onto multi —
port extrusion tubes to make a sacrificial
anode”. Also, low corrosion potential fins
works as cathodic protection being the a sac-
rificial anode part . Using these corrosion pro-
tection techniques, tube thickness of current
radiator and condenser units are gauge —
downed approximately from 0.3 to 0.2mm® .
In order to improve heat exchange perform-

ance and to be small — sized, major
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evaporators changed to drawn cup type, was
constructed by formed brazing sheet plate
tubes and was joined by a flux free vacuum
brazing process to facilitate hydrophilic sur-
face treatments. Fig. 1 shows the corrosion of
a drawn cup evaporator that has used a popu-
lar brazing sheet in the field. The corrosion
has gathered in spherical pits and facets were
observed at bottom of pits. The mechanism of
the pit formation is considered as follows ;
Small amounts of Cl~ from the environment
dissolved in drain water and attacked the tube.
Corroded Al formed hard nodules of corrosion
products in the pits and the nodules isolated
pit inside from the external environment. Thus
a corrosive condition with Cl™ and a low pH
was formed and kept in the pit and pitting cor-
rosion was propagated. Generally, an evapo-
rator is covered with a low electro-—conductive
drain water film in operation, and it is well
known that the cathodic protection effect is
limited to very small areas in such conditions
though corrosivity itself is mild. Contrary,
galvanic action against solder fillet took place
and Zn spray was not applicable because of
evaporation during vacuum brazing. The im-

200m_

Fig.1 The cross section of the perforation on a drawn
cup evaporator by corrosion in a field.

provement of corrosion resistance by the addi-
tion of small amounts of Cu and Ti in the core
alloy of the brazing sheet tube plate has al-
ready been studied”?. Using only these meth-
ods, drastically down — gauging the thickness
of a tube plate of a drawn cup evaporator
would not be possible. So in order to achieve
better corrosion resistance and thinner tube
thickness, the quad—layer brazing sheet that
consisted of a outer solder layer, a sacrificial
anode layer, a core layer and an inner solder
layer was studied.

This paper describes the basic study of the
material development and the next paper de-
scribes its actual use.

2. Experiments

2.1 Procedure

At first, perforation duration was evaluated
for some quad —layer brazing sheet coupons
which were compared with conventional braz-
ing sheet (solder/core/solder) using an accel-
erated corrosion testing. Also the degree of
corrosion protection of the sacrificial anode
layer in the quad - layer brazing sheet was
also examined by immersion testing in dilute
solutions of modified drain water. At the same
time, corrosion potential measurements and
immersion tests were carried out on galvanic
coupled alloy which consists of a solder layer,
an anode layer and a core layer. These tests
were performed to discover what was the opti-
mum potential difference between the layers of
the alloys. Then perforation duration was
evaluated for some evaporators using selected
quad-—layer brazing sheets.
2.2 Specimens

The brazing sheets used for the study are
shown in Table 1. These sheets finished as O

Table 1 Chemical element and thickness of brazing sheet for corrosion—test.

Sample Outer Solder Sacrificial Anode Core Inner Solder
Mark Type t/mm t/mm Alloy t/mm Alloy t/mm  Alloy t/mm Alloy
A Tri—Layer 0.60 0.09 AA4104 NA NA 0.42 AA3105+Cu,Ti 0.09 AA4104
B Quad-—Layer 0.42 0.08 AA4104 0.075 AA3102 0.185 AA3105+Cu,Ti 0.08 AA4104
C Quad—Layer 0.42 0.08 AA4104 0.075 AAB110 0.185 AA3105+Cu,Ti 0.08 AA4104
D Quad—Layer 0.42 0.08 AA4104 0.075 AAB110+7Zn 0.185 AA3105+Cu,Ti 0.08 AA4104
E Quad—Layer 0.42 0.08 AA4104+1n 0.075 AA5B110+7Zn 0.185 AA3105+Cu,Ti 0.08 AA4104

50
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temper were processed using vacuum brazing.
After cutting into 60 x 120mm coupons, oppo-
site sides were coated with resin before
evaluation. Also single layer alloys of each
layer were fabricated for corrosion potential
measurement and galvanic couple testing.
These are shown in Table 2.
2.3 Testing

The accelerated cyclic corrosion test (CCT)
was performed to evaluate corrosion resis-
tance of coupon specimens and evaporators.
Step 1 : Spraying with 1% NaCl solution, then
drying and finally damping for 12 hrs in one
cycle. Corrosion points were made by spray-
ing with Cu*" added to the solution in first step
. Corrosion points were stabilized by spraying
SOi added to the solution instead of Cu** in
the second step (step2). To examine the effect
on the anode layer used in quad—layer braz-
ing sheets , immersion tests were performed
using dilute solutions of drain water. The con-
ditions are shown in Table 3. After the prede-
termined duration in these corrosion tests, the
specimens were cleaned and corrosion depth
was calculated by measuring the distance
change during focusing between the
uncorroded surface and deepest portion of the
pit using a optical microscope.

Microscopic examination was also used on

Table 2 Chemical composition of alloys for corrosion
potential measurement and galvanic couple

corrosion testing.

Mark Alloy Corresponding Part
B10 AA4104
Solder (Eutectic)
B11 AA4104-0.03In
B12 Al-—0.85i
. Solder(Primary)
B13 Al-0.85i—0.03In
U40 AABLLO
U42 AABN0+0.4Zn Sacrificial Anode
U43 AAB110+0.6Zn
S2 A A3105+Cu,Ti Core

Table 3 Testing conditions of modified drain water
immersion test.

Cl™/ppm Cu/ppm SOF™ /ppm
10 10 200,2000
100 10 200,2000

ol

the cross sections of typical pits to evaluate
corrosion morphology and corrosion depth.
Corrosion potential measurement and the im-
mersion tests for the galvanic couple speci-
mens were carried out to discuss the optimum
corrosion potential differences between the
solder layer, anode layer and core layer. The
solution for these examinations was same so-
lution as the step 2 of the CCT but pH was con-
trolled at 3 by adding acetic acid to keep
results stable. Corrosion potential was also
measured on the grounded surfaces of a cer-
tain thickness in order to examine the corro-
sion potential at each layer on typical quad —
layer brazing sheets. In the galvanic coupling
immersion tests, two or three coupons of sin-
gle layer alloys corresponding to a solder
layer, an anode layer and a core layer were
weighed , coated with resin to leave certain
areas exposed for testing and then electrically
wired before the immersion testing. After a
certain duration the immersion testing each
coupon of the galvanic couple was separated
and cleaned to remove corrosion products and
then weighed. The effect of cathodic protection
and consuming rate of an anode layer was
evaluated by the corrosion weight loss.

3. Results and Discussions

The corrosion resistance of the quad —layer
brazing sheets, that had an Al—Mn (Mark B)
or an Al—Mg (Mark C) anode layer, were
evaluated using the accelerated cyclic corro-
sion testing (CCT) method. The coupon speci-
mens were compared with the conventional
brazing sheet (Mark A). The results are
shown in Figs. 2 and 3. The conventional braz-
ing sheet (Mark A) was almost perforated
after 1000hrs testing. The corrosion resistance
of the quad —layer clad brazing sheet that had
an Al—Mn (Mark B) layer was as good as
that of the conventional brazing sheet (Mark
A) though its thickness is thinner than that of
Mark A. In the quad —layer brazing sheet that
had an Al—Mg (Mark C) layer, its corrosion
resistance was even better and its maximum
corrosion depth was stopped at the boundary
between the anode layer and the core layer.
This result indicated that quad — layer clad
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Fig.3 The cross section of the maximum corrosion

on the coupon specimens after 1000 hrs CCT.

brazing sheets with the anode layer seemed to
have acceptable corrosion resistance for
gauge down of over 25%.

In order to fabricate the drawn cup evapo-
rator, the brazing sheet tube plate is treated in
O temper and formed by cold pressing. Then
the quad —layer brazing sheets (Mark B and
C) coupons that were cold —~rolled for certain
reductions before brazing were examined
using the same corrosion testing. The results
are shown in Fig. 4. In the specimens of Mark
B which had an Al—Mn anode layer and were
cold —rolled at the reduction from 2% to 5%,
the corrosion protection effect of the anode
layer was decreased. Fig. 5 shows the relation
between cold roll reduction and degree of the
erosion after vacuum brazing of these speci-
mens. Fig. 6 also shows the cross section of
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Fig.6 The cross section of 2% cold rolled coupon
after brazing (Material B).

typical specimen of Mark B with severe ero-
sion. The influence of cold roll reduction on
maximum corrosion depth in Fig. 5 was simi-
lar on the erosion depth in Fig. 6. These results
indicated the decrease of corrosion resistance
on slightly cold rolled quad —layer brazing
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sheet with an Al—Mn anode layer (Mark B)
might be the result of a partial loss of the
anode layer by the erosion formed by brazing.
Frosion is the partial melting of the core alloy
of brazing sheet by the penetration of the sol-
der along the sub—boundary introduced by
cold pressing. The sub — boundary generally
disappears because of the recrystallization of
the core alloy in the heat up stage of brazing.
But the sub—boundary remains at a high tem-
perature when impressed strain is weak and
the pinning effect of core alloy is strong. It is
known that the effect depends on density, size
distribution and kind of inter metallic com-
pounds®. While almost of all the solutes are
dissolved in Al— Mg alloy used in Mark C
plate, Al—Mn alloy for Mark B has many fine
metallic compounds that have a strong effect
on pinning of the sub - boundary. These re-
sults indicates that Al—Mn alloy is insufficient
for the anode layer of the brazing sheet plate.
When it is treated O temper and cold —pressed
for the drawn cup forming.

In actual operation an evaporator is covered
with low electro—conductive drain water and
the effect of cathodic protection with sacrifi-
cial anode seems to be limited to a very nar-
row area. The corrosion protection effect of
an anode layer on quad-layer brazing sheet
Mark C was evaluated by immersion testing in
dilute solutions containing small amounts of
Cl7, and SO%" and Cu?'. The contents of the so-
lution were determined as in Table 3 for modi-
fying the drain waters by chemical analysis of
actual drain waters. Drain waters were sam-
pled from evaporators operating in various
area where corrosion problems were some-
times experienced, and analyzed. Drain waters
sampled from Southeast Asia, The USA and
Mid Asia had Cl™ less than 3 ppm and more
SO~ than Cl™%. Besides the drains, corrosion
products were also analyzed by EPMA. The
results indicated that the corrosion products
had from 3% to 15% S and less than 0.5% CL
From these results, the neutral solutions simi-
lar to these drain waters® and its concen-
trated that seemed to be more difficult to have
cathodic protection were selected for the test-
ing solutions. Small amount of Cu** and air
bubbling were also added to accelerate the
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corrosion rate. The results of the immersion
tests are shown in Figs. 7 and 8. After 1500 hrs
immersion testing in the concentrated solu-
tion, the round pitting corrosion similar to the
field operation was observed on the conven-
tional brazing sheet Mark A. On the other
hand, the propagation of pitting was stopped
at the boundary of the anode layer and the
core on the quad —layer brazing sheet Mark C.
From these results, the cathodic protection of
the anode layer in the quad layer brazing
sheet seemed to be effective in the drain water.

An anode layer in the quad layer brazing
sheet is needed to have less noble corrosion
potential to protect the core layer. And it is
thought that the anode is consumed remarka-
bly by Galvanic actions with solder which cov-
ers its surface. Therefore the corrosion
potential of anode is controlled by an appro-
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TFig.7 The results of immersion testing in dilute
solutions for the brazing sheet coupons.

(a) Material A

(b) Material B
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Fig.8 The cross section of typical specimens after
1500hrs immersion testing in the solution
consisting of 10ppmCl~, 200ppmS0}~ and
10ppmCu?®™.
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priate addition of Zn. On the other hand, Zn
can’t be added to solder because of Zn evapo-
ration through vacuum brazing. Generally In
and Sn are known as the elements that reduce
corrosion potential. This time In is used. Then
at the same time, in order to discuss the suit-
able relation of the corrosion potential with
each layer, basic immersion testing using gal-
vanic coupled specimens which used electri-
cally joined alloys as a solder layer, an anode
layer and a core layer was performed. Also
the corrosion potential for each of the alloys
was measured. The results of corrosion poten-
tial measurements are shown in Table 4. First,
the immersion tests for the single alloy cou-
pons and galvanic couples consisting of two
coupons such as solder alloy —anode layer

Table 4 Corrosion potential of the specimen or coupling
tests (mV vs SCE).

alloy or core alloy —anode layer alloy was
performed. Relations between potential differ-
ence and weight loss of each specimen after
100hrs testing are shown in Fig. 9. When the
potential difference was large, weight loss by
corrosion of the noble alloy was decreased
and that of less —noble alloy was increased.
Therefore the potential of the anode layer has
to be at least 30mV lower than that of core
alloy in the solution.

Next, the same immersion corrosion tests
were performed using galvanic couples con-
sisting of three coupons which corresponded
to a solder layer, an anode layer and a core
layer. Each corrosion potential, self corrosion
weight loss and weight loss at coupling for
some typical couples after 100 hrs immersion
are shown in Fig. 10. In the couple, corrosion
was preferably progressed on the coupon that
had lowest corrosion potential. Therefore the

Mark Corrosion Potential Corresponding Part anode 1ayer was corroded rapidly when its
510 e corrosion potential was lower than both of the
Bi1 735 Solder (Eutectic) solder layer and the core layer. On the other
B12 685 hand, corrosion rate of sacrificial anode de-
Solder(Primary) . .
B13 —715 creased when the corrosion potential was
U40 ~685 similar to that of solder. Considering the re-
U4z —1735 Sacrificial Anode sults, the potential of outer solder had to be
U43 — 780 similar to that of sacrificial anode in order to
S2 —655 Core prevent rapid consumption of sacrificial
anode.
100 100
1 Anode in Couple
Cathode in Couple
80 - —x— Potential Difference 80
>
" E
% 60 | B 60 g
. =
5 40 1|40 2
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2 0 &
0 s 0
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Fig. 9 The results of 100hrs immersion testing for typical galvanic couple specimens.
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Following these basic considerations, corro-
sion lives of various evaporator cores were
compared by the CCT. The results are shown
in Figs. 11 and 12. Besides the corrosion test-
ing, corrosion potential on the surface, anode
layer and core alloy for each of the materials
were also measured. The results are shown in
Table 5. In spite of good corrosion resistance
obtained in the same tests on coupon speci-
mens, the evaporator using 0.42t quad —layer
brazing sheet Mark C had shorter perforation
life than that using 0.6t conventional brazing
sheet Mark A. The cross section of the evapo-
rator using quad —layer brazing sheet Mark C
after 440 hrs testing showed narrow corrosion
of the anode layer and uncorroded thick sol-
der fillet around the perforation.

Considering the cross section and corrosion
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w
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© . &
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<
.
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Core Anode Solder
(b) Corresponding to Material E
Fig.10 The results of immersion testing for the

galvanic coupled specimens consisting
of three coupons.

Table 5 Results of corrosion potential measurements
for evaporators in the cyclic corrosion testing
solution (mV vs SCE).

Mark Outer Surface | Anode Layer Core alloy
A —660 - —640
C — 660 —660 —640
D — 660 690 =640
E —690 —690 —640

90

potential, it seemed that the anode layer of the
material Mark C did not have enough corro-
sion potential difference to protect the core
layer. The difference in the results on corro-
sion testing between the coupon specimen and
the evaporator core might be due to the thick-
ness of the solder remaining on the anode lay-
ers. In the case of the coupon specimens only
a thin solder film remained on the surface
after brazing. On the other hand, in the evapo-
rator, solder made large fillets around the
outer fins and also remained on the anode
layer. Si from thick solder might diffuse into
the anode layer and make the corrosion poten-
tial of the layer noble. As Mark C, the evapo-
rator using 0.42t quad —layer brazing sheet
Mark D which had an Al—Mg—7n anode layer
had shorter perforation life than that using

1000

800

600

400

Perforation Duration / h

200

Marerial

A(0.600) C(0.420 D0.42t) E(0.42t)

Fig.11 The perforation duration of evaporators
in CCT.

(a) Material A

<ok g W

(¢) Material C

50um

Fig. 12 The cross section of evaporators after CCT.
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0.6t conventional brazing sheet Mark A. The
cross section of the evaporator using material
Mark D after 430 hrs testing showed wide cor-
rosion of the anode layer and uncorroded
thick solder fillet around the perforation. In
the material Mark D, corrosion potential of
the anode layer was lower than that of Mark
C and there was a large difference between the
potential of the core layer and solder layer.
Generally, in order to decrease corrosion po-
tential, the addition of Zn is not favorable for
the material when applied to vacuum brazing
because the most of Zn is lost by evaporation
during brazing. But Zn located far from the
surface must diffuse to reach the surface to
evaporate. In this quad —layer brazing sheet,
the thickness of the anode layer where Zn was
added was relatively thick. Therefore more
than half of the amount of Zn remained after
vacuum brazing and was effective in decreas-
ing corrosion potential of the anode layer. The
cross section indicated that the potential of
the anode layer was low enough to protect the
corrosion of a core layer but the corrosion
rate of the layer was increased by galvanic ac-
tion against not only the core alloy but also
the solder fillet. On the other hand, the evapo-
rator using 0.42t quad —layer material Mark
E, which had an Al—Mg—7%n anode layer and
an Al—Si—1In solder layer, had the longest
“perforation life. The cross section of typical
corrosion showed wide corrosion of the anode
layer and corroded solder fillet. In the mate-
rial Mark E, the corrosion potential of anode
layer was lower than its core and almost same
to its solder in which a small amount of In was
added to decrease the corrosion potential.
From these results above, it might be con-
cluded that in order to have good corrosion
resistance in the quad —layer brazing sheet for
down—gauged drawn cup evaporator the cor-
rosion potential of the anode layer has to be
lower than that of core alloy to protect the
core from the corrosion and to be almost
equal to that of solder to prevent rapid con-
sumption of the anode layer.

06

4, Summary

In order to achieve down — gauging of the
drawn cup evaporator, the quad —layer braz-
ing sheet with an anode layer between the
outer solder and the core was studied. A sum-
mary of the results are as follows;

(1) With regard to the accelerated cyclic cor-
rosion testing on the plate coupon, the quad—
layer brazing sheet seems to have acceptable
corrosion resistance to down —gauge less than
0.5mm.

(2) Al—Mn alloy is insufficient for the anode
layer material because of the partial extinc-
tion of the layer by erosion during brazing.
This erosion takes place at the portion where
slight cold forming is impressed.

(3) The corrosion potential of the anode
layer should be more than 30mV lower than
that of core alloy to have successful cathodic
protection.

(4) The corrosion potential of the outer sol-
der should be similar to that of the anode
layer to prevent rapid consumption of the
anode layer and to have longer perforation
life.

(5) Using the quad layer brazing sheet with
Al—Mg—Zn alloy anode layer and Al—Si—In
outer solder the above conditions were satis-
fied and about 30% down—gauge was achieved
with sufficient corrosion resistance.
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We have achieved significant weight reduction for the MS (Multi — Tank Super Slim Structure)
Evaporator ¥ currently in production at DENSO CORPORATION. The evaporator of HVAC unit, lo-

cated in the instrument panel, is a component of the aluminum heat exchanger used in automotive air

conditioners. The new evaporator uses thinner quad —layer sheet material, thanks to optimization of

the electrical potential among its outer filler metal, intermediate anodic layer and core. The evaporator

is thus lighter than conventional evaporators, but retains equivalent corrosion resistance.

1. Introduction

With automobiles becoming increasingly
fuel —efficient, the aluminum heat exchangers
used in auto air conditioners must be of com-
mensurate lightness. Part of this approach in-
volves reducing the weight of the evaporator, a
heat—exchanger component that cools the air
in the cabin compartment. Such reduction re-
quires development of a highly corrosion—re
sistant material that will enable reduced wall
thickness, because an evaporator cools the air
by means of heat exchange involving conden-
sation. A common method of improving corro-
sion resistance is zinc diffusion. However, this
method is not compatible with vacuum braz-
ing, which is widely used to braze evaporator
sheet material. With these facts , we decided to
develop a quad —layer sheet material compris-
ing a zinc—added anodic layer between outer
filler metal and core. Because condensed water
is of low electrical conductivity, we designed
the outer filler metal, intermediate anodic
layer and core to be of optimal electrical po-
tential. We thus developed a material that pro-
vides improved corrosion resistance for

* This paper was presented at 2001 SAE World
Congress, Detroit, Michigan, U.S.A., March 5—8,
2001.

Reprinted with permission from SAE paper num-

ber 2001 — 01 — 1254 (01HX — 24),

Automotive Engineers, Inc., (2001).
++»  DENSO CORPORATION

«+* No.4 Department, Research & Development Center

Society of

o7

vacuum — brazed evaporators. The new MS
evaporators, currently in production at
DENSO CORPORATION, are 20% lighter than
the conventional evaporators of equivalent
performance. Production of this quad —layer
sheet material commenced in August 2000. The
material is finding wide use in the domestic
and overseas markets.

2. Background

Tablel shows DENSO CORPORATION
evaporator improvements? thus far. Until the
mid —1980s, serpentine evaporators were com-

Tablel Evaporator improvements.

Fin & Tube| Serpentine |Plate&fin(ST) [Plate&fin(MS)

Appearance

Core

Structure

Tube wall thickness|  1.0mm 0.7mm 0.6mm 0.6mm

Fin wall thickness| 0.15mm 0.16mm 0.Ilmm 0.08mm
Heat-transfer Reduced fin height | Reduced fin height | Internal fins and
area-increasing measures |and flattened tube |and single tank(ST)| reduced tube height
Heat-transfer Louvered |Cross-ribbed|MS refrigerant
rate-improving fins tubes flow

Core width 125 105 90 58
Performance 75 90 100 100
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mon. In 1987, DENSO CORPORATION started
to supply single —tank drawn —cup evapora-
tors, followed by MS drawn — cup evapora-
tors, whose production started in 1997. Drawn—
cup evaporators consisted of tubes and fins
produced by press — forming three — layer
sheet material, with both sides brazed. The
tubes and fins were laminated to each other
and integrated by vacuum brazing. The pur-
pose of such improvements was always to en-
hance performance by refining the core
structure. From 1987 on, such improvements in
performance have enabled width reduction,
thus decreasing weight. We have been looking
into possible reduction in the wall width of fins
and tubes as well; however, there has been vir-
tually no progress in reducing tube wall thick-
ness.

One reason for this is that, in the 1990s,
evaporator reliability standards became
higher. It is now essential that tube material
resist refrigerant leakage due to corrosion
caused by surface — adhering corrosive ele-
ments (e.g.,Cl and SO.) deposited by air pass-
ing through the evaporator, as well as by
water condensation. DENSO CORPORATION
began producing highly corrosion —resistant,
titanium —added material in 1992 ® ¥, This de-
velopment enabled the production of evapora-
tors featuring corrosion — free service life
equivalent to that of the vehicle itself.

Fig.1 compares the weight reduction of
evaporators produced by various manufactur-
ers in the past few decades (core weight vis—
a—vis cooling performance). The competition

amongst these manufacturers for lighter

Fin&Tube

Plate~fin(ST)

%o
Q g g - Serpentine
0.7} @ Maker A ﬁﬁg% i;;
0.6} OMakerB } E n 1{%
A Maker C | & (| TRkl
05 A Maker D uﬁgf@‘?
0.4 %0 i = L -

Year

Fig.1 Chronology of evaporator weight reduction.
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evaporators has been intense; we at DENSO
CORPORATION therefore decided to start re-
search to further reduce product weight.

Fig. 2 below breaks down MS evaporator
weight by component. Of total MS evaporator
weight, 58% comprises the tubes. This means
that, to reduce MS evaporator weight, tube
wall thickness reduction be effective. We there-
fore began research to reduce wall thickness
to 0.45 mm, as a means of reducing evaporator
weight 20% without lowering corrosion resis-
tance.

3. Wall Thickness Reduction Measures

3.1 Theoretical Review to Ensure Corrosion
Resistance

Since HFC — 134a, which does not include
chlorine, replaced conventional HFC a few
years ago, the refrigerant side of the evapora-
tor rarely experiences corrosion. However, the
air side of the evaporator dehydrates and
cools air, so is wet constantly while the air
conditioner is on. Corrosion —advancing ele-
ments included in outside air, such as chlorine,
adhere to the evaporator surface, corroding
the tubes. Evaporator tube walls should there-
fore be thick enough to provide sufficient cor-
rosion resistance. When ST (single — tank)
evaporators came into use, tubes were made
of three—layer sheet material with aluminum—
manganese alloy at the core, cladded on both
sides by brazing. To protect the tubes from
corrosion fins were made from low—electric—
potential material, and started to corrode
first. However, examination of returned prod-
ucts disclosed that parts of the sheet material

Fig. 2 Breakdown of evaporator weight by component.
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immediately below the fins also corroded. This
suggests that, because the condensed water
electrical conductivity was low, the anodic
quality of the fins did not provide sufficient
sacrificial effect for the tubes. It was therefore
necessary to improve the corrosion resistance
of the sheet materialitself. A highly corrosion—
resistant sheet material that has been in pro-
duction is provided with titanium at various
densities, such that corrosion occurs parallel
to the direction of wall thickness. Fig. 3 shows
the corrosion —resistance performance and a
view of a corroded cross section. This im-
provement
50%, compared with conventional material.
With a wall thickness of 0.6 mm, the product
has a service life nearly equivalent to that of
the vehicle itself. To further reduce wall thick-
ness, however, laminar corrosion resistance
should be strengthened. Fig.4 gives common
methods used to produce laminar corrosion.

increased corrosion resistance

06 - O OldMaterial  (N=14)
L * Current Material (N=34) Ab[ 15 I it
E 05 Tril ) al [ out 1. tlmes ife
~ T,
j
(o]
z 04
g \;\6\8 ,*'
© 03 S
o O
[«]
£ .
§ 0.2 * ) F
g 0.1 _(* *1_4 V
N . J
00" 3 =
0 0.2 0.5 0.7 1.0 125 15

Elapsed Month of Recovery One/Old Material Life (Month)

Fig.3 Effect of current material.

Zn spraying Anodic band
Fillet metal
Zn . -
Intermediate
Structure Core layer
Anodic effects Anodic effects |:> Core
Potential
difference 50~200mV 15 mV
Effect High Low .
Fillet metal
Applicability No good Good I
Problem Z:civ?:‘)%r;tziq: during Insuffficifefnt ::orrosior Anodic fayer between
. "8 proof effects core and fillet metal

Fig.4 Wall thickness reduction measures.
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DENSO CORPORATION uses vacuum brazing
to clad drawn—cup evaporators. This facili-
tates the subsequent surface treatment that
imparts hydrophilic characteristics. However,
in vacuum brazing some zinc, sprayed on the
surface, vaporize. It is therefore very difficult
to provide a difference in electrical potential
between surface layer and core by zinc spray-
ing. Providing an anodic band between fillet
metal and core cannot provide sufficient po-
tential difference, the anodic effects are insuf-
ficient. To
difference by controlling =zinc evaporation

achieve sufficient potential
when vacuum brazing 1s used, we developed a
quad — layer material with a zinc — added
anodic layer added to the conventional three—
layer material; the new layer was placed be-
tween air side fillet metal and core. Our devel-
opment of the quad—layer material is detailed
in Part 1 of ”Development of Quad — layer
Clad Brazing Sheet for Drawn Cup Type
Evaporator.” The present paper describes the
methods we used to formulate the sheet mate-
rial for development as a commercial product.
3.2 Discussion of Material Formulation
Fig. 5 shows the results of corrosion evalua-
tion conducted on a material with a zinc —
added intermediate layer and both sides
brazed with A4104. The material was devel-
oped at a very early stage of material develop-
ment. To simulate corrosion conditions that
were close to actual on—machine conditions,
we decided on corrosion evaluation methods
by thoroughly studying the market conditions
of various countries, deposits on evaporators,
and condensed water constituents. The anodic
layer of this material developed corrosion too
early in the cross section where we had ex-
pected it. The material service life was consid-
erably shorter than our target service life.
Such corrosion occurred because the fillet
metal functioned as cathode and the interme-
diate layer, functioning as anode, corroded
very early. We learned to design all the mate-
rial, including the fillet metal, to have optimal
electrical potential. As shown in Fig.6, we
started research to optimize electrical poten-
tials, assuming that no—leakage service life is
based on the relation between corrosion—pro
of section volume and corrosion speed. In the
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Corrosion of material evaluated at @odel > < Theoretical equation >\
its early stage of development 1

Ideal corrosion model

Corrosion model at early stage
of material development

Progress of corrosion Fillet metal y— Cathode
tntermediate] | =>[] Anode ) —]—:I@ = {corrosion proof)
layer (corsosion) layer Anode

Core Cathode Core {corosion)
{eorrasion proof) Cathode

{cormosion proof)

Wall thickness

Early deterigration:

(mm)

Estimated service life of intermediate layer
Time (h)

Corrosion depth

(]

Fig.5 Results of corrosion evaluation at early stage
of material development.

Corrosion model

F=
AE2>0 Eillet metal E> ¢ corrosion-proof &
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gl "’ye':jA E1 Penetration N 33
= /-a
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\/ ] section volume
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section volume intermediate layer
A

T : corrosion-proof oc AET
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section radius

Affected by AE1, AE2,

d:Corrosion 2> Depth and anode-to-cathode ratio
speed

‘ Theory-based calculation l ! Caleulation based on experiments I

Fig.6 Estimation of no—refrigerant—leakage service
life.

following, the potential difference between
core and intermediate anodic layer is called
AE] and the potential difference between the
fillet metal on the air side and intermediate
anodic layer, AE2. To estimate no —leakage
service life, we determined corrosion — proof
section volume by theory —based calculation,
and corrosion speed by calculation based on
experiments using a new corrosion evaluation
method. '

First, we studied the corrosion—proof sec-
tion radius, required to calculate the section
volume. Fig.7 gives the model used for this
calculation. Based on the electrical potential at
which the core was put into a passive state for
the second time, the radius of the corrosion—
proof section r was determined by the theo-
retical equation , using the AEl as the pa-
rameter. Fig.8 gives the results, which

establish  approximate  expression (1)
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Intermediate layer E R (L—
T E(=AE1 cosnll ERW=0],
cosh (\IWR L)

Core 5 =Eg—20(= Electrical potential at which

the core was put into a passive
state for the second time)

: Self-potential of core at a point r away from
intermediate layer

Ey : Self-potential of intermediate layer
Es : Self-potential of core (-600 mV)
AE1 : Potential difference (ET -ES)
t : Thickness of fluid film
I : Conductivity of fluid
K L : Constants /

Fig.7 Relation between AE1 (Potential difference)
and corrosion—proof section radius.
— Calculation model and theoretical
equation—
300 _ _
T 250 |[r=1.5656XIn(AE1)—46942 |
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S~ 200 N 17
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Potential Difference, AE1 (mV)

Fig.8 Relation between AEl (Potential difference)
and corrosion—proof section radius.

regarding r, and show that the greater the A
El value, the greater the corrosion—proof sec-
tion radius.

<Approximate expression >
r=1.5656xIn(AE1) —4.6942 e

Next, we studied the relation between corro-
sion speed and the potential difference be-
tween core and intermediate anodic layer, by
experimentation. The corrosion fluid used was
made by extracting copper ions from fluid
prepared in accordance with the new corro-
sion evaluation method. With this fluid, we
conducted a coupling test on intermediate
layer and core, which yielded the weight loss
of the intermediate layer due to corrosion
after 100 hours’ immersion. Fig. 9 shows test
results. Based on these findings, intermediate
layer weight loss due to corrosion can be ap-
proximated by equation (2).
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<Approximate expression>
Intermediate layer weight loss due to corro-
sion (g)=0.0002x AE1+0.0641 @

Using the same test method, we examined
the relation between corrosion speed and the
potential difference between the intermediate
anodic layer and the fillet metal on the air
side. Corrosion was checked by measuring
weight to learn the weight loss of the interme-
diate layer. The results are shown in Fig. 10.
Results showed that, when AE2 was greater
than 0, the corrosion speed was high, while
when AE2 was less than or equal to 0, corro-
sion speed was low. The approximate expres-
sions (3) and (4) of these two cases are shown
below:

< Approximate expression>
Intermediate layer weight loss due to corro-
sion (g)=0.0094ln(AE2) +0.0301

(3) : AE2>0

Intermediate layer weight loss due to corro-
sion (g)=0.0474—0.0123In(— AE2)
(4) : AE2=0

o 20 40 60 80
Potential Difference AE1 (mV)

for new corrosion 100

evaluation method
Cl. SO4. pH3

—Coupling test— S 010
RO s s oot 0 i A A O B
3 [ |intermediate layer weight loss (g)
- 00s¢ =0.0002 X AET +0.0641
= L
§‘ 008 £ -
5 007 adl
Area of single plate: 9
15.43 cm2 L 006}
Immersion time: 100 h g o
; . g 005k
Solution: Cu-less fluid g . Lo Lot L bt b Lt
k]
<

Fig.9 Relation between AEI and corrosion speed.
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Fig. 10 Relation between AE2 and corrosion speed.
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The above discussion clarifies the relation
between corrosion — proof section volume at
various AEl and AE2 values and corrosion
speed. Based on these results, we established
equation (5) to estimate no—leakage service
life. Using the new on — machine corrosion
method, we previously conducted a test with
AEL 60 mV; AE2, 0 mV; and corrosion—pro
of depth d, 78 ym. Using the Weibull probabil-
ity paper, we conducted calculation assuming
Buw life to be 970 hours. The results are shown
in Fig. 11.

3.3 Determination of Additive Amounts

Next, we studied additive characteristics;
the findings are given in Fig. 12. For the anodic
layer, we decided to use zinc, which is inexpen-
sive and easily processed. As additive to the
fillet metal on the air side, we selected indium,
since zinc would evaporate and so could not be
used; tin is relatively difficult to process; and
mercury and cadmium would adversely impact
the environment. In light of thickness reduc-
tion, we carefully studied the smallest possible
fillet —metal thickness and succeeded in reduc-
ing it A10 pm. We determined the rate of the
cladding in consideration of product uneven-

Estimated no-leakage B10 service life (W = «r2-djv- @ « B + v --(5)
{corrosion-proof section

r : Corrosion-proof section radius

d : Intermediate layer thickness

v : Reference corrosion speed

a : Corrosion speed ratio between intermediate layer and core

B : Corrosion speed ratio between intermediate layer and fillet metal
T : Anode-o-cathode ratio

—Reference corrosion speed— —Calculation example—
A E1|A E2]oroof

AE1:60mV oot Tl
AE?2: OmV D> B,,=870h[[mV)l(mV]voume
d=78um <
20

7 - 2-d./ v=8ervice life [ 10]

v= 7 - 0.72mm20.078mm/970H 0 |—010-238 [0.9471L.
=7.47%10-*(mm?/H) =

2 | l

Precious fillet metal

[ Base fillet metal ]

50 60 70 80

30 0
AE1(mV)

Fig. 11 Estimation of no—refrigerant—leakage service

life.
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ness among manufacturers.

As a result of these improvements, we suc-
ceeded in reducing wall thickness at the center
to 0.44 mm, 0.01 mm less than the target 0.45
mm. The weight was reduced 20%.

4. Quality Control Check Results

Fig. 13 presents the results of comparing the
final formulation of the material with the con-
ventional material, using the new corrosion
test method. The target service life of the
evaluated material was 835 hours, 15 hours
longer than the conventional B10 life (820
hours). Despite the reduced thickness, the new
material satisfies DENSO CORPORATION’s
in—house standards regarding performance,

Potential reductign Appllcabﬂrty to
Element |performance Cost vacuum brapng Ductility Easg of
(% 10 mV) Intermediatd  Fillet brazing
layer metal
Zn |02 | W 0
In [ 00017 | 4 | o)
Sn 0.0031 — O o x (e}
Hg
Cd These elements should not be used due to
environmental impacts and poliution problems.
Ga

Fig.12 Comparison of added elements characteristics.
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< Corroded cross section of
evaluated material >
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Cumulative failure rate, F(t) (%)

Aquel
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100 75% 1000
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<new corrosion evaluation test>

initial Spray wet drying
condition condition condition
(8pray) = I - 50°C > 50°C
gr sS04 95%
504 2Hr BHr 4Hr
]
Cycle Test

Fig. 13 Results of other quality evaluation tests.
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strength, and refrigerant noise. To ensure cor-
rosion resistance in any environment, we had
the new material monitored in Thailand, where
the evaporator was exposed to a highly corro-
sive environment.

We studied the corrosion that developed on
it over two years of driving. We checked for
the following:

1) Early development of corrosion caused by
conjunction of two low — potential materials,
with indium —including fillet metal used at the
tank valley —shaped contact surface.

2) Pitting on the core due to the insufficient
performance of anodic material.

To conduct these checks, we previously esti-
mated the relation between duration and depth
of corrosion. Fig. 14 shows the results. The
corrosion depth of good products returned
from the markets was consistent with the
service —life estimation line. We therefore con-
cluded that the checked products were of a
service life no shorter than that of conven-
tional products on the market. We intend to
continue monitoring the products to further
evaluate core corrosion.

‘e 0.6 : : .
£ (O Current Material (N=34)
S 0 Current Material New Material  (N=30)
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Fig. 14 Results of monitor research.
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Fig. 15 Cross-section of corrosion.
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5. Conclusion

We developed a quad —layer material with
an intermediate anodic layer to reduce sec-
tional thickness. This development can be sum-
marized as follows:

1) To provide material with improved corro-
sion resistance, it is necessary to optimize the
potential difference between core and interme-
diate anodic layer and between intermediate
anodic layer and fillet metal on the air side.
We formulated the sheet material on the basis
of calculation and experiment results.

2) The material meets all our in—house qual-
ity standards. Material monitoring over an ex-
tended period of time also showed that it met
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the service—life estimation.

3) The developed material is 0.44 mm thick,
successfully achieving the target thickness.
The MS evaporators currently in production
are reduced in weight by 20%. We commenced
supplying the product to automakers in
August 2000.
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During aluminum semi—continuous casting, many oxides are generated by the turbulent metal
flow during the metal feeding from the casting launder to the nozzle, the distributor, the glass cloth
filter (GCF) and the mold. Especially, this is remarkable in the cast start phase. These oxides pos-

sibly cause sheet defects.

In this study, to clarify the mechanism of oxide generation and mixing into the ingot, we inves-

tigated the effect of the casting conditions such as the initial metal feeding speed, the distance be-

tween the GCF and the bottom block and the concentration of oxygen in the mold on the qualities

of the ingots and the rolled sheets.

Consequently, most of the oxides were generated at the end of the distributor and on the bottom

block. The oxides on the bottom block were carried away with metal flow and mixed in the solidi-

fication zone. Therefore, it was effective for reducing the oxides to seal the mold with inert gas and
to shorten the distance between the GCF and the bottom block.

1. Introduction

In the aluminum industry, it is an important
problem to improve not only the internal qual-
ity of the ingot such as cracking and large in-
clusions, but also the surface quality such as
the small oxide films causing rolled sheet de-
fects. Especially it is remarkable in the cast
start phase of aluminum—magnesium alloy as
can—stock materials.

For that purpose, it is essential to decrease
the oxides in the ingot, or to reduce the oxide
generation in the cast start phase that affects
the stable phase. Also, this leads to an im-
provement in the yield by decreasing the cut-
ting off length at the ingot bottom and the
scalping depth at the ingot surface.

However, the behavior of oxide generation
and its flow in the mold are unclear, because it
is a very complicated process and not easy to
detect and quantify.

* The main part of this paper was presented at the
130th TMS Annual Meeting, New Orleans, USA,
February 1115, (2001).

++  No.2 Department, Research & Development Center

+++ Casting Technology Department, (Nagoya Works),
Sheet & Plate Division
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There are a few reports for oxide generation
in the nozzle —mold line. Yun’'s patent pre-
vented the turbulent metal flow on the bottom
block?, Brochu et al. reduced the turbulent
metal flow in the Combo—bag by optimizing
the bag geometry?, and Moritz et al”. reported
oxide generation in the nozzle —stopper sys-
tems. These reports did not refer to the flow of
the oxides. In addition, many theoretical flow
analyses performed in the molten sump includ-
ing the GCF did not refer to oxide generation
and mixing into the ingot, and only mentioned
the flow pattern in the molten sump and the
uniformity of the metal temperature distribu-
tion nearby the mold”~?.

In this study, we clarified the mechanism of
the oxide generation and mixing into the ingot
by quantifying the oxides in the ingot and the
defects on the rolled sheet surface.

2. Experimental procedure

2.1 Experimental equipment and casting
conditions
To investigate the behavior of the oxide gen-
eration and mixing into the ingot in the initial
casting stage, casting trials were performed in
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our laboratory. The layout of the casting sys-
tem and casting conditions are shown in Fig. 1
and Table1, respectively. After the charged
materials were melted in a gas furnace, the
metal was refined by GBF processing. Casting
trials were carried out using 550mm wide,
170mm thick and 650mm long slabs of Al—owt
%Mg alloy. In these trials, the casting speed
and water flux were constant all through the
casting period.

The factors evaluated for the oxide genera-
tion in the cast start phase are metal tempera-
ture, mesh size of the GCF, distance between
the GCF and the bottom block, inert gas at-
mosphere in the mold, metal height in the cast-
ing launder (initial metal feeding speed) and
metal flow direction from the GCF. These con-
ditions are summarized in Table 2.

In the trials for the distance between the
GCF and the bottom block, an adiabatic sheet

Aluminum metal

\ Casting launder

i N N N o N N N N S T T T

A AR

R A e A A A A A
Nozzle UDistributor

Bottom block

was installed on the bottom block to avoid the
casting troubles due to the solidification pro-
gressing up to the height of the GCF. In the
gas seal trials, the gas atmosphere was main-
tained in the mold by installing a heat resis-
tant glass on the mold top. Two kinds of gas,
Argon and CO: were used for keeping the con-
centration of oxygen around 10% and less
than 1%.

2.2 Evaluation for the ingot quality

Slice samples and block piece samples were
used for evaluating the ingot quality. Fig.2
shows the sampling locations. The slice sam-
ples were selected at the thickness section of
the long side (rolling face) center and the
number of oxides over 300um size was then
counted by microstructure observation. Based
on these data, the relationships between the
casting conditions and oxide distributions
were evaluated. The block piece samples of
65mm wide, 100mm long and 15mm thick size

Slice Block piece

Fig.2 Sampling locations of slice and block piece

Fig.1 Schematic drawing of the casting equipment. in testl —12.
Table 1 Casting conditions.
All Ingot size Casting speed Water flux Metal level Casting length
o
Y (mm) (mm min) (m®/min) (mm) (mm)
Al—-5wt%Mg 550 * 170 80 0.16 65 650
Table 2 Experimental parameters. (Under line denotes the standard conditions)
Metal Mesh size of Distance between Gas atmosphere Metal height Metal flow
temperature GCF GCF and bottom 0, level in launder direction
K) (mm? opening) block (mm) Gas %) (mm) from GCF
70 . Around from GCF
0.56—single Air 23 U u—
978 S U— 40 — — 150 Long side from GCF
— 0.56—double — CO, 10 - .
1023 20 0 Short side from GCF
1.8—single Ar 1 .
5 Without GCF

65
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were selected at dmm inside from the ingot
surface. These blocks were rolled down to a
2mm thickness at room temperature and the
number of defects on the rolled sheet surface
was counted. Furthermore, in the trials about
changing the metal flow direction from the
GCF, the slice samples and block pieces were
prepared at each location as shown in Fig. 3.
These samples were evaluated similarly. Based
on these data, the relationships among the
casting conditions, oxide distributions in the
ingot and surface defects on the rolled sheet
were evaluated.

2.3 Application of molten metal flow analysis

We tried the theoretical flow analysis using
the 3 — dimensional casting simulation soft-

Center of short side
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Slice Block piece

Fig.3 Sampling locations of slice and block piece
in testl, test13—15.

(a) Oxide

ware by FDM (Finite Difference Method) in
order to understand the metal flow behavior in
the molten sump and to clarify the relation-
ships among the various casting conditions,
the oxide generation and mixing into the ingot.
In these calculations, the equivalent boundary
conditions for the casting trials were applied.

3. Results and discussion

3.1 Influence of various casting conditions

on oxide generation

Fig. 4 shows a typical oxide defect observed
in an ingot and a surface defect on the rolled
sheet. These defects were indicated oxides
(MgO) by EPMA analysis. Fig.5 shows the
metal icicles and the metal surface in a trial.
The metal icicles were formed during metal
feeding from the GCF to the mold. It was con-
firmed the oxides on the metal surface, after
the metal surface reached the target level.

Fig. 6 is an example of the oxides distribu-
tion in the testl ingot slice. It is noted that
nearer the surface or bottom, there are more
oxides. The oxides distribution was similar for
all casting conditions, although the number of
oxides 1s different from each conditions.
Therefore, the oxides seems to be mixing into
the ingot nearby the mold in the cast start
phase.

Table 3 summarized the number of oxides on
the ingot slices and the number of defects on
the rolled sheet surface in all trials. In testl as
a standard condition, 33 oxides were observed
on slice surface and 4 defects were confirmed
on the rolled sheet surface. In test2 of high

(b) Sheet defect

Iig.4 Photographs of oxide in ingot and sheet defect.
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(a) Metal icicle

(b) Metal surface

Fig.5 Photographs of metal icicle and metal surface.

B200 BO

Surface 64 64 96 144

16 48 96 96

16 16 80 30

16 16 32 64

24 16 8 32

24 8 8 8
Center 24 24 8

8 8 8

16 24 8

16 8 8 24

16 32 32 48

16 48 64 64

18 64 96 96
Surface 32 64 128 176

Bottom

Count of oxides(counts/100cm?)

Fig. 6 Oxide distribution in testl.

metal temperature, a remarkable difference
was not found in compared with standard
testl.

The influence of the mesh size of the GCF
was not found in test3 and 4. In testb of short-
ening the distance between the GCF and the
bottom block, only 1 defect was confirmed on
the rolled sheet. This ingot bottom had an ex-
cellent quality in compared with testl. During
casting in testd, dross was hardly found on the
molten metal surface. However, in test7 of the
longer distance, the ingot bottom quality was
not good.

Based on these results, it was considered
that shortening the distance between the GCF
and the bottom block was effective for

67

reducing the oxides in the cast start phase due
to shortening the metal icicles and preventing
turbulent metal flow on the bottom block.

No effectiveness was confirmed in test8 and
9 when the concentration of oxygen was 9—1
0%. On the other hand, test10 and 11 at 1% or
less, the concentration oxygen showed excel-
lent results. Therefore, it was confirmed that
sealing by a high concentration inert gas in
the mold was a very effective item against
oxide generation in the cast start phase.

In testl2 of shortening the metal height in
the casting launder, a few defects were ob-
served on the rolled sheet. This ingot had a
good bottom quality compared with testl. It
was estimated that the turbulent metal flow
was suppressed by the low pouring speed,
when feeding the metal into the GCF and the
mold from the nozzle.

3.2 Influence of metal flow direction on oxide

mixing location

The results are summarized in Table4. In
testl, which is the standard conditions, there
were many oxides in the center slice of the
long side in compared with in the edge slice.
Moreover, oxides in the center slice of the
short side were fewer than that in the edge of
the long side.

In testl3 without GCF, oxides in each slice
were observed several times greater in com-
pared with standard testl, especially in the
center slice of the short side many oxides
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Table 3 Experimental results.

Parameters Results
Test Metal Mesh size Distance Gas atmosphere | Metal Oxide on Rolled
No. temperature of GCF between GCF and 0, level depth ingot slice sheet defect
X) (mm?) bottom block (mm) Gas %) (mm) (counts) (counts)
1 978 0.56-s. 40 Air 23 150 33 ‘ 4
2 1023 0.56-s. 40 Air 23 150 32 5
3 978 0.56-d. 40 Air 23 150 35 5
4 978 1.8-s. 40 Air 23 150 32 4
5 B 056 5 Aw| 2 150 00 g
6 978 0.56-s. 20 Air 23 150 25 2
7 978 0.56-s. 70 Air 23 150 59 7
8 978 0.56-s. 40 CO, 9.0 150 31 3
9 978 0.56-s. 40 Ar 9.5 150 35 5
10 978 0.56-s. 40 COy 0.8 150 7 0
11 1978 0.56-s. S 40 Ar 0.7 150 9 1
12 978 0.56-s. 40 Alr 23 0 22 2

% s.: Single d.: Double

Table4 Influence of metal flow direction.
Oxide on ingot slice (counts) Rolled sheet defect (counts)
Test Metal flow . - .
Long side Short side Long side Short side
No. direction from GCF
Center Edge Center Center Edge Center
1 Around from GCF 33 21 17 4 1 1
13 Without GCF 55 59 71 9 11 12
14 Short side from GCF 19 25 44 1 1 4
15 Long side from GCF 42 22 14 6 2 1

existed. This is obvious proof for the move-
ment of the oxides floating on the metal sur-
face to the short side due to flow of the metal
directly to the short side without GCF.

In testl4 of the short side path from the
GCF, there were also many oxides in the cen-
ter slice of the short side. The oxides in the
center slice of the long side were relatively
few. It is estimated that the metal flow to the
short side was dominant in compared with the
long side similar to testl3. In addition, in
testl5 of the long side path from the GCF,
many oxides were observed in the center slice
of the long side, but there were few oxides in
the other slices. As above, it became clear that
the number of oxides mixed into the ingot and
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the number of defects on the rolled sheet sur-
face had a strong correlation.

In particular, the sheet defects occurred in
all the slices in testl3 without GCF conspicu-
ously, then the role of GCF was recognized as
a filter. In all tests, there were many sheet de-
fects in only the slice located in the metal flow
direction. Therefore, it was suggested that ox-
ides generated in the GCF or on the bottom
block in the early casting stage moved to the
metal flow direction from the GCF and were
mixed into the ingot.

3.3 Theoretical flow analysis

Fig. 7 shows the calculation results of vari-
ous metal feeding speeds(Vo) at the nozzle
inlet.
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flow behavior in the mold (quarter region)

(a) Meta
a a
Vo=0.3w/s  f[GCF Nozzle Vo=1.2m/s
= Distributor i

(b) Metal flow vectors

in half of a vertical plane

Fig.7 The calculation resulis of flow analysis.

At a low metal feeding speed(Vo=0.3m/s),
the metal flows vertically in laminar form
from the distributor in the GCF and on the
bottom block. The free surface area of the
molten metal is smaller than that for the high
metal feeding speed(Vo=1.2m/s). Therefore,
it is considered that the oxides are not gener-
ated due to the laminar flow.

At a high metal feeding speed, the metal
flows horizontally from the distributor and
collides with the GCF. This flow forms many
metal icicles and becomes the turbulent metal
flow on the bottom block. In this case, it is es-
timated that many oxides are generated in the
GCF and on the bottom block. As stated
above, the metal flow behavior in the GCF and
on the bottom block by the theoretical flow
analysis agrees well with the experimental re-
sults for the oxide generation.

3.4 Mechanism of oxide generation and

mixing into ingot

Fig. 8 shows the schematic drawing for the
mechanism of oxides generation and mixing
into the ingot.

In this work, we observed that the oxides
were generated in two zones. One zone is the

Sticking

(b) Mixing into the ingot

Fig.8 Schematic drawing of oxide generation and
mixing into the ingot.

exit of the distributor, and another zone is
under the GCF. At the exit of the distributor,
oxides were generated by the turbulent metal
flow, and increased with the metal flow speed
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in the GCF. These oxides were mainly trapped
by the GCF, but some of them may sporadi-
cally flow out from the mesh of the GCF dur-
ing casting.

While, under the GCF, oxides were generated
by forming the metal icicles, and increased
with the distance between the GCF and the
bottom block. These floating oxides on the
bottom block moved up to the metal surface,
and mixed into the ingot nearby the mold.
Some of such oxides stuck under the GCF, fi-
nally were peeled off by the metal flow and
mixed similarly. In addition, we clarified that
metal flow direction in the mold had a strong
influence on the mixed location in the ingot.

4. Conclusions

In this study we investigated the effect of the
casting conditions such as initial metal feeding
speed, distance between the GCF and the bot-
tom block and inert gas atmosphere in the
mold by evaluating the qualities of the rolled
sheets and the ingots in order to clarify the
mechanism of oxide generation and mixing
into the ingot. Most of the oxides generated in
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the GCF were floating on the molten metal
surface or caught by the GCF. The molten
metal passed through the GCF dripping like
icicles and was oxidized on the bottom block.
Some of the oxides came up to the surface and
stuck to the bottom of the GCF. Other oxides
moved on outer metal surface of the GCF and
mixed into the solidification zone. For the mix-
ing location of the oxide, the metal flow in the
mold had a strong influence on the location.

To effectively reduce the oxides, one should
seal the mold with inert gas and shorten the
distance between the GCF and the bottom
block. Also, a low metal head in the casting
launder was effective because of the decreas-
ing initial metal feeding speed.
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Effects of Surface Morphology on Pit Nucleation
and Growth of High-Purity Aluminum Foil in
Electrolytic Capacitors Used for DC Etching

Nobuo Osawa and Kiyoshi Fukuoka

The pit growth behavior of high-purity aluminum foil in electrolytic capacitors used for DC etch-
ing in a hot HCI solution has been studied using grained foil. Hemispherical patterns with diameters
of about 1~3um and cubic patterns with widths and lengths of 7~15pm were formed by electro-
lytic grainings in HNO; and HNOs/HCl solutions, respectively. By using cubic or hemispherical pat-
terns, uniform distributions of pits were obtained for a surface that was untreated and one that
was pre-treated during the early stage of DC etching. Tunnel pits were distributed most uniformly
on hemispherical patterns grained at 1C/cm?. Surface dissolution occurred as clusters of tunnel pits
at the intersection of hemispherical patterns above a graining charge of 10C/cm? For cubic pat-
terns grained at up to 30C/cm?, the distribution of tunnel pits became uniform with an increase in
the charge for graining. As a result, grainings affected the expansion of the surface area as meas-

ured by capacitance after DC etching. Cubic patterns are more effective for an increase in capaci-

tance than hemispherical patterns.
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Table 1 Chemical composition of specimen. (ppm)

Si | Fe | Cu|Mn | Mg | Cr|Zn|Ga| Ti | Pb| Al

256 1 12 | 2 4 1 2 11 ] 13 1 <01 R
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Table 2 Graining conditions.

Pre-treatment
1.3mol/dm?® NaOH(60°C, 30s)
— 8.0mol/dm?® HNO5(R. T., 30s)

Electrolyte 0.8mol/dm?® HNO;

Temperature 50°C
A Current density 2.0A/cm?

Quantity of charge ~30C/cm?

Electrolyte 1.5mol/dm?® HCl/1.0mol/dm® HNO;
B Temperature 70°C

Current density 0.5A/cm?

Quantity of charge ~30C/cm?

Table 3 DC etching conditions.

Electrolyte 1.5mol/dm® HCI
Temperature 70°C
Current .
Galvanostatic . 0.2A/cm
density
Electrolysis
Time 5s, 80s
) 1) —450mV (vs.SCE)
Potential
Potentiostatic 2) —860m V (vs.SCE)
Electrolysis 1) 500ms
Time
2) 35s
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Condition A Condition B

]

Quantity of
C/cit charge

1

5
C/cnt

10
C/cnt

30
C/cnt

20um

Fig.1 SEM micrographs of resin replicas of grained alumi-
num. The graining conditions of A and B are given in
Table 2.

3.2 HmE{LERIYEEY FrORE

Table 2 DELEMHIC L D AE L 283k c>v, 70°C,
1.5mol/dm* BB E PR T 0.2A/c®> DEB T w F v 7
(Table3) % 5sfiliT- 720 T OFERE% Fig. 2 1TRT,
MR ORI A L o sl T, bR bEy b
DY 5 R =AML AL,

IR L 250 T, IROK D TH 7o, HERIR
Hiflc>0WTlR, BEEMNIC/cm* T YR WVE Y b O
DHPEGE— s, BREOHEME L bIC
Ey MAHREAE—ERY, 10C/cm? 24 5 EE—E
Fip oD b v R VERESEST ZEASEA LN, Ihi
L, HEHAETRESEOEINE &I, FYaRE.y
N ORESE—ITThN 2 EED A Sz, 30C/em?
OBEETE, FERRME SRR, iy ik
U CHEHE L,

HERIRHEWCHET 2 €y FOBTERENBE LD, K



Vol.42 No.l T v F vy AEME TV =9 AEOER T » 7 ¥ 7B R TR EO R 73

As received Pre-treated

Quantity of
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Condition A Condition B
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10
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30
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20um

Fig. 2 SEM micrographs of resin replicas of grained speci-
mens etched at 0.2A/cm? in 1.5mol/dm?® HCI solution at
70°C for 5s.
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Fig. 3 Grained surfaces and pit initiation of aluminum. (a) Optical micrograph of surface grained at 0.025A/cm? in 0.3mol/dm?
HNOj; solution at 50°C for 45C/cm?®, (b) and (¢) SEM micrographs of resin replicas of grained specimens etched at
0.2A/cm? in 1.5mol/dm?® HCl solution at 70°C for 500ms and 5s, respectively.
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Fig.4 Potential change of grained (A ; 1C/em?) specimen

during early stage of etching.
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Fig.5 SEM micrographs of resin replicas of grained (A)

specimens etched in 1.5mol/dm? HCI solution at 70°C
for 1C/em?
(a) —450mV (vs. SCE), (b) —860mV (vs. SCE).
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Fig. 6 Pits distribution of specimens etched at 0.2A/cm? in
1.5mol/dm® HCI solution at 70°C for 80s.
(a) As received surface, (b) Pre-treated surface,
(¢c) Grained A (1C/em?) surface,
(d) Grained B (1C/cm? surface.
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Fig. 10 SEM micrograph of clustered tunnel pits at a ridge of
grained (A ; 30C/ecm?) and etched specimen.
Etching condition is the same as in Fig. 9.
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Growth of Anodic Oxide Films on Aluminum
with MgAl:Os4 Spinel Crystals

Nobuo Osawa and Kiyoshi Fukuoka

The behavior of magnesium in anodic films formed on the surfaces of annealed aluminum foil

with MgALQ; spinel particles at sizes of 0.1 to 0.2pum was studied on the basis of TEM observation

and EDX analysis. Anodic films were formed at a current density of 50mA/cm? in a boric acid so-

lution at 90°C for 2min. Anodic films were stripped from the aluminum foil, and the extractive car-

bon replicas and cross sections of the anodic films were used for TEM observation. Crystalline

oxide 7 ’-Al:Os with a round shape was formed around MgAl;O, particles and grew over the surface

with an increase in the forming voltage up to 60V. Magnesium disappeared in 7 '-Al:O; above 100V,

and voids and cracks were observed around crystalline oxide particles in the anodic films formed at

150V. At 300V, the crystalline oxide was directly separated by a crack. It appears that the forma-

tion of the voids and cracks is associated with the greater migration rate for Mg** than that for

AP** in a high electric field.
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Tig.1 TEM micrographs of anodic films formed in boric acid
solutions at 50mA/cm? up to (a) 40V, (b) 150V and (c)
300V for 2min.
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Fig.2 TEM micrographs of the anodic film formed in boric acid solution at 50mA/cm? up to 40V for 2min.
(a) Anodic film stripped from aluminum foil, (b) EDX spectra, (¢) Selected diffraction pattern.
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Fig.3 TEM micrographs of extractive carbon replicas of erystalline anodic films formed in boric acid solutions at 50mA/cm? up to
40V, 60V, 100V and 150V for 2min. (a) Extractive carbon replicas, (b) EDX spectra.
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TFig.4 TEM micrographs of extractive carbon replicas of Fig.5 TEM micrographs of ultramicrotomed cross sections
crystalline anodic films formed in boric acid solutions of anodic films formed in boric acid solutions at
at 50mA/em? up to (a) 60V and (b) 150V for 2min. 50mA/em? up to (a) 100V and (b) 300V for 2min.
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Properties of Aluminium Wide Panels
Produced by Friction Stir Welding”

Masaki Kumagai**

and Sunao Tanaka***

Friction stir welding has been successfully applied to the production of wide aluminium alloy
panels. Wide floor panels of alloy 6NO1 for the superexpress Series 700 Shinkansen are produced by
friction stir welding with a butt joint construction for both canceling influence of heat affected
zone (HAZ) and minimizing a gap. Also friction stir welded wide shape panels of alloy 5083 are
used for the cabin wall of a ship. Moreover, a large curved shape of brazed-honeycomb-sandwich-
panel is produced by friction stir welding with a butt joint of square shapes.

1. Introduction

Recently, lightweight transportation and
construction are expected from the viewpoints
of ecology and economy, since aluminium al-
loys as sheets, plates and extrusion shapes are
increasingly used for many kinds of struc-
tures. Large material which is produced by
gathering standard shapes to the width direc-
tion in the mill shop is expected to reduce site
welding operation. Large aluminium struc-
tures have been produced by such conventional
fusion processes as metal inert gas (MIG) or
tungsten inert gas (TIG) arc welding. In the
welding of aluminium alloys, large distortion
occurs due to high thermal expansion and
large shrinkage of solidification. In addition,
grazing oxide film and inert gas shielding are
necessary to prevent the defects due to re-
mained oxides. Skillful technique is required
for controlling the welding conditions and re-
moving the welding distortion.

To solve these problems, we took notice of a
new friction stir welding technology which was
developed by The Welding Institute”. Fig. 1 il-
lustrates principle of friction stir welding. The

*  The main part of this paper was presented at the 1st
International Symposium on Friction Stir Welding,
Thousand Oaks, California, USA, June 14 — 16,
(1999).

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

*++ No.l Department, Research & Development Center
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rotating tool was plunged down between the
specimens and moved along the joint. It is said
that the welding distortion and the strength
reduction of the material are small because
the materials are joined by only stirring met-
als under the melting point. We tried to fabri-
cate friction stir welded wide panels of
aluminium alloy which were impossible to be
produced only by extrusion or rolling. In
Japan, a heat treatable alloy 6NO1 is a repre-
sentative constructive material for trains be-
cause of high extrudability and less quench
sensitivity. While a non-heat treatable alloy
5083 is another representative structural ma-
terial for shipbuilding because of the excellent
strength. Firstly, we have tried to manufac-
ture friction stir welded solid shape panels of
alloy 6N01 for the superexpress Shinkansen
floor?. Secondly, we try to produce friction
stir welded large panels for a ship’s cabin

(

U

2

Fig.1 Principle of friction stir welding.
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from relatively small 5083 alloy shapes.
Aluminium hollow shapes are used for rail-
ways, trucks, building wall and more because
of its high rigidity and high vibration damp-
ing. An originally developed aluminium brazed
honeycomb panel as advanced hollow material
is used for the Series 500 Shinkansen skin and
floor®*. Brazed honeycomb panels by made of
only aluminium alloys are recyclable in differ-
ence from adhesive one. We study friction stir
weldability of brazed honeycomb panels as
hollow structures.

2. Procedure

A representative heat treatable alloy 6NO1-
TS and a non-heat treatable alloy 5083-H112
were selected for extrusion shapes. Tablel
shows chemical composition of those materi-
als. Alloy 6NO1 shapes were aged at 175°C for
28.8ks. Specimens are extruded to bars of
4 mm thickness and 150mm width. We were
originally designed friction stir welding tools
and a machine for producing large weldments.
The specimens were firmly clamped to a steel
backing jig and friction stir welded by a cylin-
drical tool with a shoulder. Rotating speed of
the tool was 1500rpm and welding speed was
250mm/min for 6NO1 and 150mm/min for 5083
respectively. A MIG welding joint of the same
thickness was prepared to compare with the
fusion welding one. MIG welding using the
5356 (Al-5%Mg) filler wire was carried out
under conditions of 220A welding current and

Table 1 Composition of specimens.

Base Metal .
Mg Si Cu
(mass%)
6NOL 0.7 0.6 0.1
5083 4.7 0.0 0.0

26V welding voltage. We evaluated the joints
by appearances, transparent X-rays tests,
microstructure observations, tensile tests,
measurements of hardness distribution, 180
degrees bending (radius=1.5T; T=thickness)
and axial fatigue tests(stress rate= —1, 30
Hz).

For Shinkansen floor panels, four 6N01-T5
shapes from 280 to 342mm width with T ribs
were friction stir butt welded with no
pretreatment. For a ship panel, five 5083-H112
extruded shape of 250mm width were friction
stir welded in parallel.

Flat brazed honeycomb panels for construc-
tion parts composed 6951/4045 brazing sheets
in the ratio of 9 : 1 of 2.5mm thickness, 6951
cores and 6NO1 square shape frames of Smm
thickness. The panel thickness was 100mm.
Table 2 shows chemical composition and con-
struction of brazed honeycomb panel. The
joint shape was a butt joint of the frames.
Friction stir welding was operated without in-
serting hard backing jigs. The welding condi-
tions were 1500rpm as the rotating speed of
the tool and 250mm/min as the welding speed.
Observation of macrostructures, EPMA and
edgewise tensile test were carried out. The
curved brazed honeycomb panels for trains
(2600mm radius, 900mm width, 3000mm length
and 30mm panel thickness) which were made
from brazing sheets of lmm thickness, core
and 6N01 square shape frames (flange thick-
ness 3mm and web thickness 2.5mm) were pre-
pared and friction stir welded.

3. Results and discussion

3.1 6000 series alloy

The alloy 6N01-T5 shapes were welded auto-
matically by sliding at the constant speed
after plunging a rotating tool into the butt

Table 2 Composition and construction of brazed honeycomb panel.

Face sheet

Material (mass%) Mg Si Cu

Frame 6NOL 0.7 0.6 0.0
Face 4045 Brazed metal 0.0 10.0 0.0

sheet 6951 0.6 0.4 0.3
Core 6951 0.6 0.4 0.3
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joint. Fig.2 shows a result of temperature
measurement by buried thermocouples into
the base metal. Temperature at the stir zone
was more than 500°C. Less than 0.05mm depth
bead with tool shoulder width was formed on
the surface. The root surface was flat and
smooth. Fig.3 shows the cross sections of
friction stir weld and MIG weld. In the friction
stir welding, no defect was observed in the cup
shape of the stir zone. The microstructure of
friction stir weld consisted of fine recrystallized
grains from 5 to 10um where grains of the base
metal were about 100um. The solidified struc-
ture was not observed in friction stir weld in
different with MIG weld. Fig. 4 shows the ten-

600

Distance from weld center

500 1.5mm

400

300

200

Temperature (C)

100

Fig.2 Temperature during FSW of 6N01-T5 extrusion.

sile properties of the weld joints. The reduc-
tion of joint strength was observed little in
friction stir weld, and the joint efficiency was
799%. Fig.5 shows hardness distributions in
the vertical cross section. Both FSW and MIG
welds were softened in about 20mm width. The
hardness in the center of friction stir weld was
higher than that of MIG weld. The hardness of
base metal near the weld interface was lower
than that of the stir zone, the most softened
area was corresponded with fracture area of
the tensile specimens. It was suggested that
overaging occurred at the heat affected zone.
Fig. 6 shows TEM microstructures before/after
friction stir welding. Since Mg:Si precipitates
which contributed to strength were disap-
peared by friction stir welding, the stir zone
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Fig.4 Tensile properties of joints.
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MIG Welding 2mm

Fig.3 Microstructures in cross section of welds.
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was resolved structure such as the T4 condi-
tion. Fig.7 shows S-N curves of the weld
joints. The fatigue strength of friction stir
weld was in the middle of those of base metal
and MIG weld with a reinforcement. The fa-
tigue strength of friction stir weld was at least
higher than that of MIG weld.

We proposed a joint design for friction stir
welding to cancel the strength reduction at
heat affected zone as shown in Fig.8. The
thick part of 40mm width in the butt joint con-
struction was enough to cover the heat af-
fected zone. Since each shape was drew into a
groove of 1.2mm depth on the backing jig by
pressing the shapes against the jig, a gap be-
tween faying faces was minimized during long
welding. Fig. 9 shows a floor panel for a new
superexpress the Series 700 Shinkansen . Four
6NO01-T5 shapes from 280 to 342mm width with

140

130~6NO1-T5 -

120
110 A
100 b

90|~

stir zone -i--3, 7RI P8d Kb

80

70

Vicker's hardness

60

50

4

0
-40 -30 -20 -10 0 10 20 30 40

Distance from weld center (mm)

Fig.5 Hardness distribution in welds.

a

Weld metal after FSW

T-libs were butt-joined by friction stir welding.
The panel size was 1300mm in width and
5000mm in length. Serial welding of 500m
length, bead appearances were stable with no
deterioration at the rotating tool. No defect
was detected by transparent X-rays test, and
no crack was observed at face and root bend
tests. The distortion of the panel was very
small in comparison with that of MIG welding,
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A \
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60 e e
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1
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10° 108
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Fatigue properties of 6N01-T5 welds.

¢MZ
2

Fig. 8

Rotating
tool

Extruded
shape

Joint shape of both minimizing the gap during
long welding and canceling heat affection for
heat treatable alloy.

. 2um
T5 base metal (before FSW)

Fig.6 TEM observation of friction stir welded 6NO1 alloy.
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then the final assembly was operated easily. In
a practical running test of TEC 700 (trial train
of the Series 700 Shinkansen) since September
1997, there was no problems at a speed of 285
km/h for 450000km running.

3.2 5000 series alloy

Fig. 10 shows the cross section of friction
welded 5083-H112. The change of
microstructure by friction stir welding was

stir

less observed in comparison with that of MIG
weld. Fig. 11 shows tensile properties of the
joints. The strength of friction stir weld was
the same as that of base metal. The fracture

Fig.9 FSW floor panel for the Series 700 Shinkansen
(1300mm width, 5000mm length).

Fig. 10 Cross section of 5083 FSW weld.
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Fig.11 Tensile properties of 5083 welds.
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occurred in base metal apart from the weld.
Fig. 12 shows hardness distributions in verti-
cal cross section. The hardness in the center
of friction stir weld was a little higher than
that of base metal. Fig.13 shows TEM
microstructure before/after friction stir weld-
ing of alloy 5083. The stir zone consisted of
very fine recrystallized grains from 1 to 3pm.
The fine grains were considered one of the
reasons of hardening at the stir zone.

Fig. 14 shows a large ship panel made from
5083-H112 extruded shapes. Five shapes of
250mm in width were friction stir welded with
a flat butt joint. The panel size was 1250mm in
width and 5000mm in length. They were used
for ship’s cabin wall as welded because of
good flatness of the root surface.

3.3 Brazed honeycomb panels

Fig. 15 shows an appearance in cross section
of the friction stir welded flat brazed honey-

110 i H :
5083-H112 —e— FSW
OO fromememmemsrmrmssrems ooy —o— MI1G/|
Stir zone
7] 90 ............................ T T r T
0
: =
T 80 b1 2. se
8 A YT
T 70 W
3 N
Tl s MIG weld metal
SO o S R— e
40, : 5
-30 -20 -10 0 10 20 30

Distance of weld center (mm)

Fig.12 Hardness distribution in cross section of
5083 weld.

Stir zone (after FSW)

0 base metal (before FSW)
2um

Fig. 13 TEM observation of friction stir welded
5083 alloy.
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comb panel for construction parts. The joint
shape was a butt configuration of the square
frames with the face sheets. Fig. 16 shows a
macrostructure and an EPMA result of silicon
in cross section of one friction stir weld on the

Fig. 14 5083 large ship panel produced by FSW.

brazed honeycomb panel. The penetration
depth was about 5mm in both face sides. The
face sheets and the frames were stirred with-
out buckling or protrusion to inside of the
frames. There was no defect like a tunnel pore
in the weld. According to the EPMA result,
silicon which was contained in the brazed
metal was stirred well near the weld interface.
As the result of tensile test in the edgewise di-
rection, strength of the joint was as high as
that of base panel which was only consisted of
face sheets and core. Notch effect sensitivity
of the joint should be investigated, but it was
suggested that the fracture of the welded
panel in a fatigue test occurred at not the weld
and the frames but the core. It was clear that
the butt joint between frames with sufficient
thickness was one of the hollow joint shapes of
good quality.

Fig. 15 Friction stir welded flat brazed honeycomb panel for construction parts.

Fig. 16 Macrostructure and EPMA result of silicon in cross section of friction stir welded brazed honeycomb panel.
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Fig. 17

Large curved shape of brazed honeycomb
panel produced by friction stir welding.

Fig. 17 shows a large curved shape of brazed
honeycomb panel for the Shinkansen as fric-
tion stir welded. The panel size was 1800mm in
width and 3000mm in length. Two saddle shape
brazed panels were welded from face and root
sides. The joint shape was a butt joint of the
square frames with the surface sheets. The
penetration depth was 2.5mm. The distortion
was so small that the panel radius of 2600mm
was kept after welding. It was possible that
production of a large curved shape of brazed
honeycomb structure with irrespective of the
brazing furnace size.

88

4. Conclusion

Friction stir welded large shapes of alloy
6N01 or 5083 which are irrespective of extru-
sion width are supplied without welding dis-
tortions and reinforcements. Friction stir
welded joints of alloy 6N0O1 have good tensile
and fatigue properties. For the Shinkansen
floor panels, a developed joint with a thick
part at the edge of the shape covers the heat
affected zone and minimizes the gap in long
welding by pressing faying faces against the
groove on the backing jig. By such successful
trials, friction stir welded wide shapes can be
expected to outer panels of trains. A curved
shape brazed honeycomb panel is successfully
produced with a simple square shape butt
joint. Hereafter friction welded panels are
looking forward to being used for heat ex-
changers, bridge construction and aircraft.
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Influence of the Setting Patterns of Distributor

Heat Exchanger with Two-Circuit Arrangement

on the Performance of Fin-and-Tube

Shiro Kakiyama, Naoe Sasaki and Noriyoshi Sanuki

To improve the performance of fin-and-tube heat exchanger, multi-circuit arrangements of re-
frigerant have been applied to decrease the refrigerant pressure drop. The performance of fin-and-
tube heat exchanger is practically affected by the setting pattern of distributor. In this study, the
influence of setting patterns of distributor on the performance of heat exchanger was investigated
using refringerant R410A. Heat transfer rates of two-circuit heat exchanger consisting of inner
grooved tubes and louvered fins were measured at 2 setting patterns of distributor: one was verti-
cally and the other was horizontally set. Tube wall temperature at several points was also measured
to evaluate the temperature variations.

The heat transfer rates of heat exchanger with horizontal setting of distributor was 20% higher
than those of heat exchanger with vertical setting of distributor during evaporation. In addition,
the wall temperature of upper circuit was 10 K higher than that of lower circuit at vertical setting
of distributor. However, each wall temperature at horizontal setting distributor was nearly the
same. It is estimated that the vertical setting of distributor should produce the mal-distribution of
refrigerant. On the contrary, the heat transfer rates of heat exchanger and wall temperature of
each circuit were the same regardless of the setting patterns of distributor during condensation.
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Fig.1 Dimensions of test heat exchanger.

Fig.2 Cross section of test tube (before-expanding).

Table 1 Dimensions of the test tubes
(before tube-expanding).

Outside diameter [mm] 7.00
Wall thickness {mm ] 0.24
Tin height [mm] 0.24
Fin included angle [* ] 25
Helix angle [* ] 15
Number of grooves o7
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Fig. 3 Schematic diagram of experimental apparatus.

Table 2 Experimental conditions.

Evaporation | Condensation
Dry bulb temp. 27 [°C] 20 [°C]
Air side | Wet bulb temp. 19 [*C] 15 [*C]
Frontal velocity 0.8, 1.0, 1.2 [m/s]
Saturation temp. 5.4 [C] 43 [°C]
Ref. side | x/SH at Inlet x=0.15 SH=29 [K]
SH/SC at Outlet SH=2 [K] SC=1 [K]

x : Vapor quality, SH : Degree of superheat,
SC : Degree of subcooling
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Fig.5 Setting patterns of distributor.

4~O L T T T T T T 3
R-410A(Evaporation)' ! i :
"I oPattern A ,“_1‘M,A‘.t _____ :--_._h_i—d

g A Pattern B ' X
30 — ‘ 1
e] 1 ) i

e e e -
3 t !
3 ! i
2.0 : . ‘

0.5 15

1.0
v [m/s]

Fig. 6 Heat transfer rate variation with frontal air velocity

for evaporation.

&5, ETFRE2NRTHR L.

WO FEEE LTE, Fig. blaRd &3 IIcpikss
EREAFNCERE LT ETRICEESEART LItk D
RRALECPTOEREA &, DARBERHTENICHREL
T—UB IR R IR S BHISIEA R S D& RITH
FTIERIVFERBECIKSVWEEB O 2EHEE AL
7o

F7, EREOERBEEANET I LTk, BN
WIREATT AR Ui, BRARUEB BB
EREEIEMES Fig. A libbETRT, BH ALK

91

B B IRENE R E 3 BOSHRER OISR D & I
DTEMIRE L, BB TR, ZBRERECHEE(I
L ABEESREVE TS N2 BSSHRIEH DfEI
Erhsdri, INSRIESICBT ZEE R, #assg
BOBE~ATEVEHSLENG) & — vV N O—8%E %
HETAERETTE (H-—ovasy vy y) BENE
BREGAKMNT L, REEBRBENBLINA 7Y v F
LI—FIKOBEL k. B, BIEBREE, BBk
HEMREER 7 — 4 2NET 2 0BT RN,
0 BBIRTINEL, &BMEIC>WTHE L 7 50 SLLE
DF—F OIFFE & L TRD 2,

2.4 BZHBEAMEEANEHESE

2.4.1 BTHE
BAHR Qid, &MY 4V EE AL, EEGDE
wiRE W, 0L HRkA (@) TREIN B,

Q = W, xXAh, »
IIT, ERB vy v EE AR, E, EREEBAD
O OB W TRITE L 78 BRIEE B O EBREE » &
BHUZZz vy v E R RO h, Ok (2) TREN 3,
Aha = lhul _h'aZ| (2>
2.4.2 BEUKR

BB O BIRIEDT (HSMESEHR) AR, &,
BAGSHER ADOZEGMES P,y B UBKHE OO 2K
ES Py, ARtk (B) TREINB,
AR, = Fy—Fy 6
2.4.3 SEAEHEE

P BATHER ORI FE IR R AP, i, S
BALOEIMET) Py B O LS EESHLES th 1 o 1 I
FESI Py 20 TR (4) TREN B,
AR = Prl_PrZ (4)
2.4.4 FiEEE

MBS ORTHEEE v (&, ZERME V A H
BORHER A ThRLzboThb, kL B) TR

INb,

v=V/A )
IIT, ERAEVE, ERoOERKE W, LXK
BEpo2H0TRK 6) TREN D,

V=W/p 6)



92 T R & & B

A 2001

3. BRRUEZR

3.1 &R
3.1.1 ZEFMERE

HIERR B 2 AR HUE Q LHTHEM v & DB
# Fig. 6 1, AIEAE0.8, 1.0, RU 1.2m/s BT 3
EEER T TS BRSSO B BRE S £ Tig. 7
IR,

ZEB TOAZMBOBMRIE I, BB ADBEL
DHI20% bl - 7o Fho, BEAWKBT S LR YL
TR R ETRE B AR T 5 mIRRES R Z
Tlie FEE CRITBE 3 ALID S HOKL T TOBE
OEEEIBEKRTS PCRETH »cd, B YR
B AEELELZI0CTH » 2, BEBEOADTHE
B R 0.2 RED 2IIRETH By, BT
2R LBETO TR  XEHKY » 5T, kB2
EA R » FIARRBICE D IBIEOFE L WRRAEL b
DEZEIOND, FBANREFENBGEE, ARY v F
IIREET H B 1w, WIEREO LR (EE i, S 1
FIED) 0B 2B TERMIIEE FRAH X, B

\\\\\\\\

SR L b &EE R SN B, ZRHOREN

20 ey
[| —e— Pattem A(upper pass) |~
L — O~ Pattem A{lowerr pass)

T

R-410A (Evaporation)/|
v=0.8m/s

5 | --&-- Pattem B(upper pass)
T -+ — & - Pattemn B(lower pass)
2
©
o
o
£

20 T T T T T 13 t T T I i

| —@—Pattem Alupperpass) |~ T~ T\ _ R-410A(Evaporation)|!
L~ O—Pattem A(lowerr pass) |- + - -, - v=1.0m/s

o 15 || --- - Pattem B(upper pass)

[&] H ~ & - Pattem B(lower pass)

‘g [ B H [

a

=B EI N O N 74 H D B

= L

fid

20 T T T T T T T T : : : .
i Pattem A(upper pass) | T _ _'_ _IR.410A(Evaporation)

5 i — O—-Pattem A(lowerrpass) | 7 ~ =1~ | v=1.2m’s
- L ERres g T T T
— 15|y " - Pattem B(upper pass) |- ———
5 ] - Pattem B(lowerpass) |7~ T [
8 T Y SR . g ¥ S
g
£
(5]

Positon

Fig. 7 Variation of wall temperature for evaporation.

92

1I~12CTH B Ea2EET L L, MEMNES~TIRSD
W T AR S E S DR e RREI2 R BAEL
T, B X OBERE TR (ER LR, S 25
ED) BEFICEE LI B ->TVWEHDEEL OGNS,
—HOTFE S22 FENZEHEKY) v FRETH B 1
W, FERAZICEONZLYHERELREELAIR N
(AW Rl

chL, BEBlIcBY 3 LB ETE/ YR E
TR S SAEEE IR SN, fiFRBERERED
BIEENT AR Ui, TNE, HRBEKEERL
2o itk , BESEECAHRSh, ETER&E YR
FTALE O EELZONS, FORE, FXAKBVT
‘o Ess A, BESBRESEMLCbOEELLN
5

3.1.2 SEFHEESFEEREEORBR

P A RUTR 2B 2EREETCREBSE L
S TESERS R & BT THEGE & OBIR A Fig. 8 ITRd, %
BAICBVTE, AEEEOREN (SEESREDR
D by, B ETB YR EDREEG/NE R
LB D SN, LB YR & TR SR & ORI
EEOENBBEROES VT E LIRET S &,
AT G O BT PR, SO RT3 IR L T
WBLDEEZONE, —F, KEBILBWLTIE, Hi
RSO fES FB e E TR Y2 & ORBEERIE
LAEEDONT, BIEEELARINEALILDD
LEZIOSNB,

10.0 T T 7 i T ; :
I e !R-410A(Evaporation) |
9.0 N - . . L ] i !
oo —O— Pattern A(upper pass) | ! ! !
‘3@‘ -} —@— Pattern A(lowerr pass) |~ “:“ - ': - ‘i - ‘: -
% 8.0 H --4-- Pattern B(upper pass) ! : : :
'g | —-& --Pattern B{lowerpass) |_ __ _ o _ . 1_ _ |
T T T T H 1 1 i
§ 70 — L R
- ' i i i
L . e
i I
6.0
0.5

v [gﬁ?s]
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for condensation.
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Morphological Influence of Bi Substituted for
Pb in Free Cutting Brass on Machinability

Tetsuya Ando, Tetsuro Atsumi and Yoshihiro Yoshikawa

Bismuth appears to have significant potential as a nontoxic alternative to lead for enhancing the

machinability of alpha + beta brass because of similarity of features between lead and bismuth,

e.g. low solubility for copper alloy and low melting point. In this paper, morphological influence of

bismuth substituted for lead in free cutting brass on machinability was investigated. It was as-

sumed that an increase in number of particles of bismuth, that was a decrease in mean spacing of

bismuth particles, was more effective than an increase in content of bismuth on making cutting

chips fine. This is achieved by refinement of matrix alpha grains, that is reason why bismuth par-

ticles grow following to grain growth of matrix alpha grains because of the high wettability of bis-

muth at grain boundaries of alpha copper. From SEM observation of a cross section of a cutting

chip and a cut surface of a material with bismuth, existences of melting bismuth seemed to play an

important part of tearing the cutting chip of this material. Consequently it was deduced that the

morphology of bismuth, i.e. the distribution has a remarkable effect on machinability of alpha +

beta brass.
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Table 1 Condition of cutting.

Cutting mode

Ttems

Straight turning Grooving

Tool material K—10 K-10

500—2500rpm

Cutting speed .
(22—110m/min)

500—2500rpm

Feed rate 0.lmm/rev. -
Depth of cut 1.5mm 0.lmm
Lubricant none none

Fig.1 SEM images of Bi particles in extruded materials.
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Fig. 3 Effect of Bi content on length of cutting chips.
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Fig. 6 SEM image of the cross section of a cutting chip of
a test material with 396 Bi.

Fig. 7 SEM image of a cut surface of a test material with
3% Bi.
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Recent Technical Progress on Aluminium Alloys
for Autobody Panel

Teruo Uno

The use of aluminium alloys for automotive market has much increased for the last decade.

Aluminium alloys are widely applied for many automotive parts and about 8% of automotive ma-

terials are composed of aluminium in domestic market.

It is predicted that aluminization of automobile will much proceed in the next decade, due to

global regulations on fuel saving and emission gas for automobile. It is expected that the use of

wrought aluminium alloys for automobile will increase remarkably in near future.

In this paper, recent technical progress on aluminium alloys for autobody panel is reviewed and

discussed from the standpoint of alloy development, press forming technology, joining technology

and surface treatment technology.
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KRECE, 1970 FROBBEKXF 4 02 LD T L3
= s{b@iiic, EWED 2036 64 (T 9592 )
ERIEHICENCSI8268 (1 v F ¥k v) OHER
TERASNABHBE O, U LB 1T I & 5 &R
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Table 1 Up—to—date light weight aluminium intensive cars.

Country Car maker Type Body structure Status Comments
Audi A8 Al spaceframe Mass prod. 1 st generation spaceframe car
A2 Al spaceframe Mass prod. 2nd generation spaceframe car
VW Lupo Steel monocoque Mass prod. 3 liter car, many aluminium parts
BMW z8 Al spaceframe Mass prod.
EU
OPEL Speed Star Al spaceframe Mass prod. Plastic body panel
Renault Spider Al spaceframe Mass prod.
Lotus Elise Al spaceframe Mass prod.
Pivco City Bee Al spaceframe Mass prod.
GM EV1 Al monocoque Mass prod. Electric vehicle
Precept Al hybrid Prototype Prototype for PNGV
2000 Al monocogque Prototype Prototype for PNGV
USA Ford ) )
Prodigy Al hybrid Prototype Prototype for PNGV
Daimler 1st spaceframe car in USA
Prowler Al spaceframe Mass prod. .
Chrysler CF joint fastener
Honda NSX Al monocoque Mass prod.
Insight Al hybrid Mass prod. 3 liter car
Japan - o - -
Nissan Hyper Mini Al spaceframe Mass prod. Electric vehicle
Toyota ES3 Al spaceframe Prototype
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NAHEETIKE-> TV A,
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= s LR E RS, ENTIR, HER/NIRAESZ
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N7 —FTHo, LoD HERFIZDII,
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3.1 2000% (Al-Cu—Mg®) &%
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o — RS (ALCuMg) —ZEMS (ALCuMg)
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AE LT 5,
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FEHA L TEINT 5, MR s vy sBOHEINE

Table 2 Adoption of aluminium autobody panels in Japan.

Car makers Aluminium body Hood Fender Decklid Sun roof or removal roof
TOYOTA Supra Altezza Gita Supra
Soara Soara

Lexus Sports

NISSAN Skyline
Skyline GTR Skyline GTR
Hyper Mini Cedric
Gloria
Cima Cima
HONDA NSX 52000 Accord
Insight S2000
RX-17
MAZDA
FEunos Roadster
FUJI Legacy
Impreza
MITSUBISHI Lancer Evolution Lancer Evolution
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Fig.1 Effect of Mg content on tensile properties of annealed
Al—Mg alloys'.
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Fig. 2 Typical stress strain curve of Al—Mg base alloy.
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Fig. 3 Stretcher strain marking of Al—3%Mg alloy'®.
(Arrow indicates the direction of stretch)
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Fig. 6 Stress corrosion cracking of Al—4.5%Mg base
aluminium alloys for autobody panel by con-
stant load test'®.

(The test pieces were cold rolled by 30% fol-
lowed by 120°C —168h aging)
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Fig.5 Stress strain curves of high purity aluminium and Al—Mg base alloys'?.

(Initial strain rate=2.9X107387Y, the arrows indicate the maximun uniform elongation)
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Fig.7 TEM micrographs of Al—Mg—Si base alloys aged at
200°C'9.
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Table 3 Chemical composition limits of aluminium alloys for autobody panel (mass%%) .
Alloy Si Fe Cu Mn Mg Cr Zn Ti Al
2002 0.35—0.8 0.30 1.56—2.5 0.20 0.5 —1.0 0.20 0.20 0.20 Rem
2036 0.50 0.50 2.2-3.0 0.10—0.40 0.30—0.6 0.10 0.25 0.15 Rem
2037 0.50 0.50 1.4—2.2 0.10~—0.40 0.30—-0.8 0.10 0.25 0.15 Rem
2038 0.50—1.3 0.6 0.8—1.8 0.10—0.40 0.40—1.0 0.20 0.5 0.15 Rem
5022 0.25 0.40 0.20—0.50 0.20 3.5—4.9 0.10 0.25 0.10 Rem
5023 0.25 0.40 0.20—0.50 0.20 5.0—6.2 0.10 0.25 0.10 Rem
5182 0.20 0.35 0.15 0.20—0.50 4.0-5.0 0.10 0.25 0.10 Rem
6009 0.6—1.0 0.50 0.15—0.6 0.20—0.8 0.40—0.8 0.10 0.25 0.10 Rem
6010 0.8—1.2 0.50 0.15—0.6 0.20—0.8 0.6 —1.0 0.10 0.25 0.10 Rem
6111 0.6—1.1 0.40 0.50—0.9 0.10—0.45 0.50~1.0 0.10 0.15 0.10 Rem
6016 1.0—1.5 0.50 0.20 0.20 0.25—0.60 0.10 0.20 0.10 Rem
6022 0.8—1.5 0.05-0.20 0.01—0.11 0.02-0.10 0.45—0.7 0.10 0.25 0.15 Rem
Table 4 Tensile properties and formability of aluminium alloys for autobody panel (Imm®).
Alloy and T.S. Y.S. E. n r Olsen cup 180° flat S.S.
tem per (MPa) (MPa) %) height(mm) hemming marking
2002— T4 330 180 26 0.25 0.63 9.6 1t ]
2036 T4 340 195 24 0.23 0.75 9.1 1t O
2037~T4 310 170 25 0.24 0.7 9.4 1t O
2038 —T4 325 170 25 0.26 0.75 - 1/2t O
5182—0 275 130 26 0.33 0.8 9.9 1/2t X
5182 —SSF 270 125 24 0.31 0.67 9.7 1/2t O
6009—T4 230 125 25 0.23 0.7 9.7 1/2¢ O
6010—T4 290 120 24 0.22 0.7 9.1 1t O
6111—"T4 290 160 27 - - 8.4 1/2t O
6016— T4 235 125 28 0.26 0.7 - - O
6022—T4 255 152 26 0.25 0.67 - - @]
SpPCC 315 175 42 0.23 1.39 11.9 0t O
(t : Sheet gauge)
FliERES TV, 1.5%7Zn—Cu %& 4 (5iEM S 300MPa, U 30%) %

4.2 5000 RE4E
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M7y, MEREA T —RRENCEH S h T 2 2036 &
&0 5182 AL TR T L AIEIC BN B B 1w, KK
BN R OBR SREL S o, KB ZER
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Fig. 9 New process with high paint bake hardenability
at 170°C.
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Fig. 10 Schematic diagram of reversion heat treatment

process for high paint bake hardenability by

low temperature paint baking'®.

Table 5 Tensile properties and formability of 5000 series aluminium alloys for autobody panel (Imm®) %,

Alloy and T.S. Y.S. E. n r L.D.R. Erichsen 180° minimum
tem per (MPa) (MPa) (%) height(mm) | bend radius
GZ45—T4 300 150 30 0.29 0.68 2.14 9.8 0~0.5¢
GC45—-0 275 140 30 0.3 0.75 2.07 10.5 0~0.5¢t
GC85—0 280 120 35 0.35 0.72 2.1 10.9 0~0.5t
5182—-0 270 130 28 0.3 0.8 2.08 10.2 0~0.5t
spcCce -305 160 46 0.24 2.0 2.23 13.1 0t

(t : Sheet gauge)
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Fig. 11 Dent resistance of SG112 alloy in comparison with

that of conventional 6000 series alloy??.
® SG112 (1.0mm?")

O Conventional 6000 series alloy (1.lmm%
& SPCC. (0.75mm")
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Table § Tensile properties of 6000 series aluminium
alloys for autobody panel (imm") .

Alloy and T.S. Y.S. E. n r
temper (MPa) | (MPa) %)

SG112—T4 230 120 30 0.27 0.55

SG212—-T4 230 120 30 0.27 0.55

SG312—T4 255 125 31 0.3 0.65
SPCC 305 160 46 0.24 2.0

Table 7 Tensile properties of 6000 series aluminium
alloys (SG112,8G312) for autobody panel
after paint bake cycles (Imm?) .

170°C—30min. 2%strain+170°C—30min.
Alloy and
T.S. Y.S. E. T.S. Y.S. E.
temper
(MPa) | (MPa) | (%) | (MPa) | (MPa) | (%)
SG112—T4} 260 165 27 260 195 25
SG312—T4] 285 170 28 285 200 26
5182—0 285 135 27 290 160 25
GC45—0 290 145 27 300 170 25
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Fig. 13 Effect of temperature and strain rate on reduction of
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Fig.12 Fabrication process of aluminium alloy sheet for autobody panel.
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Fig. 15 Outline of continuous heat treating line of aluminium alloys for autobody panel®.
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(a) Formability index of aluminum alloys for
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(b) Problems for press forming of aluminum al-
loys for autobody panel.

1. Total elongation 25~30%  60~70% of spce

2. r—value 0.6~0.8  50% of spcc

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

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

for sppc
5. Young’'s modulus 70GPa 1/3 of spce
6. Hardness (Hv) 70 60% of spcc

1. Inferior deep drawability = 60~70% of spcc

2. Easy to form wrinkling Prevention of

and plane strain wrinkling is

necessary

3. Inferior stretch flange
formability

50~60% of spcc

4, Difficulty for flat
hemming

Roped hemming

is recommended
5. Increase of spring back 2~3 times of spce

6. Easy to bruise

Fig. 16 Formability index and problems in press forming of aluminium alloys for autobody panel

in comparison with those of steel.

Table 8 Technical problems in application of 6000 series aluminium alloy sheet for autobody panel 2

Parts Problems Main cause Measures to form aluminium alloy
« Cracking » Low non—uniform elongation ) ) .
] @ Mitigation in panel design
« Necking .
) ® Roped hemming
(Hemming)

» Increased * Low Young’'s modulus

spring back (Steel)

205,800 (MPa)

@ Prospect of spring back

Hood outer (Aluminium alloy) 68,600 (MPa) @ Application of pre—strain
« Pimple + Scattering of alminium powder ® Washing of forming dies by 50 shots
* Low hardness
(Steel) ~110 (Hv) ® Washing before press forming
(Aluminium alloy) ~70 (Hv) (Improvement of facilities)
* Bruise @ Die polishing
» Cracking « Low non—uniform elongation @ Mitigation in panel design
. (Necking) (Steel) (Aluminium) Mitigation in panel shape
Hood inner
Elong. 40—45% 25—30% ©® Partially free blank holder
R value 1.6—1.7 0.6-0.8 @ Reduction in blank holding pressure
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Fig. 19 Process for sheet hydraulic press forming®.
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Fig. 20 TFabrication process of 82000 roof panel produced by superplastic forming®®.
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Fig. 21 Relationship between temperature and elongation of
new superplastic forming alloy SX01°7.
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Table 10 Comparison of joining technology applied
for Audi A8 and A2.

Joining method A8 A2
MIG welding T0m 20m
Laser welding - 35m
Spot welding 500 spot -
Self piercing rivet 1100 spot 1500 spot
Fig. 23 Multi cone type hood inner panel®. Mechanical clinching 178 spot -

Split process One piece process

E;% 777
e )

Sketch of conventional
technologies

Material yield O ~65% X ~40%
Material selection O Possible X Impossible
No. of panel and die Pd b panels and 20 dies O 1 panels and 4 dies
Outward of jointed part X Bad @] Good
Accuracy of body A Inferior O Good
Modulus of body A Inferior O Superior
(a) Conventional process
[ Cutting ] [Welding | | Press forming|
777777772

(Th-{Th-(D>

(b) Tailored blank process

Fig. 24 Fundamental concept for press forming by use of tailored blank®®,

Table 9 Joining technologies applied for up —to —date aluminium intensive cars.

Car maker Type Joining method

Audi A8 'MIG welding, Spot welding, Self piercing rivet, Mechanical clinching
Audi A2 MIG welding, Laser welding, Self piercing rivet

Lotus Elise Adhesion+Rivet

Renault Spider MIG welding, TIG welding, Adhesion, Rivet

Daimler Chrysler Prowler MIG welding, Adhesion-+Rivet

GM EVi Spot welding, Weld bonding

Honda Insight MIG welding, Spot welding

Honda NSX MIG welding, Spot welding
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6.2.1 M ANy MEE

BEAEESNTOAME , 2 v 7o BEER 7 4
TR, 7L ARIGEM OBEA I R R Ry AR E
KEHEN TS, 73 =9 288 R TR
MR L BREEEE W, XKy b EBERICIERER,
SRR ENLETH 5, WENE—OHRKELS 5
B7 =y aeRELE Ay FEETB5E, B
FFOERELTT NI =9 AAEIRTE, BHEERT
PR D3, BEBIFRAT 1/7~1/8 & LIS R 5780,

T =y AARERO R Ay FEETE, BEROF LYy
vy U (BmEGD 50 ERA ¥y bR
O IR RO - BT lE, o - S BT RD &
VNS B, NENEEBIERT YRV RT Y
o AW OEEE Ry PIBEERRERTZ
Table 11 iKFE T, &4l & v @Y BEFERIED LIRS
A5, WEh BB 00 EIRE T, 2RI LAL
HHOLNIE WV,

Ty AEESRO R Ky FEERERICE,
T/ o LA ERBVLNTWEY, EfRFaDOWMR
2B, BEBHO Cu—Ag—0 &L TmME 25
FENTWV 5D, Fig. 260K d &2 i, BMPEEKD
KM b £ B0, EREEBOFGKBR TR, AEMRE
s o MABERO 2~TfEoHFa 2R L, BREREMLC
5000 ZAE ORI A A v MEBEICB VT, Wit - &
ARG ORI G A R L TV B,

14000
7 —Aa—
12000 Cu=Ag=0
[D] Cu-Cr
a 10000
2]
Z 8000
2
é 6000
-
)
= 4000
2000
0
Acid Lubricant Lubricant
cleaned coated coated
Al sheet Al sheet Al sheet
AC DC
Fig. 25 Resistance spot welding properties of both

Cu~Ag—0 and Cu—Cr electrode™.
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6.2.2 AF—FHRT7—V A%

MIG KU TIG B RFBaNEA F - P FRT =7
vapeiE, EE, A0, THRES S OMEREONHT TS
HEhTWd, BEEET 2 VCBY BT — 7 BH%
O, TEEMEIORED Imm fiE LBV ETH
%o W%, WE 2mm BELIT O#i® MIG @B # T,
T O TREERE O L EBRMEEE LS T EHE W,
ZD1 0, FORBEHEICRBEORE WMER B v
2 MIG 72 38/ ¥ v 2 MIG i BT s h, WE
1~2mm BEOHEROBEHE ST L L > TV b,
Fig. 26 3 &7 MIG IO RAEE F v v 7 LIEE A
WEOBER™ZRT,

BEERT R VEAT NV =9 A58EIROT -7

Table 11 Flectrode life in continuous spot welding of typical
aluminium alloys for autobody panel ™,
Test alloy GC45—0 | 5182—0 | Al-0.5%Mg—1.3%51—T4
T.S. (MPa) 261 265 264
Y.S. (MPa) 132 127 141
E. (%) 31 26 31

Surface condition SF (Stand Finish)

Pre—treatment None
surface
196 195 70
resistance (uQ2)
Welding current
22 22 24
(kA)
Electrode life 800 shot
Tensile shear
2790 2860 2530
load (N/one spot)
4.0 - . -
R R \.
.
851 puised MIG oy e
o Low frequency
3.0 b

- pulsed MIG

9

N
<]

N
=

s
o

Sheet gauge {(mm)

.y
(=}

o
o

TIG

<
e

Q)

0.5 1.0
Butt gap (mm)

Fig. 26 Relation between butt gap and weldable sheet gauge

in various MIG weldings™.
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ORI, Plss & OREESNEER C &,
DFAHMTRTVIE, Al-Mg—SiRELD & 5 3 E
WUERTL &4 T EERP BB omE N K TT 5 &
WETHAD,

6.2.3 TIIZYLA/AEMES

BBEADOT IV =Y 2G5O BRI N 5 &,
Ty AR EMROBEEPHEL B ZIEEND
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EMHETH A D,

8.2.4 L —HiAE
VRSV T — 2 BRI T R A v F - EE N
w7, HERIESOIEDR G, BB O B KT )
SO, BAEEESHO E O S B, KR, &
HEASE T &, BREOEINE WIcDEEEEH D
BREPMER L, =72 vy APHBEEL AL T
BT N © OIRMTCR DI ESR L TR IR
DRFTVIEREOREND Y, MAEIh 24~
IR MED SN T WS, KiEW, e/, 35 7 K
FAREPRBOMBHINTVWED, T =9 LR F 4
~OERFIE, TYF 4 A2D TR T NRLET L— A
BEOBEVEESTEBD TLIE v, REOER{LME

Electrode

Steel nugget

Steel
} Aluminium —steel clad sheet

Aluminium alloy

Aluminium nugget

Electrode

Fig. 27 Principle of transition welding of steel and aluminium
alloy sheet™.

CETHET I REBOBMBRKETHA 5,

6.2.5 HHpES

WA, ARy FEBEOREEE LT, EEfEsET
HEAN=ZANI YV VF VT, RATET YT Y Ry
P EORENEAESEH STV B, Fig. 28 1 #
h=hwy sy rOoERRERT, Kkck, TE
WD ERATRICEAE S THEAT LD, BhAD 7
WY =T AGEIROBEMEREE 25, BEAMOME R
B Ry PBEBEIDETFROL, 777y
Ny FDEIBYNY FBLRET, Sy vIBHLE
, BREBO L S BEOSHERELLVESETS
5,

Fig. 29 ic2n 77 v v 7 ) Ry b O—flERT,
AETE, BBLALT VI =9 2468100, BRE AL
EQ eI Y <y P EFTASL, S
they~y P BEELEFTESSNS, KEIhE,

:
I

Fig. 28 Schematic illustration of mechanical clinching
(TOX process).

Fig. 29 Schematic illustration of self piercing rivet
(HENROB process).
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TNI=YLEW, 75 AF v 715 EOREMEE OB FAHOUNE ©, ABEH/NE Vi BRI O MBI

GLARETH B, T, WA Ry MABEX DAL
DEVPRIERS B,

6.2.6 FOMOESE

bAoA EE LT, BEERA, YTV FRVE
BRI RS 1T O ERLSRF s TV B, BEERS
oW, i< S BB EEERM A~ O RS RE &
NTWBED, s EEEICHERT 300 il, BEEA
OEMMOEFEEENRRKORETH A 5, BEESE
Bk o, IR Ry P RERLEEESEIHT 5 Y
TV RRY R, EMAEA LA L CHERSh B &E
Zbohb,

BRI A 1, YEE TWI (The Welding Institute)
o & b BRI SBER s, RETZ ORI BB
HATVS, KiETIE, Fig. 30 RT LI, 7=
Y ASEROEAEHEICHIHICERO > W T B
FE & §1508 0 2A%, RAETHICR > TBHzE5C
ik, BMEARSEFICEAT B, REICE, &
BIAHHEE © 7 o — & — v ERENSDEV, BHEO

& 52

Advancing side
of weld

Leading edge
Shoulder of the rotating

tool

Aluminium sheet

Trailing edge of

the rotating tool Retreating side of weld

Fig. 30 Schematic illustration of Friction Stir Welding
(FSW) process.
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6.3 EmMLE
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f91E, BEsE & BHOMETH 5, HEH LB ERE T
TEMEERIS N LY, < OMBEOBHRCRE N
$, BIEOWRPEEMET LBV EPMNEL SN S,
B8R 7 4 2V O—RISREmELETEE, 712
BRI, S hile EERERRNER) —~EREHE (575
vaoAd FER) —BEmOLE () vRIEHLED T
wy (HhF4 BB -, LB (A7) THh,
T3 =9 AGER RN TREM OO b
ORI 2%, FEAEZROMER I VT, B
R L D FET 55 I VHEAEPS NP LEE 5,
OO, BREMANE YRS 5 ELERTH 5 BEH

WFRIRSE Ll 58, fiDHIHIC > L THCE® %
BRI N,
6.3.1 ZEFNIBIZISITALEESE

ABEAT 4 2 VET L =0 25881007 585
BRI, ) RS, s o aBRs o x — b, Y UIR
yo A — 5 EDLRMERENH B, ) v ERIRSAMLEE &
W, U VR, SR, ELFIE EARIMU AR L
FALRAE T H b, BEYE A — A THIH D BILLEE I 6
ThTWb,

Table 12 2, 5000 AR T 6000 R HEHE & 5 4 ¥R b
73 =9 584 O AERE & BE% O BEM D
BE® %R, COXI I, MO ) v BRI
REFQFETNI =T LEEIERTLLE, RETE
BN E BHEN S 5, COFRKE, WA Y v ERE

Table 12 Relation between conversion process of 5000 and 6000 series aluminium alloys

for autobody panel and coating performance

8)

Aluminium alloy 5000 series alloy 6000 series alloy
Conversion coating  7ine | Phosphoric | Chromic | _ Zinc | Phosphoric | Chromic Evaluation
) . . |[Nonchrome ) . | Nonchrome
Phosphating | chromating | chromating Phosphating | chromating | chromating methods
Paint film
Test items Thick cationic electrodeposition + Intermediate coat + Top coat
Water resistance © © © © © © © © Evaluation corrosion
Humidity resistance @ © © © © ® ®) © width from cut line
Warm salt water resistance O O O X O O © X . .
Evaluation paint ad-
Filiform corrosion resistance X O © @] X X X X hesion after corrosion
Salt spray test © © © © X X O % cut and tape peering
test
Cyclic corrosion test © O © O O X O X
© Excellent O Good X Bad
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Fig. 31 Relation between maximum filiform corrosion

length and zinc phosphate film®.
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film of Al—Mg base alloys®®
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(a) With oxide film (b) Without oxide film

Fig. 34 SEM micrographs of zinc phosphate films of 5000 series aluminium alloy sheet for autobody panel®®.
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Fig. 38 Effect of fluorine ion concentration on maximum
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Table 13 Important technical items to be developed for marked expansion of aluminium
alloy sheet for autobody panel market.

Strategic items Targets for R&D Technical items

et

1. Unification of aluminium alloys |1. Unification of alloys and specifications |1. Unification of alloy to high BH 6000 series alloy
for autobody panel for cost saving and easy recycling 2. Alloy unification of outer and inner panel to 6000 series alloy

3. Adoption of simple sheet surface quality

2. Development of new forming |2. Development of innovative press 1. Innovative forming technology (Tailored blank, Solid lubricant,
technologies forming process Hydraulic forming, Dieless forming, Electro magnetic forming)

2. Innovative die desigh technology

3. High speed superplastic forming technology

(Forming time is less than 5 min.)

3. Development of new joining 3. Development of low cost and efficient |1. YAG laser welding technology (Tailored blank)
technologies joining technology 2. FSW technology for thin gauge sheet (~1mm)

3. Joining technology for aluminium and steel
(Rivet, Al—Fe cladding)

4. Adhesive bonding technology

i

4. Development of low cost production|4. Development of cost—competitive and |1. Thin gauge and high speed strip casting technology

process for autobody sheet innovative sheet production process 2. High speed hot rolling technology for thin gauge sheet(1~2mm)

5. Establishment of low cost recycling |5. Cost saving by use of domestic scrap 1. Development of sorting technology of aluminium
system for aluminium serap and minimum use of virgin metal scrap from shredder chips.

2. Development of alloy sorting technology from aluminium serap

3. Development of upgrade recycling technology

4. Development of new technology to use impurity —

contaminated scrap by rapid solodification process

6. Other technology 6. Establishment of repairing manual |1. Development of repairing technology for

for aluminium parts aluminium parts (Forming and joining technology)
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Recent Trend for Aluminum Beverage Can Stocks

Seiichi Hirano

Aluminum cans are very popular for various beverages. In the last several years, the number of

cans produced has not increased, though the amount of alcoholic beverages packed in cans have in-

creased in Japan. One reason for the decrease in soft drinks packed in cans is due to the increase in

the use of PET bottles. Gauge reduction for both body and end stocks and the decrease in end diame-

ter have not been performed in Japan compared with in USA. Environmental issues have become

more important for our human lives. The recycling rate of aluminum cans has increased to about

80%, and the use of more recyclable alloys is preferred. Water-based coating material for end

stocks has become more popular than solvent based coating.
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Fig.1 Annual aluminum beverage can, steel can,
and PET bottle consumptions in Japan®.
1400 OThe others
1200 || EIEnd & tab stock
[ Body stock T
L
$ 1000 | M
2
~ 800 -
o
S
o 600
o
o
T 400 |
200 +
0

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

Year

Fig.2 Annual domestic shipment of aluminum sheet
and coil products in Japan®.
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LIAT, TVI =y L3H&EE> 2D %
VE— AT B0, HEMEEES &3 vF —HE
BZEDO3IRICHE D, TORD, VA 7 VHEL D
CET, MoEBMRNE L TLCA (Life Cycle
Assessment) OEED S B TH B (Fig. 5%

3.2 FHE7IIZ=OLEER

T =v sEE, A (Body), & (End), % 7
(Tab) @ 3> DM » SRR s, & HBER
(Seaming) THi&Aash T3 (Fig.6)Y. HATRE,
Sedp SERAIICIE AS004 &4, FELU Y 7THIZRE
ASI2 e EIcHV LN TS, Tnbild, Tablel
DAL ICORT LI, THI =L KT VYAV
(Mn) &=272v9 s (Mg) ZRINUBEHELLE
ETH 5,

Ldl, 29—t —%0 20087 (EEAROMERR, 0
e 2+0/16 4 v F) BEV PV FHORF —VED

Aluminum can

Glass bottle

— AN

6 L
PET bottle
Steel can

Life cycle energy (MJ/1000m1)

0 0.2 0.4 0.6 0.8 1.0
Recycling rate

i, HORE, $RLEMENSSFHMETIEVL
Lo, A5I82 &4 & b b{KMHRE O A5052 & TER
flibhTEl, A2~/ 2 vy sDfthiicy o4
(Cr) #EBUEEDID, V94 7 ViGicfboaa &K
B A NENS B, FIT, 1990FERPS, 7as7 ) —
TRbYIC= YA VIRMTY A4 20 L2730 AABNZL
Lo ~OY O BINEDONTE L,

F 1o, WM CER» S EbR TV 5 A3004 && &
DH, v)av S FoRMELIDZHATE,
YA 7 VARV R T W A4 A& O EAL S A
TREDTE I,

3.3 FIIZoAEHOEETELMEOHR

1990 A E Tic, Ty =0 AHEOEFERICH
3R, EEM O KRB a4 VOBIESEREL X ST
HTERHEER Lo, METREERERETER
[N

Can end

Can body

Tig.5 Life cycle energy for each packaging material®. Fig.6 Typical shape of the 350m} aluminum can®.
Table 1 Chemical composition limits for can stock alloys (mass%).
Alloy No. Others
Si Fe Cu Mn Mg Cr Zn Ti Al
JIS AA ’ Each | Total
3004 3004 | =0.30 | =0.7 =0.25 1.0-15 | 0.8—1.3 - =0.25 - =0.05 | £0.15 | bal.
3104 3104 | 0.6 | =0.8 |0.05-0.25, 0.8—1.4 | 0.8—13 - £0.25 | =0.10 | £0.05 | £0.15 | bal. Body
- 3204 | =0.30 | 0.7 [0.10—0.25| 08—-1.5 | 0.8—1.5 - =0.25 - =0.05 | =0.15 | bal.
5052 5052 | =0.25 | =0.40 =0.10 =0.10 2.2—2.8 10.15—0.35 | =£0.10 - <0.05 | =0.15 | bal.
- 5021 | =0.40 | £0.50 £0.15 |0.10—0.50 | 2.2—2.8 =0.15 =0.15 - <0.05 | £0.15 | bal fnd
- 5042 | £0.20 | £0.35 <0.15 |0.20—0.50 | 3.0—4.0 =0.10 £0.25 | =0.10 | £0.05 | =0.15 | bal.
5082 5082 | =0.20 | =0.35 <0.15 =0.15 4.0—5.0 =0.15 £0.25 | =0.10 | £0.05 | =0.15 | bal. fab
5182 5182 | =0.20  =0.35 =0.15 |0.20—0.50 | 4.0—5.0 =0.10 <0.25 | £0.10 | =0.05| =0.15 | bal. | End, Tab
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(Casting) @ %, $53LD FH 10mm 25 % 2 6 07§
(Scalping) 9%, (RWT, $Brh O EHARTHE O 72
DEE(LAIE (Homogenizing) 4 5, HEHEALQIRICE:
WT, FIEOREN SRBIEEARGT 5, BBFE T
FRE 2~3mm © 300°CLA EOBE#ERETKT L, B
BT D 5 Cube HAIETERT 5, FiERES
FHAR L, BE < BEILE (Cold Rolling) TEMREN 3T
SIS LE N5 v A LT, B KETHOR VIR &
05, LI, BWIHELED TRARREM, 68, 4
TR Tl B

TR, 1990 fELE I i, BimE bic & 3R L% 8
& LT, BRI ER B (CAL : Continuous
Annealing Line) TEULE LAETEEZBEBIETHS
WEEEE S 52 TRY, ROHEEM &R, SRFEE -
CAL rhiBedi—isMEE TR, & 2 O I BEITE %
MBI EERR (B BEShF c R B (L 4 2 TR (139 IR
M) T, pRoBlEsN TV, L L, 1990 48381
I, WEOMRICEDLEIERA ~ 2 ORISHIEL T,
ik eid, PRS2 < o AR A A S L
TRl CYRERERR « HIOB LMD £B% L 212,
HI9B LML, 75 v PRRIEWMSIERM & p b
A L2DOF v 1 LHOLORTF » 7 RIEKOE
D WM TH 5, HI9B LEM T, BEFEs
D Cube T WliT &5 &, H<HBELTIEENTE
ERECLTH 0180 ARNCHRVWENEY, # v 7K
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Fig.7 Typical production sequence for can stocks.
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Fig.8 History of can body, end, and tab thickness.

Table 2 Typical tensile properties in longitudinal direction
for can stocks in Japan.

Material MUPBa 1\(/;;: ;
Can body stocks (Fabricated) | 290~320 | 260~290 4~8
Can end stocks (Coated) 350~410 | 285~325 | T~12
Can tab stocks (Coated) 360~400 | 310~350 | 7~11

R

(b) End

(c) Tab stock
Zgllx_m

(a) Body stock stock

Fig.9 Polarized microstructures of the can stocks.

(a) Body stock

(b) End & Tab stock
50um

Fig. 10 Intermetallic compounds of the can stocks.
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Fig. 11 Production sequence of can body.
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Shell press Tab stock unwind Tester Palletizer
Fig.12 Production sequence of can end.
No. Forming Shape
1 Blanking Blank
2 Shell forming
Uncurl shell
. /
3 Curling Cu:\f————‘—q_[j
Shell
4 | Compound lining / Fig. 14 Coining example of can end for carbonated
Compound drink.
Scoring Tab  Rivet
5 Tab forming C\J—\_\;:‘ré__:—[‘
Rivet forming End

Fig. 13 Schematic diagram of end forming
progression.
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Fig.15 Example of large open end in Japan.
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Fig.16 SuperEnd produced by Crown Cork.
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Sumitomo Light Metal Technical Reports, Vol. 42 No. 1 (2001), pp. 131-142

Surface Segregation of Trace Elements in
Aluminium Foil during Heat Treatment

Kiyoshi Fukuoka

Small amount of trace elements in metals often segregated to surface or grain boundaries during

heat treatment and the compositions of surface layer or close layer to grain boundary differ from

the compositions of bulk, and the properties of materials often change after heat treatment because

of surface or grain boundary segregation.

Surface segregation of Mg in aluminium is reported concerning in adhesion with plastic film, and

Liin aluminium foil is important to the blue corrosion when it segregate to the surface layer.
Effect of surface segregation of Sn, In, Bi and Pb, their melting points are lower and electrode po-

tentials are more noble than aluminium, to pitting potential is discussed concerning with corrosion

phenomena. The distribution of Pb in high purity aluminium foil for capacitor are reported not

only on depth profile but also mapping in surface layer.
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Fig.3 SIMS intensity ratio ¥*Mg*/?"Al" as a function of
depth through the oxide film of four electropolished
and annealed (553K, 24h) aluminium samples'”.

The Mg bulk metal concentrations are (a)llppm,

(b)65ppm, (¢)0.028% and (d) 0.16%.
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Cold rolled
Amorphous Al,0,

At-Mg alloy

Grain boundaries

Heat treatment in air
(i) Amorphous AL, 0,
Crystalline ¥ Al, 0,

Al- Mg alloy

fum Mg O islands

Fig.4 TEM photographs of oxide film formed on 0.17% i Crystalline ¥ ALO,

Mg— Al alloy during heat treatment at 773K for

1h10). Al-Mg G“Oy

Contiguous Mg O
Al, MgQ, spinet

(iii) Crvstaltine ‘JAIZOB
Al-Mg alloy
(iv) Free Al

particles

3um

Fig.5 MgO crystal on 6010 after annealing at 773K for

16019, Al-Mg alloy
Fig.7 Schematic model of the growth of the oxide film on
Al—Mg alloys during hart treatment and storage'®.
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Fig. 6 Composition-depth profiles of the surfaces of Al—2.5%Mg samples. (a)heat treated for lh at 673K in dry air and then
(b)stored for 50h in 100% humidity at 333K,
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0.1mm

Fig. 11 IMA mapping analysis of *Mg™ on the surface of

coating film after measurement of 180° peal

strength®®,
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Fig. 12 Depth profile of Sn in Al1—0.01%Sn alloy after
annealing 823K for 6h?>,
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X, —#EDOPE DT Sn O FHRHT R 13 BB
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(@ (b)

Fig.13 AES analyses on annealed Al—0.01%Sn alloy®.
(a) : at surface ; (b) : at aluminium-oxide
interface
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Fig. 14 Effect of annealing on anodic polarization curve of
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Fig. 16 Effect of annealing temperature on ESCA intensity of
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Fig. 17 Effect of holding time at 623K on ESCA intensity of
In or Sn detected in the sufface layer on Al—0.01%In
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Fig. 15 Comparison of galvanostatic dissolution morphology on annealed Al—0.01%Sn alloy®’.
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Fig.18 B™, Mg*, Fe* and Bi+ depth profiles in (a)Al—3ppmB alloy and (b), (¢), (d)Al—2ppmBi alloy after
annealing at 823K for 1h%".
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Fig.19 SEM photographs of surface (top row) and cross section (bottom row) after 630s etching 27.
(a) Al—TppmSi—TppmFe—4lppmCu—2ppmBi capacitance =1.60FV/m?
(b) Al—9ppmSi—9ppmPFe—40ppmCu—3ppmB capacitance=1.97FV/m?
(¢) Al—9ppmSi—8ppmFe—4lppmCu capacitance =2.50FV/m?
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Tig. 27 SEM photographs of replicas of etched pits in the reverse side of surface after DC etching for 6C/cm? (top row)
and cross section after DC etching for 24C/cm? and chemical etching for 900s (bottom row) in 1mol/1HCl — 8mo

1/1H,80, solution®?,

(a)A1—<0.20pmPb ; (b)Al—0.7ppmPb ; (¢)Al—1.5ppmPb
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Fig. 28 Effect of heat treatment temperature on pitting

potential in several NaCl solutions®®.
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Fig. 29 Effect of heat treatment temperature on the average
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Fig. 34 SEM/BEI mapping analysis of Pb in surface of
Al—1000ppmPb alloy after annealing at 803K
for 6h®.

141

otz (Fig. 35, To -2 h oKDz Ph
PO Ph e ERAEICEE s LEBOETEMEE
T 5L, 2WMOHDOLETEHEED 95% ikt
BN LB B, TOBICIEERICE D RERENE
shicd, COZERHRBOEELVWEMECLEEL
HHrENhTWwb, SO PhEFBOEZVWE TRIEOS
B3t i, YppmPhETEERBO 0.lpm iIci3 & A&
D Pb {EHT L, &8 % FHME T P OR T OEEH
MRIN TV E®, CoRFIE {100}, {111} 77 &>
FEEOZMETHY, T EHHE L cube-cube DS
HERIHABIRICH B T EMHS it E KD,

Pb ORI F i, 100ppm PIE®D Pb 2 &% o Wil ©
SEM B TbiEE s hTwa (Fig. 36)f, 0.4ppm

Energy (MeV)

0.5 1.0 1.5 2.0
200 T T i T
150 -
Pb
“ e
5 100} |
[e]
O
50 L . Cu |
i N3
“f',yﬂ_') II
s 7 By o
ol® K]
i 1 1
100 200 300 400 500
Channel

Fig. 35 Experimental and simulated (solid line) RBS spectra
for a heat-treated foil containing 50ppmCu and
1.5ppmPL*P,

Fig. 36 Backscattered electron images of cross section of
heat-treated foil containing 1000ppm Pb*®.



142 £ K 8

e

ENEa 2001

Fig. 37 TEM micrograph of surface layer containning Pb
141).

particles in cross section of Al-0.4ppmPb foi

Pb 2&T O REE/LEE D IZ PbALOw O k43
THANC AL, COWBFIR 7V =9 40 cellular
boundary % dislocation network A3 & ZXET 5 &
FricERAIcEia s S EBHS it TS
(Fig. 31",

7. £ & &

T =y A AR L 5 AOMEITTE DRI
O & EBIEEEE R AL RO 2t & 9 B R
NOREEE DT,

DI oS &I SBNIRTE X AFkA LBIR Y
Bsh, S ERicms>TuHs, 743 =9 A
h o RSB ORAFEITIC >V T BT REA >SS
LPEMEEZ DN, &%, WITTERE, &, N1EH
s, T2 SECRIA SN S 5 Mk & B
HLEOHHE» S E N TP RIEE 5750,

2 &5 X W

D HE—kL, BRER, BENE - AXEEFRIE,
43 (1979), 409.

2) F.B. Cuff, N.J. Grant : J. Inst. Metals,
87 (1958—59), 248.

D WEEE . 7TNIZTLOMBEME, BeRTFS,
(1991), 363.

4) BHEEE  BAERSZ LSRN, 2ok, (1969), 493.

5) H.P.Stuwe, I.Jager : Acta Metallurgica., 24
(1976, 605.

6) FHIH—fk - REREE, 6 (1986), 388.

7 S.Mukherjee, J.L.Moran-Lopez : Surface Science,
No188, (1987), L742.

8) M.Polak, L.Rubinovich : Surface Science,
No377—379, (1997), 1019,

9) A.J.Brock, M.A.Heine : J.Electrochem. Soc., 119

(1972), 1124.
10) R.Grauer, P.Schmoker ;: Werkstoffe Korrosion, 27
(1976), 769.
11) J.D.Guthrie, B.J.Sparr : Thin Solid Films,
43 (1977, 303.
12) B.Goldstein, J.Dresner : Surface Science,
71 (1978), 15.

142

13) K.Wefers : Aluminium, 57 (1981, 722.

14) C.Lea, J.Ball : Applications Surface Science, 17
(1984), 344.

15) G.R.Wakefield, R.S.Sharp : Applied Surface
Science, 51 (1991), 95.

16) N.C.Davies, J.A.Treverton :
Lok amEilise, (1982), 161.

17) M. Textor, R.Grauer : Corrosion Science, 23

(1983), 41.

A.Csanady, T.Turmezey, [.Imre-Bann, A.Griger,

D.Marton, L. Fodor, L. Vitalis : Corrosion Science,

24 (1984), 237.

1.0lefjord, A.Karlsson : Aluminium Technology

‘86, ed. T.Sheppard, (The Institute of Metals),

(1986), 383.

FINES . &&, 9 A5 (1984), 20.

WRE RS, BIEE, WhE— . BEEFaE

FoRamEilE, (1980, 17

PILRRE, Blpk=, froi—, EafEk . BeB¥Eas

68 B R mE, (1985), 229.

Balpk =, MIRBE - BefE, 35 (1985), 176.

AT EEES « REE, 44 (1993), 2.

B, BOEFOSE, MM B BefE, 42 (1992), 549.

BT, M B RERYSHTINA SNz,

(1992), 213.

K. Arai, T.Suzuki, T.Atsumi : J. Electrochem.

Soc., 132 (1985), 1667.

B

62 [El%

18)

19

20)
21 67 [ElFk
22)

23)
24)
25)
26)

20

28) 1Bk, AYEIENE . AGE, 34 (1993), 205.
29 WHEKE, HH B BeB¥EW 86 RIEMAaiEg

2, (1994), 237.

W= B v F bR VI =Y AEOT  F T
HEICBT 2R (FEAERsO, (1985), 88.

LUUEME, MIEEZE, GHhEF  EEREERTR, 472
(1997), 48.

o ORHE, BUSIRR, MR-, MTNER  BeBEY 2%
80 [IEIA R 234 HMEEE, (1991), 123.

W.Lin, G.C.Tu, C.F.Lin, Y.M.Peng :

Corrosion Science, 38 (1996), 889.

W.Lin, G.C.Tu, C.F.Lin, Y.M.Peng :

Corrosion Science, 39 (1997), 1531.

i St RN

30
3D
32
33
30

35)

SRS, (20000, 95.

BH—5, Ak BB, 51 (20000, 72

7. Ashitaka, G.E.Thompson, P.Skeldon,

G.C.Wood, K.Shimizu : J. Electrochem. Soc., 146

(1999), 1380.

BRI, FEGZE, ZENH, EARAE, EEHE .

BeBYEE% 08 MR R SR, (20000, 93.

EETIREE, P, =MW, T L3E], BALE,

AU - B4/, 51 (2001, 98.

Z. Ashitaka, G.E.Thompson, P.Skeldon,

G.C.Wood, H.Habazaki, K.Shimizu :

J.Electrochem. Soc, 147 (2000), 132.

4D JNHIEE B 1TE ARSBMEI Y 7 » LV A FREE
(20000, 7.

36)
3D

38)

39

400

’



Reprinted from  SUMITOMO LIGHT METAL TECHNICAL REPORTS  (Title No. R-483)

ERESBHR 5498 515 (2000 143-150

2 117 & 4

RIMLIEET IV I =7 LT 4 U H O M BRI 12 ST

BB B oA & H N
= B T = K H e
B R K F° H F B

Sumitomo Light Metal Technical Reports, Vol. 42 No. 1 (2001), pp. 143-150

An Overview on the Friction Properties of
Coated Aluminum Fin Stock Surface

Akihiro Kiyotani, Tsukasa Kasuga, Yoshio Sato, Midori Narita,
Norihisa Isomura and Taka-aki Kido

FruesBLERISEMARE LY S —



FRESEHR o8 E15 (2001) 143-150

3 117 & #4

REVME 7 IV I = LT 4 UM OEEEBEEEM >IN T

% & ®mL &8 =
E OB AT W om &
MW R FT WP oE B

Sumitomo Light Metal Technical Reports, Vol. 42 No. 1 (2001), pp. 143-150

An Overview on the Friction Properties of
Coated Aluminum Fin Stock Surface

Akihiro Kiyotani, Tsukasa Kasuga, Yoshio Sato, Midori Narita,
Norihisa Isomura and Taka-aki Kido

Miss-forming of fin, wear of tools and irregular fin pitch (called “avec”) of heat exchanger are

the problems desired to be avoided, because of reducing the productivity and raising the costs on

manufacturing heat exchangers for air conditioners. To cope with these problems, effects of the

friction properties of coated aluminum fin stock surface on the formability of fin stock, the wear

of tools and avec were investigated. The friction properties of fin stock surface are very significant

for the problems. The coated aluminum fin stock having good friction properties, low friction co-

efficient, could increase the ironing formability, degrease the wear of tools and prevent from avec

occurring, remarkably.Three measures to enhance the friction properties of coated aluminum fin

stock are presented, by using water-soluble lubricant or wax. One is double coating system having

top coating of water-soluble lubricant over hydrophilic coating. A second is double coating system

having resin primer added with wax under hydrophilic resin top coating. A third is single hydro-

philic resin coating, which is added with hydrophilic lubricant.
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Fig.1 Manufacturing process of the heat exchangers for

room air conditioners.
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Fig. 2 Fin collar forming process of a ironing type die.

(a) Appearance of fin.
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(b) Cross section of fin. 1mm

Fig.3 Appearance and cross section of a fin formed with
a ironing type die.
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Fig.9 Relation between flare cracks and friction coefficient
of fin stock surface.
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content in coating films.
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After expansion
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Fig. 14 Deformation behavior of thin sheet with collar during
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Fig. 15 Appearance and schematic illustrations of
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IEMTEBY,

Bz, TN s BEEORIEFEELT, FHT 4V
[FimEsH 2 CET ALY, £8TDT7 4D
75— IRTLHELHAL S ¥ 2B HSE O BEHEY
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OIWFITEEY MREEIN TV 5,
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W, EEhsvwbon, BOEST Ny 78R
Fer Lo WIS d B & E MRS LTV B Y,

CNETORRIY, BEHMET VI =9 L7 4 8
DEREGR AL L, HilgEEsm L4 s &T, Bk
wahEbEom L (7« vEIEE oM b, SRR 0K
B, BRUO7~y sBHEOHIE) BRNEC &b -7,
L LBns, BEREOEVT « Y&, ZhE T
BLTEEREOE VW7 4 Y HMETS VAL TV T 4 ¥
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TEEREOH#TYS, H5VWELED7 Y75 v @AM
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%,

Table1l Fin compressive loads of the laboratory expansion

test®.

Test Friction Fin compressive load (N)

fin e Avec

stock coefficient At No.90 fin At avec
@ 0.32 44 40 Occurred
® 0.23 44 39 Occurred
® 0.59 45 37 Occurred
@ 0.50 44 36 Occurred
® 0.09 34 - Not occurred
® 0.15 33 - Not occurred

*1 By Bowden-Leben friction test without oil
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Fig. 17 Effect of the top coating with water-soluble lubricant

on the friction properties of coated fin stock.
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Fig. 21 Effect of the hydrophilic lubricant content on the
hydrophilicity of fin stock with resin coating.
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Hydraulic Formability of Aluminium Alloy Tubes

Hideo Mizukoshi

Tube hydroforming has been noticed as a forming method for complicated hollow shape parts.
This process has many advantages compare to conventional forming methods, so steel exhaust
pipes and chassis parts have already been mass-produced by using this process. On the other hand,
aluminium parts have only been applied to suspension in Europe, but deformation properties of
aluminium alloy tubes have not been made clear yet. In this paper, hydroformability of aluminium
alloy tubes was introduced by using experimental data, and noticeable points on hydroforming of

aluminium alloy tubes were explained.
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Gaen, BEADITE 606l GerERbah, @
EWINOL &adfER I TV 5,

REMBTVI =Y o4& FOBRNMEEY %2
Table 1 iIZ/RT, HFEC L 72 EHMK (SPCC) D5k &

s 2 &, BESESEOMETRMUNEE ->TED,
Table 1 Mechanical properties of typical aluminium
alloy materials.
0.2% Tensile | Total
proof | strength | elonga-
Materials n value | r value
stress | (N/mm?)| tion
(N/mm?) (%)
1050—0 30 80 40 0.27 0.69
3003—0 40 110 30 0.24 0.65
5052—0 90 195 25 0.28 0.63
5083—0 145 290 24 0.26 0.74
6063 —0 40 100 35 0.22 -
6063—T6 200 240 17 0.14 -
60610 55 125 25 0.17 -
6061—T4 145 240 22 0.20 0.67
7075—-0 105 230 17 0.19 -
7075—T6 505 570 11 0.12 -
SpPCC 175 315 42 0.23 1.39
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Fig.1 Schematic illustration of tee fitting hydroforming.
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Fig.2 Relationship between forming height of branch
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Fig.3 Relationship between expansion limit and n value.
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Table 2 Test results of expansion hydroforming.

(Relationship between axial compres-
sion (mm) and formability)

Expansion rate 25% Expansion rate 50%
Materials

0 10 15 20 0 15 20 25
10501 O X O O O X X X X
3003, O x| O, 0 O} X % x O
0 X O O @] X X O O

5052
H34 X X X O X X X X
0 X @) O @] X X O O

5154
H34 | X X X O X X X X
0] X O O O X X X O

5083
H34 | X IS O O X X X X
0 X @] O O X X O O

6063
T6 X O O O X e X X
0 X o0 0O X X X X

TNO1
T5 X X O O X X X X

O : completely formed, X : failure

None

Expansion rate

Fig.4 Appearances of formed tubes (5054—0 material).
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Fig.5 Example of weld seam position of aluminium alloy
extruded tube.
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Fig. 6 Effect of weld seam on expansion limit.
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Recent 30-years Advances and Future Prospects in
Aluminum Rolling Technology

Yoshihide Okamura and Misao Kokubo

This paper describes the recent advances and future prospects in aluminum hot and cold rolling

mill control technology. Aluminum rolling production in Japan has remarkably increased in recent

30 years. The rolling mill control technology such as the temperature control, the strip crown con-

trol, the strip wandering control, the thickness control and the flatness control has been positively

developed to cope with increasing demand for productivity and quality. It is expected to develop the

advanced rolling technology for instance the strip casting, the process tribology, the computer-

aided optimal manufacturing for further improvement of productivity and quality under the condi-

tion of large variety and small quantity production runs.
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Table 1 Recent installation of rolling mills since 1981.7 ¥
Year Company Plant Hot rolling mills Cold rolling mills
1981  Kobe Mooka (Japan) Newly installed 2240mm 1650m/min
1983  Furukawa Fukui (Japan) Newly installed R+F.3—T, Newly installed 2750mm
4320mm (R) 2850mm (F)
REYNOLDS McCook (U.8.A) Newly installed 2240mm
CONALCO Hannibal (U.S.A) Newly installed
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 Phenalu (France) Newly installed 1850mm 1800m/min
1987 ALCOA Warrick (U.S.A) Reconstruction 2060mm
ALCOA Tennessee (U.S.A) Reconstruction F.5—T (CVC), Newly installed 2030mm Full continuous (CVC)
400m/min
1988  Furukawa Fukui (Japan) Newly installed 1760mm 1800m/min (HC)
Kobe Mooka (Japan) Reconstruction F.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 Mitsubishi Fuji (Japan) Newly installed 1930mm 1000m/min (VC)
Sumitomo Nagoya (Japan) Reconstruction F.4—T,
(CVC, VC, TP) 450m/min
1993 KAAL Mooka (Japan) Newly installed 2—T 2400mm 1650m/min (CVC)
1995  ALUNORF Neuss (Germany) Newly installed R+F.4—T, Newly installed 2—T 2450mm 1500m/min (CVC)
(CVC) 480m/min
1997 Furukawa Fukui (Japan) Reconstruction F.4—T (TP),

360m/min

Symbols) R : Hot roughing mill, F : Hot finishing mill, —T : Tandem, xxxxmm : Roll barrel width, xxxxm/min : Maximum
speed, VC, HC, UC, TP, CVC : Equipment for strip crown and flatness control

Table 2 Advances in aluminum rolling mill and related equipment.”

Year 1960 1965 1970 1975 1980 1985 1990 1995
AH Ml b : > : ' '
Mill type : ;

T

Roll gap control

Roll bending

WR Bender

(Fox systerﬁ)
‘ : | (VC RolD)

Roll shifting
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Motor

DC Motor . >

AC Motor
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Power supply
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Interim Report on
Present Status and Future Prospect of

the “Super Metal Technology” Project for Aluminum

Hiroki Tanaka and Hideo Yoshida

This report describes the results till the end of the fourth year of the “Super Metal Technology”
project for Aluminum started at 1997 as a five year project in order to develop a high performance
aluminum alloy sheet with ultra fine grains. In the first three years, some feasible methods were
tried to refine grains less than 3um. Then, five methods that are ECAP, ARB, differential speed
rolling, strip casting and warm rolling were proved as a useful process to refine grains. Another
aim of the project is to produce a large bulk that consists of fine grains and should have a width
over 200mm. In order to perform this aim, differential speed rolling, strip casting and warm rolling
were selected, and these methods have been studied in detail. So far, two ways have succeeded to
make a fine grained plate over 200mm in width, one is Al—high Mn alloy sheets by strip casting and
the other is 7475 based alloy sheets by warm rolling. It has been found that these sheets have excel-
lent properties such as high strength and good resistance to SCC. In the final year, it will be planed
with future mass production in mind to carry out a simulation of coil —up production of Al—high
Mn strip cast material and a trial to produce a large plate consisting of fine grains of 5083 based

alloy by warm rolling.
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Introduction of the Apparatus on
the “Super Metal Technology”Project for Aluminum
1. Trial Production of Cast Strip for Super Metals
Using a High —strain Accumulative
Microstructure Forming Equipment

Yoshio Watanabe, Kazuhisa Shibue and Hideo Yoshida

The

“Super Metal Technology”project has been developing innovative aluminum alloy sheet with

improved strength and corrosion resistance by establishing processing technologies to control the

grain refinement to the limit. In order to create such fine crystallized structure, it is necessary to

highly accumulate the strain in the material during rolling, and it can be expected by increasing the

solubility of the element as a solute and fine distribution of second phase particles in the cast ma-

terials to be rolled. A high strain accumulative microstructure forming equipment was designed by

twin roll casting process. Up to the present, 17 aluminum alloy cast strips of 3.8~8.3mm thickness

have been produced with the equipment, based on the results of fundamental casting trials.
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@ Flying Shear, Pinch roll, @ Windex, Wrapper
Fig.1 Schematic drawing of the casting line.
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Table 2 Typical casting conditions for pure-aluminum strip.

Set back 30~385mm

Strip thickness 3.1~3.9mm
Strip width 250mm
Moiten metal temperature in tundish 720°C
Molten metal level in tundish 30mm

Flow rate of roll cooling water 1.3x107%m%/s

Casting speed 18~32mm/s
Dry weight of lubricant on roll surface 24~243mg/m?
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Fig. 3 Influence of casting speed on separating force and strip
exit temperature.
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Fig.4 Schematic drawing of solidification in rolls cavity.
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Fig. 5 Grain structure of longitudinal cross section.

(a) 32.0mm/s (Fig.3(®) (b) 27.8mm/s (Fig.3 @)

(c) 24.6mm/s (Fig.3®)

(d) 21.2mm/s (Fig. 3 ®)
100um

Fig. 6 Influence of casting speed on center-line segregation.
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Table3 ISR d ¥ v 7L ABIEL 2o Mn % 2.5mass%
EETHELTRAI-Mn RO ERERELEYO &R
Heiid 200, BERELhOoGE£LD & 200CE
EFERIT Ul SRS ERE 3.8mm OHRHM T 17
mm/s, & Tmm FifE O ERM T 10mm/s BETH -
oo CTHIREIVELSRLZY 7LD DASBEAM T
2~4um, BREM TR 4~Tom BE LML T Wi,

Table 3 Lists of cast strip samples for super metal.
Chemial compositions, mass%

Alloy Thickness, mm | Width, mm
Si Fe Cu Mn Mg Cr Al
A 7.1 300 0.07 0.13 - 1.20 - - bal.
B 7.3 300 0.08 0.14 - 2.01 - - bal.
C 7.7 300 0.10 0.13 - 2.55 - - bal.
D 7.4 300 0.07 0.13 - 1.27 0.98 - bal.
E 7.5 300 0.09 0.14 - 1.76 1.08 - bal
F 8.3 300 0.10 0.15 - 2.62 1.02 - bal
H 6.7 250 0.03 0.05 - 2.46 - - bal.
I 6.8 250 0.03 0.04 - 2.41 1.14 - bal
J 6.8 250 0.04 0.04 - 2.52 2.12 - bal.
K 7.1 250 0.03 0.03 - 2.48 2.56 - bal
7.0 250 0.09 0.12 - 2.50 2.07 = bal.
M 7.2 250 0.10 0.12 - 2.41 2.44 - bal.
3004A 6.7 250 0.25 0.31 0.16 1.30 1.09 - bal
3004A 3.8 250 0.27 0.28 0.16 1.33 1.16 - bal.
3004B 6.8 250 0.26 0.69 0.16 1.28 1.08 - bal.
3004B 3.8 250 0.27 0.66 0.16 1.31 1.13 - bal.
6061 7.0 300 0.53 0.43 0.26 0.12 0.99 0.21 bal.
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Introduction of the Apparatus on
the “Super Metal Technology” Project for Aluminum
2. Cryogenic Rolling Equipment and
Warm Rolling Equipment

Hiroki Esaki, Hiroki Tanaka, Kazuhisa Shibue, Motoya Kamitori and Hideo Yoshida

This paper introduces the test rolling equipments for cryogenic rolling and warm rolling installed
to develop the aluminum alloy sheets with the fine grain structures that are the target of the

“Super Metal Technology” project. The rolling equipment has the work rolls of ¢ 56, ¢ 100, ¢ 156,
¢ 260mm and backup rolls of ¢ 260mm in diameters. This equipment can roll the aluminum alloy
sheets or coils up to 200mm in width at 3.3m/s (=200m/min) of maximum speed. The cryogenic
rolling was carried out after the sheet was cooled in the tank filled with liquid nitrogen. For exam-
ple, when the 3004 aluminum alloy coil of Imm in thickness and 60mm in width was rolled into 20%
reduction at the rolling speed of 0.17m/s (=10m/min) for 280s, the coil temperature reached about
—45°C at the outlet of the roll after rolling. On the other hand, the warm rolling system was devel-
oped targeting constant temperature control of aluminum sheets during rolling. The warm rolling
was carried out with the 2—high mills of ¢260mm in diameter. Eight cartridge heaters were em-
bedded along the drive side direction from the work side of mill in those rolls. The surface tempera-
ture of the upper and lower rolls can be controlled independently. The surface temperature can be
raised up to around 400°C at about 100°C/h of heating rate. For example, when the 5083 sheet of
200mm in width was warm rolled from 10mm to lmm thick at 200°C, the surface temperatures of
the rolls were no change at about 220°C. Therefore this warm rolling equipment was rolled at the
uniform temperature, however the sheet thickness is thin.
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Table 1 Typical specifications of test rolling equipment.

Thickness Sheet) 0.1~50mm Coil) 0.1~2.0mm
Width Max. 200mm

) Inside diameter : ¢ 508mm
Coil size

Outside diameter : ¢ 1000mm (Max.)

2—High (¢ 260mmWR)

Rolling mode
4—High (¢ 260mmBUR— ¢56, ¢100, ¢156mmWR)

Rolling speed | Max. 3.3m/s

Tension Max. 9.8kN

Mill motor 55k W X 2

Fig.1 Test rolling equipment.
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Introduction of the Apparatus on
the “Super Metal Technology” Project for Aluminum
3. Rapid Heating Apparatus

Hiroki Esaki, Hiroki Tanaka, Kazuhisa Shibue and Hideo Yoshida

The research works showed that fine grain structures were obtained by rapid heating treatment

of the material in which much strain has kept accumulated. In order to apply this concept to the in-
dustrial aluminum production, rapid heating technology for coils was developed. The “Super Metal
Technology” project installed the experimental rapid heating apparatus by vertical flux type induc-

tion heating method (VFX). This apparatus can heat the aluminum alloy coils of Imm in maxi-

mum thickness and 200mm in width at heating rate of about 150°C/s. When an aluminum coil was

heat —treated in the apparatus, the temperature distribution in width was kept within about 10°C.

In order to keep uniform temperature distribution of the coil, EPC (Edge Position Control) and

CPC (Center Position Control) devices were added to this apparatus. Therefore the usage of

those devices, the winding shapes of coils were good enough. For example, winding draft was

around 0.5mm when the coil of 0.285mm in thickness, 200mm in width at line speed of 0.12m/s

(=Tm/min).
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Table 1 Typical specifications of rapid heating 2. 3 EHRBEROEE

apparatus.
Strip thickness 0.1~1.0mm
Strip width 150~200mm
Heating temperature Mazx. 650°C

Line speed 0.07~0.50m /s

Heating rate Max. 150°C/s

Cooling systems Mist of water & Water bath

29.4~147kN

Tension

Electric power for heating 150k W

Fig.4 Rapid heating apparatus.
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(Strip thickness : 0.285mm)
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Corrosion Behavior and its Prevention of
Copper Tubes for Building Materials

Yutaka Yamada

The corrosion behavior and its prevention of copper tubes used for water supply systems in de-

tached houses, apartments and buildings have been reviewed. Pitting corrosion , erosion corrosion

and cuprosolvency troubles are discussed based on both empirical data and experimental data.
Especially, pitting corrosion of copper tubes are classified into five kinds of types such as Type
I”, Type I” —A, Typel” —B, Typell and Moundless. The prevention for each corrosion problems

are also discussed.
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Table 1 The characteristic features and possible causes of pitting corrosion of copper tubes experienced in Japan.

Pitting corrosion

Classification Type 1

(Type I')

(Type 17)

Type I

(Type II) (Moundless)

Water supply Well water

Open heat storage water

Tap water

Air-coditioning system

Plumbing system Pass-through

with an Open heat

Actual force circulating Pass-through

storage water tank

(a) Circulating water treated

Causes

by inhibitor

Cause : phosphate inhibitor

Free carbon dioxide

more than 15ppm

Surroundings Cause :

(b) Circulating water

without inhibitor

S02~/HCO;™ > 1

High residual chlorine

High Silica
(more than 20ppm)

Low velocity S04 ?/HCO3™ > 0.5

fine corrosion-product

particles of galvanized steel

. Copper soft tube :
Materials

(except (b))

Carbon Film

Copper soft tube/hard tube

OYes (Whole area)
@®VYes (Gifu Prefecture)
ANo  (Gifu Prefecture)

60
Esob o
5 o
o 40 F O
©
S 30 k O
< 8%
8 20F
= O §§
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[} 10 B
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Ll
O ] 1 1
55 6 65 7 75 8
pH

Fig.1 The tendency of leakage accident by Type I’ pitting
corrosion for pH and free carbon dioxide of the well
water.
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residual free carbon.
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Fig.3 Influence of water velocity and ratio of SO4%~ /HCO3"~
on pitting corrosion.
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Fig.5 Result of statistics analysis on the number of copper tubes failures by erosion corrosion. (1993~1995, total 109)

(a) Nominal size M type : using for water supply system, L type : using for supply system of both water and gas

(b) Plumbing system (c) Leaky parts
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Fig. 6 Variation of pH and Cu ion concentration of tap water

in the east of Hokkaido.
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Table 2 Service area and longest service period of the tin coated copper tubes.

Type of corrosion Service area

Longest service period of Shortest period to leakage

tin coated copper tube of copper tube

Type I’ Chiba, Gifu, Kochi etc. 7 years 8 months
Pitting Type 1"—B Mie, Aichi etc. 3 years 6 months
corrosion Type I Tokyo, Kumamoto ete. 8 years 4 years
Hokkaido, Fukusim
Moundless K . usima 8 years 3 years
Miyazaki etc.
Erosion corrosion Tokyo, Osaka etc 9 years 2 years
Cuprosolvency Hokkaido, Osaka 7 years —
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