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TECHNICAL PAPER

Development of Tin Coated Copper Tubes for
Cold and Hot Water Service”

Shinobu Suzuki* *, Tetsuro Atsumi** and Yutaka Yamada™***

Tin coating technique onto the inner surface of the copper tubes has been successfully developed

to solve the corrosion problems for copper plumbing tubes. Tin coated copper tubes have been used

for over 12 years without any corrosion problems in our customers. To form a uniform tin layer

with superior adhesive and anti-corrosion properties, it is necessary to control the copper-tin ratio

in the plating solution to less than 0.6, resulting in the formation of the tin layer in which the de-

fects are less than the critical value of 20pieces/cm?. It is relatively easy to form the tin layer with

few defects on the inner surface of short copper tubes. On the contrary, for a long coiled copper

tube, it is fairly difficult to form an adhesive tin layer with few defects due to the uniformity of

pickling and the significant changes in the copper-tin ratio in the plating solution during flow

along a long coiled tube. The uniformity of pickling for a long coiled tube was achieved using a fer-

ric sulfate solution. To form the tin layer with fewer defects along the entire length of the long

coiled tube, the double step plating at low and high temperatures was effective. With these tech-

nique, an excellent corrosion resistance of the tin coated copper tubes should be expected.

1. Introduction

Because of the excellent corrosion resistance
and the ease of joining and fabricating, copper
tubes are widely used in cold and hot water serv-
ice systems. Copper tubes have been satisfacto-
rily used in water service systems, however, a
few corrosion problems such as cuprosolvency
and leakage troubles caused by pitting corrosion
and erosion-corrosion have been mainly experi-
enced due to the water quality and plumbing
system.

In Japan, the pitting corrosion in soft copper
plumbing tubes, which is similar to type I pit-
ting corrosion'’, has been experienced, especially
when using ground water?. More recently, the
moundless pitting corrosion, whose morphology
1s a lower mound of the corrosion product sur-
rounding the pit, has been frequently experi-
enced due to the water quality with a compara-
tively high concentration of both silicate and
sulfate ions®. The leakage troubles caused by

* This paper was presented at IWCC Technical Seminar
2005 at Tokyo, Nov.14-15, 2005

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

##x No.4 Dept., Research & Development Center, Dr. of Eng.

erosion-corrosion of the copper tubes has been
experienced in hotels, hospitals and collective
residences when using the centralized forced re-
circulation hot water supply systems®’.

These corrosion phenomena have been studied
and countermeasures have been proposed’~?.
However, these countermeasures, such as water
treatment, changing the plumbing system and
decreasing the flowing velocity, are limited in
their application to an existing system and
developed anti-corrosion materials have not
been sufficient to prevent corrosion.

To solve the corrosion problems for the copper
tubes, a tin coating technique of the inner sur-
face of the copper tube has been successfully de-
veloped™*’. Table 1 shows the longest service pe-
riod of the tin coated copper tubes under several
conditions in which conventional copper tubes
suffer from corrosion. Tin coated copper tubes
have been used for over 12 years without any
corrosion problems®. Based on these results, it
1s expected that the application of the tin coated
copper tubes will solve the corrosion problems of
conventional copper tubes.

For the tin coating onto the inner surface of
soft copper tubes, the longer the tube, the more
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Table1 Longest service period of the tin coated copper tubes.

Type of corrosion problem

Service area

Longest service period of the tin coated

copper tubes

Type I' Chiba, Gifu, etc. 13 years (8 month)
Pitting corrosion Type 1T Tokyo, etc. 14 years (4 years)
Moundless Hokkaido, Aichi, Miyazaki, etc. 14 years (3 years)

Erosion corrosion

Tokyo, Osaka, etc.

15 years (2 years)

Cuprosolvency

In the east of Hokkaido, etc.

13 years ( —)

() Shortest period to leakage of the conventional copper tubes

efficient the operation. This paper describes the
coating technology which involves the pickling
technique and the plating technique especially
for a long coiled, soft copper tubes in order to
keep the superior the corrosion resistance based
on the relationship between the defects in the tin
layer and the corrosion resistance of the tin
coated copper tube.

2. Experimental

2.1 Relationship between defects in tin
layer and corrosion resistance

2.1.1 Visualization of defects in tin layer

It was very difficult to evaluate the defects in
the tin layer due to microsize defects. Therefore,
the evaluation technique is called the "pinhole
test" in which the defects in the tin layer were
visualized was applied. In the test, the solution
that consists of NI:aq and (NH.):S:0s was
firstly poured into the tin coated tube following
a 1 hour stand at room temperature. After rins-
ing, drying and cutting off the tube, peeling off
test of the tin layer was carried out using an ad-
hesive tape. Based on this test, the copper selec-
tively dissolved through the defects in the tin
layer by the test solution. After the copper dis-
solution, the adhesive strength of the tin layer
at the defect points was remarkably reduced.
Therefore, the tin layer at the defect points was
peeled off by the adhesive tape and the defect
points could be visualized. These points were rec-
ognized as pinholes and counted using a micro-
scope as the number of defects. The concentra-
tions of NH3 and (NH.):S:0s were 9 mass% and
15 mass%, respectively, due to controlling the
suitable dissolution rate of the copper and tin.

2.1.2 Corrosion test in field

Since the ground water, in which leakage

problems of the copper tubes caused by type I
pitting corrosion has been experienced within a
short service period, is recognized to be fairly
aggressive, the evaluation test for the pinhole
density in the tin layer against corrosion resis-
tance was carried out in field using ground wa-
ter. In the field test, tin coated copper tubes with
the dimensions of 15.88mm OD, and 0.71mm
thick were connected to a bypass pipe installed
in parallel in a once-through water supply sys-
tem in the collective residents in Gifu city where
the leakage troubles of copper tubes caused by
the type I’ pitting corrosion have been experi-
enced. The ground water was supplied through
this system. When none of the residents uses the
water, the ground water is stagnant in the tubes
of this once-through water system. The water
consumption of these collective residents was 12-
14m’/day, and the water temperature was 288
+3K through out the year. Table 2 summarizes
the typical analysis of the ground water used in
this system. The corrosion states of the tubes
were inspected using an optical microscope after
an 18-month test, and the maximum corrosion
depth was measured using a contact-type corro-
sion depth monitoring system along the total
length of the test tubes.

2.2 Selection of the pickling solution

2.2.1 Dipping test

The solution with gas formation during pick-
ling is not suitable for flowing through a long
coiled tube because safe pickling cannot be main-
tained due to the initial pressure rising in the
long coiled tube with gas formation. To examine
the gas formation during pickling, a dipping
test was carried out using 4 types of pickling so-
lutions with copper plates having the dimen-
sions of 0.0mm thick, 20mm wide and 80mm
long. A ferric sulfate solution, chromic sulfuric



Vol.47 No.1

Development of Tin Coated Copper Tubes for Cold and Hot Water Service 3

Table 2 Typical analysis of test water.

oH 6.9
Conductivity (mS/m) 22.3
Total hardness (CaCOs; mg/L) 99
Ca hardness (CaCO; mg/L) 72
M alkalinity (CaCOs; mg/L) 78
SO (mg/L) 14

HCO;~ (mg/L) 96

Cl~ (mg/L) 6

Si0; (mg/L) 21

Free carbon dioxide (mg/L) 20

acid, sulfuric acid with hydrogen peroxide and
sulfuric-nitric acid were evaluated by the dip-
ping test for gas formation at 30 degrees C.

2.2.2 Circulation test

In a long coiled soft copper tube, carbon films
are formed during the annealing and strongly
adhere to the inner surface of the tube. If a large
quantity of the carbon films remain on the inner
surface of the tube, the tin layer will be formed
with many defects where the carbon films re-
main. Therefore, it necessary to remove the car-
bon films to less than the critical value with cop-
per dissolution. Pickling solutions without gas
formation selected by the dipping test were cir-
culated in a long coiled tube having the dimen-
sions of 15.88mm OD, 0.71mm thick, and 600m
long. After circulation of the solution, the
amount of the carbon films were analyzed along
the length of a long coil according to the follow-
ing procedure : removal of the residual lubri-
cant oil by an organic solvent, collection of de-
posited carbon by dissolving the inner surface of
the tube using a mixed acid of nitric and hydro-
chloric acids, and measurement of the carbon
amount by the IR (infrared) absorption method.

2.3 Determination of plating procedure

2.3.1 Dipping test

For a substitution-type electroless tin plating
onto a copper substrate, tin ions in solution are
consumed and copper ions in solution gradually
accumulate. Therefore, it is considered impor-
tant to control the ratio of the copper ion con-
centration and the tin ion concentration (Cu/Sn
ratio) for forming a uniform tin layer with su-
perior adhesive properties. To investigate the

effect of the Cu/Sn ratio on the pinhole forma-
tion, the dipping test by changing the Cu/Sn ra-
tio of the plating solution by adding copper sul-
fate was carried out. Test specimens of the cop-
per plate having the dimensions of 0.5mm thick,
20mm wide and 80mm long, were pickled in a
ferric sulfate solution at 20 degrees C for 50min.
A self-blended tin plating solution with the
Cu/Sn ratio from 0-1.2 was prepared and a pick-
led copper plate was dipped and plated in this
plating solution at 70 degrees C for 60min. The
pinhole test was carried out after the plating,
and the pinhole density was evaluated.

2.3.2 Circulation test

It is fairly difficult to form an adhesive tin
layer onto the inner surface of the long coiled
tube due to changing composition in the plating
solution results in an increased Cu/Sn ratio ac-
cording to the distance from the inlet of the long
coiled tube. To solve this problem, the plating
process with a double step circulation at differ-
ent temperatures was developed”. In the first
step, by plating at a low temperature, the sub-
stitution reaction is controlled at slow rate in
the circulating plating solution. In the second
step, with continuous plating at high tempera-
ture, the thickness of the tin layer increases in
the solution resulting in the formation of the tin
layer with fewer pinholes along the entire
length of the long coiled tube. To evaluate the ef-
fectiveness of the double step plating, the circu-
lation test for the long coiled tube having the di-
mensions of 15.88mnm OD, 0.71mm thick and
600m long was carried out. After circulation of
the selected pickling solution at 20 degrees C for
50min, the plating was performed using the self-
blended substitution type electroless tin plating
solution under following three conditions :

(1)Test 1 : double step plating (1st step : 30 de-
grees C for 30min, 2nd step : 70 degrees C for
70min)

(2)Test 2 : single step plating at 30 degrees C
for 100min

(3)Test 3 : single step plating at 70 degrees C
for 100min
After the plating, the thickness of the tin layer
and pinhole density were investigated along the
entire length of the long coiled tube.
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3. Results

3.1 Relationship between defects in tin

layer and corrosion resistance

Fig. 1 shows the relationship between the pin-
hole density in the tin layer and the maximum
pit depths of the tube in the field tests. There
was no pitting corrosion in the tin coated copper
tubes with the tin layer having a pinhole density
of less than 20pieces/cm? while the tubes with
the tin layer in which the pinhole density in-
creased to over 100pieces/cm’ suffered from pit-
ting corrosion and the pit depth remarkably in-
creased with the increasing pinhole density. It
was revealed that the corrosion resistance of the
tin coated tube decreased with the increasing
pinhole density. The excellent corrosion resis-
tance of the tin coated copper tube can be ex-
pected with the tin layer in which the pinhole
density is less than 20pieces/cm®.

3.2 Selection of the pickling solution

Table 3 shows the results of the dipping test
for gas formation in four types of pickling solu-
tions. As the results, the ferric sulfate solution
and chromic sulfuric acid were selected for no
gas formation during the copper dissolution re-
action.

Fig. 2 shows the residual carbon films versus
the distance from the inlet of the long coiled
tube after the circulation test. When using the
ferric sulfate solution, the residual carbon films
decreased to less than 2mg/m* along the entire

0.8
-------- Tube thickness-—-------; )
£ Penetration —
g 0.6
: |
[oX
3 O
» 04
o
£ 3
E
% 0.2 O
=
I
1 10 100 1000 10000

Pinhole density ( pieces/cm? )

Fig.1 Relationship between the maximum pit depth and
the pinhole density of the tested tin coated copper
tubes.

length of the long coiled tube. On the contrary,
when using the chromic sulfuric acid, although
the residual carbon films were low at about
Img/m?* at a distance of 300m from the inlet of
the coil, its value increased to close to 4mg/m®* as
the distance increased from the inlet of the
coiled tube.

Based on these results, the ferric sulfate solu-
tion was considered to be suitable as a pickling
solution for the long coiled tube.

3.3 Determination of plating procedure

The relationship between the pinhole density
in the tin layer and Cu/Sn ratio in the plating
solution is shown in Fig. 3. In the range of a 0 to
0.6 Cu/Sn ratio in the solution, the pinhole den-
sity was less than 20pieces/cm® On the con-
trary, when using a solution in which the Cu/Sn
ratio was more than 0.8, the tin layer was
formed with many pinholes.

After the circulation of the ferric sulfate solu-

Table 3 Results of dipping test for gas formation with
four types of pickling solution.

Composition Gas formation
Ferric sulfate solution No
Chromic sulfuric acid No

Mixed acid : sulfuric acid
} Yes (O gas)
and hydrogen peroxide

Mixed acid : sulfuric acid
o Yes (Nox gas)
and nitric acid

4.0

O Ferric sulfate solution
< Chromic sulfuric acid

3.0

NS

10 C') /C/O/O/(
E—

0.0 Il 1 i 4 4
0 100 200 300 400 500 600

Distance from the inlet of long coil ( m )

Redidual carbon films ( mg/m?)
N
=)

Fig.2 Residual carbon films versus distance from the inlet
of the long coiled tube after the circulation test of
the pickling solutions.
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tion which was selected as the most suitable
pickling solution, the tin plating onto the inner
surface of the long coiled copper tube was per-
formed under three different conditions. The
thickness of the tin layer and pinhole density at
any distance from the inlet of the long coiled
tube are shown in Figs. 4 and 5.

In Test 3 of the single step plating at 30 de-
grees C, the thickness of the tin layer was less
than 1um, while in Test 1 of a double step plat-
ing and Test 2 of the single step plating at 70 de-
grees C, the tin layers were formed at thickness
of about 2um. The pinholes in the tin layer from
Test 3 were not observed along the entire length

1000 g OO O
NE O
< 100
w
[}
o
‘a O
> 10
=
w
c
3
3 1
L
c
E [
0.1 Ot O~y
0 02 04 06 08 1 12
Cu/Sn(-)

Fig.3 Relationship between the pinhole density in the
tin layer and the copper-tin ratio in the plating
solution.

3.0

) §Q\?—oi’i\o\o—o
20 <
[ | O Double step plating

1.5 H < Single step at 70°C
L| A Single step at 30°C

N A\A\&_A\A\A\
0.5 \
0.0 L : : : L

0 100 200 300 400 500 600

Distance from the inlet of long coil ( m )

Thickness of tin layer ( £tm )

Fig.4 Thickness of the tin layer versus distance from the
inlet of the long coiled tube after the circulation test
of the plating solution under each condition.

of the long coiled tube. On the contrary, the pin-
hole density in the tin layer in Test 2 was lower
than 20pieces/cm?® for a 300m distance from the
inlet of the long coil, while its values remarka-
bly increased as the distance increased from the
inlet of the long coiled tube. The pinhole density
in the tin layer in Test 3 was fairly high at over
1000 pieces/cm® along the entire length of the
long coiled tube. As the results, it was revealed
that the double step plating at low and high
temperatures was effective to form a tin layer
with an adequate thickness having a pinhole
density below 20pieces/cm* thus producing an
excellent corrosion resistance.

4. Discussion

4.1 Pickling solution for long coiled tube

For the pickling solution of a long coiled tube,
it is important to know the characteristics of the
copper dissolution reaction without gas forma-
tion and removal of the carbon films along the
entire length of the long coil. To prevent gas for-
mation during pickling, selecting a solution
with a reducing reaction of metallic ions for the
copper dissolution was considered effective.
From the dipping test using 4 types of pickling
solutions, the ferric sulfate solution and chromic
sulfuric acid were selected on the basis of our es-
timation. In these solutions, copper dissolved
along with reducing the ferric and chromic ions.

For removing the carbon films, a circulation

1000 [yttt

100

10

- O Double step plating
1k <> Single step at 70°C |
] A Single step at 30°C

Pinhole density ( pieces/cm2 )

o 0—C——N0—"0—0——0—0

0 100 200 300 400 500 600

Distance from the inlet of long coil (m )

Fig.5 Pinhole density in tin layer versus distance from the
inlet of the long coiled tube after the circulation test
of plating solution under each condition.
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test was performed using both of these solu-
tions. When using the ferric sulfate solution, the
residual carbon films decreased to less than
2mg/m* along the entire length of the long
coiled tube. On the contrary, when using the
chromic sulfuric acid, although the residual car-
bon films were low at about 1mg/m?* for a 300m
distance from the inlet of the coil, its value in-
creased to close to 4mg/m’ as the distance from
the inlet of the coil increased. The carbon films
strongly adhere to the inner surface, therefore,
it is necessary to remove them by copper dissolu-
tion. When using the ferric sulfate solution, the
copper dissolution reaction would take place
along the entire length of the long coiled copper
tube. On the contrary, when using the chromic
sulfuric acid, it was recognized that the copper
dissolution reaction stops within the coil with-
out the supply of hydrogen ions because hydro-
gen ions are required for the dissolution reac-
tion of the copper in the chromic sulfuric acid.
Based on these results, the ferric sulfate solu-
tion is suitable as a pickling solution for a long
coiled tube. In addition, the ferric sulfate solu-
tion was considered adequate for reducing the
environmental risk.

4.2 Plating technique for the long coiled

tube

To form a uniform tin layer with superior ad-
hesion and anti-corrosion properties, it is neces-
sary to control the Cu/Sn ratio in the plating
solution to less than 0.6, resulting in the forma-
tion of a tin layer in which the pinhole density is
less than the critical value of 20pieces/cm?®. How-
ever, in a long coiled copper tube, a substitution
reaction takes place along the tube during circu-
lation of the plating solution, it is unavoidable
that the properties of the plating solution
change in the tube. Briefly, tin ions are gradu-
ally consumed and copper ions are accumulated
in the plating solution during circulation. The
changing of both ion concentrations results in
an increased Cu/Sn ratio according to the dis-
tance from the inlet of the long coil. For the
high temperature solution, it was presumed that
the tin deposition onto copper is fairly fast, and
the Cu/Sn ratio in the solution exceeds 0.6. On
the contrary, for the low temperature solution,
although the Cu/Sn ratio is below 0.6 along the
entire length of the long coiled tube, the

thickness of the tin layer became thin along
with a fairly high pinhole density.

In the double step plating developed for a long
coiled copper tube, it was confirmed that the tin
layer formed an adequate thickness with a pin-
hole density of less than 20pieces/cm?® Fig. 6
schematically shows the formation of the tin
layer in the double step plating from the inlet of
the long coiled tube compared with the single
step plating. In first plating at low temperature,
tin particles were uniformly deposited along the
entire length of the long coiled tube due to the
slow deposition rate. Upon continuously circu-
lating the solution in the second plating at high
temperature, the tin layer formed without de-
fects on the initial particles as the nucleus in the
first plating. On the other hand, in the single
step plating at low temperature, it was pre-
sumed that the tin layer hardly grew due to the
slow deposition rate, which resulted in the for-
mation of a tin layer with many defects. In the
single step plating at high temperature, it was
presumed that the tin deposition rate was fairly
fast, which resulted in fluctuating tin particles.
The Cu/Sn ratio in the solution increased, and a
tin layer with many defects was formed, espe-
cially at the greater distance from the middle
length of the long coil.

5. Conclusion

The tin coating technology, which concerned
the pickling technique and the plating technique
especially for a long coiled soft copper tube was
studied in order to keep the superior corrosion
resistance of the tin coated copper tube based on
the relationship between the defects in the tin
layer and corrosion resistance of the tube.

(1) In the pickling technique, the ferric sulfate
solution was recommended as the suitable pick-
ling solution for a long coiled tube from the view
point of the dissolution reaction without gas
formation, removing the carbon films on the in-
ner surface along the entire length of tube and a
low environmental risk.

(2)The corrosion resistance of the tin coated
copper tubes is highly related to the pinhole den-
sity in the tin layer. To form a uniform tin layer
with superior adhesive and anti-corrosion prop-
erties, it is necessary to control the copper-tin
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Tin layer with second plating at 70°C

Initial particle of first plating at 30°C

Double step plating

Single step plating at 30°C

IR EEE R
o o

Plating solution

[ O >

Om Distance from the inlet of long coil 600m

Fig. 6 Schematic illustration of the defect formation at any distance from the inlet of the long coiled copper tube under each
plating condition.
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Prevention of Moundless Pitting Corrosion of Copper
Tubes by Water Treatment at Waterworks

Yutaka Yamada, Shinichi Kuboki,
Kenichi Wakabayashi and Susumu Fushimi

The resource of entire city water of Muroran City, Hokkaido, Japan is from river water. The

values of pH, alkalinity and calcium hardness are far low. Leakage and red water problems of cast

iron pipes due to inner corrosion and the deteriorateion of inner mortar lining of ductile iron pipes

were concerned. In Muroran city the lime solution has been injected into drinking water at

waterworks for the purpose of increasing alkalinity and calcium hardness with adjusting pH. In

recent years, numerous leak incidents caused by moundless pitting corrosion were experienced for

once-through cold or hot water supply system in houses. The prevention of moundless pitting

corrosion of copper tubes by adding calcium hydroxide and carbon dioxide to water has been

investigated by field tests. It was found that the moundless pitting corrosion of copper tubes

tended to be suppressed when the pH rose from 7.1 to 7.8.
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Table1 Condition of the test.

Test water
Test No. Hot / Cold | Water treatment .
quality
Drinkin
1 No &
Cold water
(room temp) Adjusting
2 Yes
water
Drinking
3 No
Hot water
(333K) Adjusting
4 Yes
water

3.2 EPMA RESHHER

Fig. 2 1278 L 7o G E o E N & EPMA sl 5 %
Fig. 3 127”9, No.3 E T3 Cl OfFEEHEA R SN,
DILFED Cl B & oF—iBii 2R 5 &, SiBXT O
OB E SN, Cubil s, -7, Cl
T I B LR D AR E S 1, i E B o s,
THROBAADKEEZRLTVEbDEZEZ SN, —
4, No4diETIE, Si, OBXU Cu TRIERIITKT A
RonBOHNLELAT E2 00, TOE—HLATO
Cl oMz e Ronihr -7, £/, ENEE
K5 Ca S &7z, No.3 & & No.d & D EPMA
SR OBRE KT 5 &, Sidk 0’ NodEDN
A<, Culd No3EDH M b nr, 72,
HERBOA@A T —VESi2ERELLbDTH S
EHWrE T,

3.3 BAEBEMZEEI

Fig. 4 Ic & HEVE © BAREME N DR L 278 T,
HBIKEEE R D No.l EH £ U No.2 & i3m/KEIE D &k
BRI o & & b icEN,S B L, WERBG
2000 LI 1E No.1 &A% 20mV vs SCE, No.2 &5 —20
mV vs SCE it THRE L 720 #AEEE R D No.3 5D
& U No.4 B 3mkBIEh» Hallaiflofm & & bickha
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vs SCE Bl THER L 7o, #O/KELE R, #HGEERLE b
PRk 2K U 7o EE 0 0ok 2ok L 2o aliE &
D b HEREMEMN IR TH - 72o WINOMRE & HA

Table 2 Typical analysis of the test water.

Drinking water |Adjusting water

pH 7.1 7.9
Conductivity (uS/cm) 175 224

Total hardness
52 82

(CaCOsppm)

M alkalinity
12 39

(CaCOsppm)

Ca hardness
45 73

(CaCOsppm)
HCO3~ (ppm) 14 48
SO2~ (ppm) 45 45
Cl" (ppm) 9 9
Si0y (ppm) 34 34
S04 /HCO3 ™~ 3.1 0.9
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Fig.1 Composition change of the test water with time. (O, A, [] : Drinking water, @, A, B : Adjusting water)
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Fig.2 Surface appearance and cross section of copper tubes tested for 300

days in Test3 (Drinking water) and Test4 (Adjusting water).

Drinking water
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Ca

Cl

Fig.3 EPMA analysis of inner surface of copper tubes tested for 300

days in Test3 (Drinking water) and Test4 (Adjusting water).
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Fig.4 Corrosion potential change of copper tubes.
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Type I' Pitting Corrosion and Its Prevention of
Copper Heat Exchanger Tubes for Water Heater

Shinobu Suzuki, Yutaka Yamada, Kozo Kawano,
Koji Kanamori and Tetsuro Atsumi

Copper heat exchanger tubes in water heaters have been similarly suffering from type I'pitting
corrosion, which have been experienced in the pass-through soft copper plumbing tubes, under well
water. The survey of failed 20 water heaters showed that type I pitting corrosion only appeared in
water inlet pipes and coiled pipes under conditions of cold water maintained as well as residual car-
bon over 5mg/m’ To solve this problem, the performance of 3 type heat exchangers was
investigated by field test under well water. The heat exchanger with copper tubes treated by tin
coating after manufacturing showed the most excellent resistance against pitting corrosion due to
the stable tin oxide formation on the tin coating surface, followed by the heat exchanger made of
copper tube with residual free carbon below 4mg/m? which also showed excellent pitting corrosion
resistance. However the heat exchanger with manufactured Cu-0.24mass%Sn alloy tube corroded
in either case with less and much carbon film. Consequently, it can be stated that residual free
carbon has certain relevance to copper, as so for Sn concentration to Cu-Sn alloy concerning the

occurrence of pitting corrosion.
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Fig. 1 1278 L 72 B 2800 (AZK (Inlet), %7k (C
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DI LTS & CWIHBIE %17 - TIMRFENLE %
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2.2.1 #H
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Fig.1 Details of copper heat exchanger tubes of water heater.
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Table 1 Typical analysis of test water.

oH 6.9
Conductivity (mS/m) 22.3
Total hardness (CaCO3; mg/L) 99
Ca hardness (CaCOs; mg/L) 72
M alkalinity (CaCO3 mg/L) 78
SO (mg/L) 14

HCO;3™ (mg/L) 96

Cl (mg/L) 6
Si0,(mg/L) 21

Free carbon dioxide (mg/L) 20
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Fig.2 Frequency of leakage for each position of copper
heat exchanger tubes.
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Table 2 Residual carbon for each position of copper heat exchanger tubes.

Sample Water inlet pipe Coiled pipe Copper finned pipe Hot water outlet pipe
A 5.6 10.1 18.2 6.4
B — 13.7 48.5 -
C 5.0 21.1 - 4.1
D — 15.7 - -
E 4.2 7.2 10.1 4.9

— ! no measurement
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Mc 3B 28 U CILaEDRER R S n it - 7,
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ERBARR 12 » ARICB W T b KES 13 0.10mm KT
Hot,

3.2.2 TIBFLEM

Fig. 512 No.1 fliil#t o Bl Wb s 12 » A O Nl
SEM 4% 7/R9 s EKIAITIITARKRO LRI BEE S 1,
X #REHr ofEE, < oA Sn0: EETE SN, K
5% - THAL O BIF M &M ZEE S SnOs 12k - T
HIFLTWAbDEEZ SN,

Sample
bending
with oil
bending
without oil
3mm
(1) tested for 6 months.
Sample No.1 No.2
bending
with oil
3mm
bending
without oil

(2) tested for 12 months.

Fig.3 Appearance of the inner surface and the cross section of test heat exchanger tubes.
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0.4

1

Maximum pit depth (mm)

0.3
/
0 - ke @,
0 6 12

Test duration (month)

Fig.4 Variation of maximum pit depth of test heat

exchanger tubes.

Fig.5 SEM micrographs of the inner surface in No.1
heat exchanger tube before and after testing.
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Fig. 6 Result of EPMA mapping analysis for Sn in No.2
heat exchanger tube after 6 months testing.
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Fig.7 Appearance of the inner surface and the cross
section of Cu-0.24mass%Sn alloy tube tested
for 12 months.
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Development of General Correlation for Heat
Transfer in Single-Phase Turbulent Flow
Inside Internally Helical-Grooved Tubes

Masao Goto, Norihiro Inoue, Keiko Shiromoto, Yukiyasu Emoto,
Yu Li, Masaaki Sato and Akihiro Kiyotani

An experimental study on heat transfer in single-phase turbulent flow inside an internally
helical-grooved tube was carried out using thirteen different kinds of grooved tubes and a smooth
tube with 6.35mm outer diameter and 1000mm working length. The ranges of geometric
parameters of grooved test tubes were number of grooves (45 to 65), helix angle (10 to 35deg.) and
fin height (0.15 to 0.3mm). In the experiments, each of test tubes was heated at constant heat
input of 1.4kW by an electric heater. The inlet cooling water temperature was kept between 16 and
18°C, and the flow rate was varied from 0.03 to 0.11kg/s. The obtained data indicated that heat
transfer coefficients were from 110 to 200% higher than those of smooth tube and increased with
increasing the ratio of inner surface area of grooved tube to that of smooth tube and helix angle,
while decreased with increasing the number of grooves. The correlations to predict the heat
transfer coefficients were developed based on the measured data, which predicted the experimental
data within £20% and correlated the data reported in literature within =30% and the analogy

between heat transfer and pressure drop for the grooved tube was discussed.
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Fig.3 Configuration of helical-grooved tube.
Table1 Test tube dimensions.
Tube designation F G J K L M O P Q R T u V | Smooth
Key O O © @ & A i | P ® (m] @ A \% <
Outer diameter | o0 | ga5 | a5 | 635 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 635
d, (mm)
Max. inner diameter | ¢ oo | 505 | 55 | 585 | 585 | 585 | 5.85 | 585 | 585 | 585 | 585 | 585 | 585 | 585
d; (mm)
Wall thickness | o5 | 95 | 095 | 095 | 025 | 0.25 | 025 | 025 | 025 | 0.25 | 025 | 025 | 025 | 0.95
6 (mm)
Fin height 026 | 015 | 021 | 021 | 021 | 026 | 030 | 024 | 021 | 021 | 020 | 020 | 020 | —
h (mm)
Fin apex angle 15 15 15 15 15 15 20 15 15 15 15 15 15 -
7 (degrees)
Helix angle
1 20 20 20 20 % 21 20 20 20 10 9% 35 —
0 (degrees)
Number of grooves
S 45 65 45 60 55 45 45 45 50 65 55 55 55 -
‘xr;aéffflo 196 | 1.83 | 1.86 | 2.19 | 2.09 | 2.02 | 211 | 1.98 | 1.99 | 235 | 1.99 | 2.06 | 2.19 | 1.00
Real inner surface area | 050 |1 0336 | 0.0343 | 0.0408 | 0.0384 | 0.0369 | 0.0387 | 0.0365 | 0.0368 | 0.0434 | 0.0365 | 0.0380 | 0.0404 | 0.0184
SArea/ (m /m>
Real flow area | o5 | (958 | 0.956 | 0.253 | 0.254 | 0.253 | 0.249 | 0.256 | 0.259 | 0.954 | 0.256 | 0.259 | 0.260 | 0.269
Ar'eal (m X 10 )
p/d; (=) 0.069 | 0.045 | 0.066 | 0.049 | 0.054 | 0.062 | 0.065 | 0.066 | 0.059 | 0.045 | 0.056 | 0.051 | 0.047 | 0.000
HBNEOR/NNRDOEEE EINET 5 &, —IRICELE F 7, BERE a2 TER L 7,
Ak 005K LI FERFES o, T, WEIKHER
FEFEMTHE L, b, MEEER, theh ;= aq/(T,—T.,) @

F /ﬁvnﬂfﬁ HicoWTIRAERD +0.2% DI, ¥ —
2R P @RIRINTTAIC S W TiE £0.05K, mEVE SR
FicowTid £0.2K PN, MERIC>LTEEMD £
0.05% LINE HEES 51 5,

EEL, BRIANEE 1AW, BEIKO A DRE %
16~18CofiHTcIZFIEF—TFITHLE, ToH=%

0.03~0.11kg/s D#IPHTEAL S & THT - 720

3. ERF—IDEELE
{zfﬂ TORAR @ 13, HIELZmH/KOE &EifiE
Toout %
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MAwT, k& ok,
Qs - VVSCIJ<7;,0M 5m> (1)
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Fig.4 Relation of Nusselt number with Reynolds number
for all data.
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Fig.5 Relation of Nusselt number based on real heat
transfer area with Reynolds number.
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Table 2 Tube dimensions in literature.
Tube designation Jensen et al.'® Koyama et al.” | Inoue et al.¥ Webb et al.'”
Key $ =) @ ® X & v ® @ O m () P>
Outsr (dr;ar?)eter 9544 | 2550 | 25.42 | 24.90 | 24.70 | 2540 | 1000 | 952 | 952 | 635 | 1588 | 15.88 | 15.88

Max. inner diameter | 0 o\ | g9 7a | 9970 | 2210 | 22.08 | 2413 | 846 | 8.92 | 898 | 581 | 14.83 | 14.83 | 14.83

d; (mm)
Wall thickness 09 | 08 | 08 | 14 | 1.31 | 0635 | 077 | 030 | 027 | 027 | 052 | 052 | 052
tw (mm)
Fin height 116 | 120 | 1.30 | 022 | 044 | 033 | 017 | 020 | 017 | 0.14 | 035 | 035 | 035
h (mm)
Helix angle 30 30 30 45 45 45 18 18 2% 16 175 20 27
6 (degrees)

N“mbe;; ?f ;’moveg 8 14 30 54 54 54 60 60 60 55 78 78 78
Ar;a(r_a)tlo 195 | 145 | 205 | 134 | 169 | 147 | 155 | 155 | 145 | 147 | 192 | 1.92 | 1.92
p/d; (=) 0.340 | 0194 | 0.091 | 0.041 | 0.041 | 0.041 | 0.050 | 0.050 | 0.047 | 0.055 | 0.038 | 0.038 | 0.036

THbo ! ' .
$ 70, p/d DA 0.09 &A= VBB L TR, -0 & Jensen ctal. ° 1
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Fig.9 Relation of Stanton number with fin pitch divided
by maximum inner diameter.
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Theoretical Analysis of Vapor Absorption on a
Falling LiBr Liquid Film for the Comparison
with Vertical In-Tube Absorption

Hiroshi Takamatsu, Hikaru Yamashiro, Satoru Ide,
Nobuo Takata and Naoe Sasaki

The absorption of vapor by LiBr aqueous solution falling on a vertical wall was analyzed

numerically with an assumption of a laminar liquid film with a smooth surface. Giving the wall

temperature obtained by the experiment for in-tube absorption, the change in the absorption

process along the wall was discussed with looking particularly at the effect of solution subcooling

at the inlet. Then the experiment was compared with the theoretical analysis with respect to the

wall heat flux, the absorption rate and the heat and mass transfer coefficients to elucidate the ef-

fect of wavy, non-uniform liquid film flow on the absorption process.
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T RE [C]
AT © (= Tatin— Tsin )

AL TORMRE & iAGERE0% [
v [m/s]
w o BINESR [kg/m’s]
x o RINERA O S O FfE [m]
y o BEEA S DR [m]
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Table 1 Conditions for analysis.

Solution inlet condition
Pressure, P 1.33kPa (=10Torr)

Concentration, x ~0.53 (53LiBr mass%)

Temperature, Ts;, ~39, ~34°C
Subcooling, 4T 0, 5K
Flow rate, Wy 0.013~0.025kg /s

Film Reynolds number, 50, 130, 350, 550

Re/
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Fig.2 Schematic of the test absorber.
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Fig.3 Temperature and concentration profiles in the
liquid film; 47,,= 0 K.
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Fig.7 Local Nusselt number at x=400 mm; theoretical
analysis.
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Fig.8 Average Nusselt number for 400-mm long wall;
theoretical analysis.
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Fig.9 Average wall heat flux as a function of the film

Reynolds number; theoretical analysis.
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Fig. 11 Average wall heat flux as a function of the film

Reynolds number; experiment.
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Fig. 13 The ratio of average wall heat flux between

experiment and theoretical analysis.
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Fig. 14 The ratio of average absorption rate between
experiment and theoretical analysis.
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Fig. 16 The ratio of average Sherwood number between
experiment and theoretical analysis.
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Surface Tension Characteristics of Aqueous Lithium
Bromide Solution with Alcoholic Surfactant

Kiyoshi Ogawa and Naoe Sasaki

At present, the combination of aqueous lithium bromide solution (LiBr solution) as an

absorbent and water as a refrigerant has widely been used as working fluid for absorption
refrigerating machines. In order to obtain absorption enhancement of water vapor by Marangoni
convection, alcoholic surfactant is being added into LiBr solution. In that case, the surface tension
of LiBr solution with the surfactant plays an important role for vapor absorption.In this study,
the surface tension of LiBr solution with alcoholic surfactant (such as 1-butanol, 1-hexanol, 1-
heptanol, 1-octanol, 2-ethyl-1-hexanol, 1-nonanol and 1-decanol) was measured by using a surface
tensiometer. As a result, the surface tensions were obtained over LiBr concentration range from
0 to 60wt% and surfactant concentration range from 2 to 10°ppm at 25°C. The measured surface
tension has decreased with an increase in the number of carbons included in the surfactant and an
increase in the concentration of LiBr solution. In that case, the slope of the decrease of surface
tension becomes important for the absorption enhancement. Therefore, we have demonstrated the

concentration range of the surfactant by which the resultant surface tension of LiBr solution

becomes negative slope.
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Table 2 Measured values of surface tension of
surfactant at 25°C.

L e - rface tensio literature
L LT, HREHD 4 (I-butanol) A5 10 (1-decanol) surfactan “(N/?“ EN;)
. Ly e s e mN/m mN/m
D6 EHEOEMEMEE X ORZHD 8 (2-ethyl-1-
hexanol) ®4}HiE D 7RO 7 v 3 — VRE L I-butanol 2l 2495
}- 1-hexanol 25.5 25.81
° i . . . . 1-heptanol 26.2 26.23* at 24.65°C
FKHEEIIORE IS, FTHAEEAE T 5 28y v — Loctanl 268 97 10
-octano . .
%4 = o B~ 0) =
iz 47 v MCETL, T ORREG TR 9-ethy-1-hexanol 95.9 %.1%  at 24°C
()‘_ I‘ I — - b L S, AG285, /NN 0.0lmg) L-nonanol 975 97.89
TERHIL, & oicA 4 v L7228 KkH 5 0 (3 LiBr Ldecanol 978 98.51
KB AIMA CTEREEZFL 7o, FTE O RE O SImiG ,
Key : * @ Lecher'®, #:Kim'®, others: Jasper!”
Table 1 Properties of surfactants.
chemical molecular purity density at 25°C | solubility in water at 25°C'»
surfactant )
formula weight (%) (g/cm®) (mass%)
1-butanol C4H;0 74.12 99.0 0.8059 7.4
1-hexanol CeHy140 102.18 99.9 0.8152 0.60
1-heptanol CrHi160 116.20 99.6 0.8186 0.174
1-octanol CgHi50 130.23 99.8 0.8216 0.054
2-ethy-1-hexanol CgH150 130.23 99.9 0.8288 0.01
1-nonanol CoHy0O 144.25 99.5 0.8242 0.014
1-decanol CioHg0 158.28 97.9 0.8266 0.0037
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TECHNICAL PAPER

Effect of Copper Content on the Bendability
of Al-Mg-Si Alloy Sheets”

Mineo Asano**, Tadashi Minoda* **, Yohikazu Ozeki**** and Hideo Yoshida™ **

The effects of the copper content on the bendability of Al-Mg-Si alloy T4 sheets were investi-
gated. The Al-Mg-Si alloys with less than 0.01mass%Cu, 0.4mass%Cu and 0.8mass%Cu were pre-
pared, and the time of solution heat treatment (SHT) was changed to obtain different dispersion
conditions of the second phase particles and different shear band formation conditions at bending.
For the samples with less than 0.01lmass%Cu and 0.4mass%Cu, no cracks were observed during
the bending. For the sample with 0.8mass%Cu, the maximum depth of the crack by bending in-
creased with the SHT time up to 75s, and then decreased over 75s. The second phase particles de-
creased with the SHT time, while the formation of shear bands by bending increased with the SHT
time and the copper content. The cause of this occurrence and the propagation of cracks by bend-
ing are considered to be the combined effect of the shear band formation across some grains and
the micro-voids formation around the second phase particles. Improvement of the bendability re-
quires a decrease of the size and number of the second phase particles and/or a reducing shear

band formation during the bending.

1. Introduction

Aluminum alloy sheets are used for automo-
tive closure panels as a weight saving option.
The outer panels such as the hood, the doors and
the trunk, are required to have several proper-
ties; e.g., mechanical strength, formability,
bendability, and corrosion resistance. Al-Mg-Si
alloy sheets have been used for these panels be-
cause these alloys have a superior paint bake re-
sponse and no stretcher-strain marks during
press forming. However, the hemming perform-
ance (the bendability) of the Al-Mg-Si alloy
sheets is inferior to that of the Al-Mg alloy
sheets. Therefore, we are interested in the
bendability of the Al-Mg-Si alloy sheets in order
to improve the hemming performance. In previ-
ous studies, the effects of the iron content, man-
ganese content, and silicon and manganese con-
tents with a higher iron content on the
bendability of the Al-Mg-Si alloy were investi-

* The main part of this paper was presented at
ICAA-10 in Vancouver, July 10-13, 2006

* No.5 Department, Research & Development Center

No.l Department, Research & Development Center,

Dr. of Eng.

#x++ No.l Department, Research & Development Center
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gated!™*’. While we presented the effect of sec-
ond phase particles on the bendability of Al-Mg-
Si alloy sheets with the changing time of solu-
tion heat treatment (SHT), we clarified that the
second phase particles decreased with the SHT
time and the formation of shear bands by bend-
ing increased with the SHT time. The combined
effect of the second phase particles and the shear
band formation causes the inferior bendability”.
Copper added to the Al-Mg-Si alloy sheets im-
proves the strength and formability®’. However,
the effect of the
bendability has not been clarified. In this study,
the effects of the copper content on the
bendability the Al-Mg-Si alloy sheets were in-
vestigated with the changing copper content and
the SHT time.

copper content on the

2. Experimental procedure

The chemical compositions of the samples are
shown in Table 1. The copper content of each
sample is less than 0.0lmass%Cu (0%Cu), 0.4
mass%Cu (0.4%Cu) and 0.8mass%Cu (0.8%
Cu). The samples with a 1.0mm thickness were
prepared by a direct chill casting, homogenizing,
hot rolling and cold rolling process. The SHT
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was carried out at 823K for 15s, 45s, 75s and 300s
using a salt bath, and then quenched in water.
The samples were aged at 293K for 7days, and
thus the T4 tempered samples were obtained.
Tensile tests and bending tests of the T4 tem-
pered samples were carried out in the longitudi-
nal (L) direction. The bending samples using
25mm wide sheets were pre-stretched at 15% be-
fore bending, and then bent at an angle of 180
degrees with an inner radius of 1.0mm. The
depth of the crack by bending was measured by
optical microscopy of the cross section of the
bent samples after the bending tests as shown in
Fig. 1. The formation of shear bands by bend-
ing was observed by optical microscopy of the
bent samples based on the L-ST cross section af-
ter the bending tests. The size distributions of
the second phase particles were measured in
the L-ST cross section of the T4 tempered
samples by optical microscopy (measuring
area=0.1mm?). The second phase particles were
characterized by EPMA. The size distributions

Table 1 Chemical compositions of specimens (mass%).

Alloys Si Fe Cu Mn | Mg Al
<0.0lmass%Cu | 0.93 | 0.13 | <0.01| 0.08 | 0.48 | Bal.
0.4mass%Cu 0.90 | 0.10 | 0.36 | 0.08 | 0.44 | Bal.
0.8mass%Cu 0.96 | 0.11 | 0.75 | 0.08 | 0.41 | Bal.

The cross section
of the bending sample

# Depth of crack
T
s AR

Fig.1 Measurement definition of the depth of a crack by
bending.
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of the second phase particles on the grain
boundaries were measured by transmission elec-
tron microscopy (TEM) using the T4 tempered
samples.

3. Results and discussion

3.1 The bendability and the mechanical
property of the samples

For the samples with 0%Cu, 0.4%Cu and
0.8%Cu, the bending test and tensile test were
carried out for different SHT times. The effect
of the SHT time on the bendability is shown in
Fig.2. The 0%Cu and 0.4%Cu samples have a
good bendability with no cracks at the bent sur-
face for all the SHT times. However, the sample
with 0.8%6Cu has severe cracks at the SHT time
of 75s and a few cracks for the other SHT times.
The maximum depth of the crack by bending
steeply increased with the SHT time up to 75s,
and then decreased over 75s. The effect of the
SHT time on the 0.2% proof stress is shown in
Fig. 3. The 0.2% proof stress increased with the
SHT time and the copper content. The
bendability did not depend on the 0.2% proof
stress.

3.2 Effect of copper content on the

bendability

In a previous study, the effect of the SHT time
on the bendability of the 0% Cu sample was in-
vestigated (the bending test was carried out
with an inner radius of Omm), the cause of the
occurrence and the propagation of cracks by

41~ 0.8mass%Cu
-O- 0.4mass%Cu
/N~ <0.01mass%Cu

1000 I

800

600

Depth of crack,d/ ¢m

10 100 1000

Solution heat treatment time, T / s

Fig. 2 Effect of solution heat treatment time on the
bendability.
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bending were clarified to be the combined effect
of the shear band formation in the grains and
the micro-voids formation around the second
phase particles, as shown in Fig.4". The
bendability of the samples at the SHT time of
75s was affected by the copper content, as shown
in Fig. 2. Therefore, the size distributions of the
second phase particles were measured and the
formation of shear bands by bending was ob-
served at the SHT time of 75s for the different
copper contents. The effect of the copper content
on the size distributions of the second phase par-
ticles for the samples after the SHT time of 75s
is shown in Fig. 5. The size distribution of the
second phase particles had no difference with the

200
£ 160 |
=
s 120 |
g
2 80 I
g
& < 0.8mass%Cu
Eﬁ 40 - -0~ 0.4mass%Cu
© -/ <0.01mass%Cu
0 1
10 100 1000

Solution heat treatment time, T/ s

Fig.3 Effect of solution heat treatment time on 0.2%
proof stress.

Second phase paricle
with mbcro-void

Shear bands

_ -
F Crack propagation roule

e, N

Fig.4 Schematic model of cracking by bending.
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copper content. The TEM structures of the sam-
ples with 0%Cu, 0.4%Cu and 0.8%Cu after the
SHT time of 75s are shown in Fig. 6 . The second
phase particles on the grain boundaries had no
difference with the copper content. The forma-
tion of shear bands by bending was observed in
the cross section of the bent sample. The micro-
structures of the samples after the bending tests
with 0%Cu, 0.4%Cu and 0.8%Cu after the SHT
time of 75s are shown in Fig. 7. The formation
of shear bands was remarkably observed for the
sample with 0.8%Cu as shown by arrow in
Fig. 7 (¢), while the shear bands were hardly ob-
served for the sample with 0.4%Cu in Fig. 7 (b),
and was not observed for the sample with 0% Cu
in Fig. 7 (a). These shear bands suggest defor-
mation bands across some grains . Uchida et
al. mentioned that the shear bands of the Al-Mg
alloy sheet after tensile testing easily formed
with the increasing magnesium content because
the solute of magnesium atoms increased”.
Therefore, it is considered that the shear bands
easily formed with the increasing copper content
because the solute of copper atoms increased.
The bendability of the samples at the SHT time
of 75s became worse with the increasing copper
content as shown in Fig.2. It was considered
that cracks easily occur along the shear bands
because the formation of shear bands increased
with the copper content.

10°
£
g -1~ 0.8mass%Cu
Zn 104 -O— 0.4mass%Cu
f:: /% <0.01mass%Cu
5
&
2 10°
£
4
=
&
&
3
B (U o
o
2
g
=
Z 10

1 2 3 4 5 6 7
Diameter of second phase particles, D/ ¢ m
Fig.5 Effect of copper content on the size distributions of

the second phase particles after solution heat
treatment at 823K for 75s.
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Fig. 6 Transmission electron micrograph structures after
solution heat treatment at 823K for 75s. The copper
contents were (a) <0.0lmass?%, (b) 0.4mass% and
(e) 0.8mass%.

3.3 Effect of SHT time on the bendability
for the samples with 0.8%Cu

The bendability of the sample with 0.8%Cu

was affected by the SHT time, as shown in

Fig. 2. Therefore, the size distributions of the

second phase particles were measured and the

formation of shear bands by bending was ob-

served for the sample with 0.8%Cu for each SHT e BT

tlr.ne‘ The effect of the SHT time on .the size dis- Fig.7 Microstructures of the specimens after the bending
tributions of the second phase particles for the test. The solution heat treatment was carried out at
samples with 0.8%Cu is shown in Fig. 8 . Over a 823K for T5s, and the copper contents were

3um diameter, the number of second phase par- (a) <0.01mass%, (b) 0.4mass% and (¢) 0.8mass%.

ticles decreased with the SHT time. Most of the

44
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decreased second phase particles were character-
ized by EPMA. For the sample with 0.8%Cu, the
decreased second phase particles were the Al-
Mg-Si-Cu phase and Mg-Si phase. For the sam-
ple with 0%Cu, the decreased second phase par-
ticles were the Mg-Si phase and Si phase. Al-
most all of the second phase particles with less
than a 2um diameter were the Al-Mn-Si or Al-
Fe-Si phases which were not dissolved by the
SHT. The TEM structures of the samples with
0.8%Cu after the SHT of 15s and 300s are shown
in Fig.9. The number and the size of second
phase particles on the grain boundaries had no
difference for each SHT time. The microstruc-
tures of the samples after the bending test with
0.8%Cu after the SHT times of 15s and 300s are
shown in Fig.10.The formation of shear bands
across some grains was remarkably observed
for the sample after the SHT time of 300s as
shown by the arrow in Fig.10 (b). However,
shear bands were slightly observed for the sam-
ple after the SHT time of 15s as shown in Fig.10
(a). The second phase particles decreased with
the SHT time, while the formation of shear
bands increased with the SHT time. The com-
bined effect of the shear band formation across
some grains and the micro-voids formation
around the second phase particles causes the
poor bendability at the SHT time of 75s.

i

"E SHT : Solutson hest treatment
g
E = Time of SHT ! 15a
$ e O Time of SHT ; 755
E_ = Time of SHT ; 300s
R 1
=
i

I b
s
z I'} [ 1 i 1 [

| 7 3 4 3 & 7
Diameter of second phase panbeles, D/ §m
Fig.8 Effect of solution heat treatment time on the size

distributions of the second phase particles of
0.8mass%Cu.
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4. Summary

The effects of the copper content on the
bendability of Al-Mg-Si alloy T4 sheets are con-
sidered as follows.

(1) The samples with 0%Cu and 0.4%Cu have
a good bendability with no cracks at the bent
surface for all the SHT times. However, the sam-
ple with 0.8%Cu has severe cracks at the SHT
time of 75s, but few cracks at the other SHT
times.

(2) The bendability of the samples became
worse with the increasing copper content after
the SHT of 75s. It is considered that the shear
bands easily formed with the increasing copper
content because the solute of copper atoms in-
creased.

(3) For the sample with 0.8%Cu, the maxi-
mum depth of the crack by bending increased
with the SHT time up to 75s, and then decreased
over 75s. The second phase particles decreased
with the SHT time, while the formation of the
shear bands by bending increased with the SHT
time. The cause of the occurrence and the propa

Fig.9 Transmission electron micrograph structures of
the sample with 0.8mass%Cu. The solution heat
treatments were carried out at (a) 823K for 15s
and (b) 823K for 300s.



46 SUMITOMO LIGHT METAL TECHNICAL REPORTS 2006

Fig. 10 Microstructures of the specimens after the bending
test of the sample with 0.8mass%Cu. The solution

heat treatments were carried out at (a) 823K for
15s and (b) 823K for 300s.
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gation of cracks by bending are considered to be
the combined effect of the shear band formation
across some grains and the micro-voids forma-
tion around the second phase particles.
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Influence of Iron Content on the Mechanical
Properties of AA6016 Alloy Sheet”

Tadashi Minoda* *, Mineo Asano* ** and Hideo Yoshida**

The influence of the iron content from 0.1 to 1.0mass% on the mechanical properties of AA6016-

T4 sheets was investigated. The amount of the Al-Fe-Si second phase particles increased with the

iron content, thus the solute silicon atoms decreased. The loss of solute silicon was estimated to be

about 0.2mass% in the 1.0mass% iron content alloy. The micro voids formed around the second

phase particles and the shear bands formed during bending also become the crack propagation

route. Furthermore, excess silicon atoms improve the PBR. Increasing of the Al-Fe-Si particles

then lowers the bendability, while decreasing of the solute silicon atoms lowers the paint bake re-

sponse (PBR) and improves the bendability. Because of the above reasons, the bendability of the

samples became the worst at the 0.5mass% iron content, while it at 0.8 and 1.0mass% became bet-

ter or the same as that at 0.omass%. The increasing of the silicon content in the 1.0mass% iron

content alloy improved the PBR and lowered the bendability.

1. Introduction

The application of Al-Mg-Si alloy sheets for
automotive bodies has been significantly in-
creasing in recent years, therefore, the develop-
ment of the recycling technology of aluminum
automotive body panels then becomes impor-
tant. It is predicted that the impurity iron con-
tent in the recycled alloy will increase because
steel parts like hinges and reinforcements will
not be completely removed. The effect of in-
creased iron on the material properties has to be
then clarified. In this study, the influence of the
iron content up to 1.0mass% on the mechanical
properties of the AA6016 alloy T4 sheet was in-
vestigated.

2. Experimental procedure

Table 1 shows the chemical compositions of
the samples used in this study. The alloys of
Al-1.0mass %Si-0.5mass % Mg-0.1mass % Mn with
0.1, 0.5, 0.8 and 1.0mass% iron, which corre-
spond to the alloys F1, F5, F8 and F10, were in-
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vestigated. Silicon-increased alloys, which corre-
spond to the alloys S12 and S14, were also inves-
tigated for the discussion on the basis of the al-
loy with a 1.0mass% iron content which was
previously mentioned. The samples with a
1.0mm thickness were prepared by the direct
chill casting, homogenizing, hot rolling, anneal-
ing and cold rolling process. Solution heat treat-
ment was carried out at 843K for 60s using a salt
bath and quenched with forced air. The samples
were heat treated at 373K for 6ks immediately
after quenching, aged at 293K for 7 days, and
the T4 samples were then obtained.

The grain sizes and the size distributions of
the second phase particles were measured by op-
tical microscopy. The second phase particles
were characterized using the X-ray diffraction

Table1 Chemical compositions of the alloys used in this
study (mass%).

Sample Si Mg Mn Fe
F1 1.0 0.5 0.1 0.1
F5 1.0 0.5 0.1 0.5
8 1.0 0.5 0.1 0.8
F10 1.0 0.5 0.1 1.0
S12 1.2 0.5 0.1 1.2
S14 1.4 0.5 0.1 1.4
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(XRD) method. Tensile tests of the T4 samples 40

were carried out, and the aging curves at a 443K

artificial aging temperature were examined by 3T

tensile tests. The limit of bending radii were ex- g 30

amined using 25mm width samples. The bending s |

samples were pre-stretched at 5% before bend- g 2 L

ing, then bent at the angle of 180 degrees with @

various inner radii. To compare the shear band § 5 r

formation, the T4 samples were cold rolled with 10 +

a reduction of 50%, heat treated at 463K for 5 L

7.2ks, and their microstructures of the L-ST 0 oy
cross section were then observed using an opti- 0 02 04 06 08 10 12

cal microscope. Tron content, Cre (mass%)

Fig. 2 Influence of iron content on grain size
3. Results of the T4 samples.

Fig.1 shows the microstructures of the T4
samples and Fig. 2 shows the influence of the @ ®
iron content on the grain size. The grain size of .
the samples with the higher iron contents be-
came smaller. Fig. 3 shows the influence of the
iron content on the distribution of the second
phase particles, and Fig. 4 shows the size distri-
bution of the second phase particles. The second (c) (d)
phase particles increased with the iron content.

It is considered that the grain refinement in the
higher iron samples occurred by the Particle
Stimulated Nucleation mechanism?. It is known

100pm
that the maximum solubility of iron in alumi-
num is 0.013-0.021mass% at 823-843K and it de- Fig.3 Distribution of the second phase particles in the
creases in the presence of solute silicon atoms>®. T4 samples. Iron contents are (a) 0.1mass%, (b)

It is thus considered that most of the iron atoms 0.5mass%, (c) 0.8mass% and (d) 1.0mass%.

formed constituent particles and precipitates.
Fig.5 shows the XRD results of the samples

10%

1.0mass%Fe

‘\‘A-A.Smass%Fe

10° 3

10?

Number of particles, N / mm-2

Size of particle, d / pm
Fig.1 Optical microstructures of the T4 samples. Iron Fig.4 Influence of iron content on the size distribution

contents are (a) 0.1mass%, (b) 0.5mass%, (c) of second phase particles.
0.8mass% and (d) 1.0mass%.
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with 0.1 and 1.0mass% iron contents. Most of
the increased second phase particles were identi-
fied as S -AlFeSi by XRD.

Fig. 6 shows the tensile properties under T4
conditions. The tensile strengths and yield
strengths were almost the same regardless of
the iron content, while the elongation slightly
decreased with the increasing iron content. Fig.
7 shows the aging curves at 443K. The age hard-
ening rate of the samples with a higher iron con-
tent became lower when the aging time was
shorter than 10ks. When the baking time is rela-
tively short, 1.8ks for example, the paint bake
response (PBR) decreased. It is considered that
the decrease in the age hardening rate during
the early stage of the artificial aging by an iron
increase was caused by the decrease in the solute
silicon atoms.

Fig. 8 shows the result of the bending test.
The bendability of the samples became worse
with the iron content. However, it was the worst
at the 0.5mass%
0.5mass%, it became better or the same.

iron content, while over
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Fig.5 X-ray diffraction patterns of the T4 samples. Iron
contents are (a) 0.1mass% and (b) 1.0mass%.
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Fig. 6 Tensile properties of the T4 samples.
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As mentioned above, increasing the iron con-
tent decreased the PBR and bendability.

4. Discussion

It was considered that a decrease in the age
hardening rate during the early stage of artifi-
cial aging is caused by a decrease in the solute
silicon atoms by formation of AlFeSi particles.
Fig. 9 shows the artificial aging curves of the
samples with 1.0mass% iron and increased sili-
con. It is apparent that the age hardening rate
during the early stage of artificial aging in-
creased with the silicon content. Because the ag-
ing rate of the sample with 1.2mass% silicon
was almost the same as the reference alloy (0.1
mass% iron), the decrease in the solute silicon
amount by formation of AlFeSi particles is esti-
mated to be about 0.2mass%.

The bendability was the worst at the 0.5
mass% iron content as shown in Fig. 2. Fig. 10
shows the optical microstructure near the frac-
ture surface of the bent sample with a 0.5mass%
iron content. Micro voids, which formed around
the second phase particles, and the shear bands,
which were parallel to the fracture surface, were
observed in Fig. 10. In a previous study, it was
considered that cracking by bending occurred
and propagated around the second phase parti-
cles, which were larger than 2 pm in diameter,
and parallel to shear bands, which formed by
bending, as shown in Fig.11"”. As shown in
Figs. 3 and 4, the second phase particles in-
creased with the iron content. On the other

300
—@—0.1%Fe
---O--- 0.5%Fe
250 | —&—0.8%Fe
—A— 1.0%Fe

200

150

Tr (7T T T T T T T TTr T Ty

0.2% proof strength, co2 / MPa

Time of artificial aging, t/ s

Fig. 7 Artificial aging curves of the sample at 443K.
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Fig.8 Influence of iron content on the bendability
of the T4 samples.
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Fig. 10 Optical microstructure near the fracture surface
of the bent sample at a 0.5mass% iron content.
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hand, Fig. 12 shows the optical microstructures
of the T4 samples with various iron contents af-
ter cold rolling to a 50% reduction. Shear bands
are clearly observed, but the formation of the
bands decreased with the iron content above 0.8
mass%. This result suggests that the formation
of shear bands by bending decreases with the
iron content above 0.8mass%. Table 2 shows the
influence of iron content on number of the sec-
ond phase particles, the shear band formation
and the bendability. It is clear that the
bendability decreased by increasing the second
phase particles, while it did not decrease because
the formation of shear bands decreased with the
iron content above 0.8mass%. Fig. 13 shows the
of the
bendability of the samples with a 1.0mass% iron
content. It is apparent that the bendability de-
creases with a silicon increase. Fig. 14 shows the

influence silicon 1ncrease on the

optical microstructures of the T4 samples with
increased silicon content after cold rolling to a
50% reduction. It is apparent that shear bands
were clearly observed in the higher silicon con-
tent alloys. From these result, it is considered
that the decrease in the formation of shear
bands is caused by a decrease in the solute sili-
con atoms with an iron content above 0.8mass%.

Silicon had to be increased to improve the PBR
when the
0.5mass%, while we have to pay attention to the
decrease in the bendability.

iron content was greater than

9. Summary

From the experimental results, the influence
of iron content on the mechanical properties of

 Micro void around
| second phase particle

Fig. 11 Schematic model of cracking by bending.
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Table 2 Influence of iron content on number of the second
phase particles, the shear band formation and the
bendability.

Iron content (mass%) 0.1 0.5 0.8 1.0

Number of second

4400 7300 9400 | 12900

phase particles (mm~?)

Number of shear
157 167 122 83
bands (mm ')

Minimum bending

o

0.4 0.2 0.3

radius (mm)

Fig.12 Effect of iron content on the formation of shear
bands. The specimens were cold rolled with the
reduction of 50% and heat treated at 473K for
7.2ks. The iron contents are (a) 0.1lmass%, (b)
0.5mass%, (c) 0.8mass% and (d) 1.0mass%.

the AA6016-T4 alloy sheet is considered as fol-
lows.

(1) The grain size became smaller with an in-
creasing iron content due to an increase in the
B -AlFeSi particles.

(2) The paint bake response decreased with the
iron content above 0.8mass% because the age
hardening rate during the early stage of artifi-
cial aging decreased. It was considered that the
decrease in the PBR was caused by a decrease in
the solute silicon atoms due to the formation of
B -AlFeSi particles.

(3) The bendability of the samples became
worse with the iron content. However, it was the
worst at the 0.5mass% iron content, while above
0.8mass%, it became better or the same. The
bendability decreased due to increasing the sec-
ond phase particles, while it did not become
worse because formation of the shear bands de-
creased with the iron content above 0.8mass%.

ol

7”\\ 4
8
eg
e
=]
3
e 2
=]
iE
o 1
I
v
0

0.8 1.0 1.2
Silicon content, Csi (mass%)

Fig. 13 Influence of silicon content on the bendability of
the T4 samples with a 1.0mass% of iron content.
The pre-stretch ratio before bending was 5% and
the inner radius of bending was 0.5mm.

50um

-
- (C)

Fig. 14 Influence of silicon addition on the shear band
formation of the T4 samples with a 1.0mass%
iron content. The specimens were cold rolled
with the reduction of 50% and heat treated at
473K for 7.2ks. The silicon contents are (a)
1.0mass%, (b) 1.2mass% and (c) 1.4mass%.
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Effects of Strip Casting Conditions
on the Ripple Mark of Twin-roll Cast
Al-Mg-Si Alloy Strips

Hiroki Esaki, Yoshio Watanabe, Kaoru Ueda,
Hideyuki Uto and Kazuhisa Shibue

The recycling of the aluminium alloy automotive body sheet containing the steel parts in the

End-of-Life Vehicles (ELV) is a serious problem to be solved. This paper presents the results of the

AA6016 alloy strips (6.0mm thick and 300mm wide), containing 0.4% iron experimentally pro-

duced by the twin-roll casting (TRC) method. Since a feature of this process is the effect of rapid

solidification relative to conventional direct chill (DC) casting, the refinement of the intermetallic

compounds containing iron is expected. The surface stripes called ripple marks on the TRC strips

influence the surface quality of the final cold rolled sheet. For example, the ripple marks are det-

rimental to filiform corrosion resistance. Therefore, the optimum casting conditions such as cast-

ing speed and setback are clarified to suppress a ripple mark.
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fn, FEiT MgSi ® Al-Fe-Si 2& BRI LEMH»ER L T at the upper surface near the dark region of the
WaEEZ N5, ripple mark.

LT

L.

Fig.3 Appearance of a typical TRC strip at the upper surface showing the ripple mark.
(a) as-cast (thickness = 6.0 mm), (b) after cold rolling to 1.0 mm.

Fig.5 Microstructure of the typical as-cast TRC strip at the upper surface near the dark region of the ripple mark.
The white arrows indicate the grain boundary broadening than another boundary.
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Fig. 6 EPMA element maps of a typical as-cast TRC strip at the upper surface near the dark region of the ripple mark.
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Fig.7 Schematic drawing illustrating the ripple mark
formation mechanism.
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Fig.8 Typical surface appearance of TRC strip in T4 condition
after cyclic filiform corrosion test for 90 cycles®.
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¢ : the average angle between the elongated grain direction and the casting direction.



58 F KR B8 &€ B & # 2006
MR ANZ L Bont, g, FBEAITOERH
RANTRILL TOB T OVERPRE, <7 % vy ah, Bk & E X #
A ICRAIAATICREREZZ 6N 5, D EH IE, WHEFSR, EIIAMA, 5HEEHE
(3) ) v T — 7 P L B3, T DK B40E, 53 (2003), 523.
SR O M A E T & & 35K & 752 720, W3 304 2) LH %;i}kmﬁfﬁi %ﬂﬁ%\:—gﬂ, PEITHIA -
Thibh B, TNICIE, TRCIEHC A =24 ZH%E L7 R, (000 35T
WETEE T 2 &£ 510, HEALSL 0 EEy by B2 107 P A L, (2000), 30,
LT 5 ENEETHEEEL OGNS, 4) FH E, (LREE, WIS, IR
B, AW, HxovF —  EEEHITR OB EE ®40H, 56 (2006), 51.
(NEDO) DBIEKEHIFE [ 7V 3 =2 4 O AHWIEELL, - 5) J.Strid, T.Furu, R.Orsund and E.Nes : Continuous
2 F ) T B4 OVECHBER | 1cB LTS hL ok Casting of Non-Ferrous Metals and Alloys, (ed. H.D.
. Merchant, D. E. Tyler and E. H. Chia), The Minerals,
D—HTH 5, . .
Metals & Materials Society, (1989), 119.
6) J.Strid : Proc. 3rd Int. Conf. on Aluminum Alloy,
(ed. I. G. Page), Vol.1I, (1992), 321.
7) A.B.Espedal and R.Roder : Light Metals 1994,
(ed. U. Mannweiler), The Minerals, Metals & Materials
Society, (1994), 1197.
8) M. Cortes : Light Metals 1995, (ed.dJ.Evans), The

o8

Minerals, Metals & Materials Society, (1995), 1161.



FRELERER 475 F15 (2006) 59-65

3L

=A,
aff

e — VP EAE L 72 6016 7 b 3
ICRIET Y v T — 7 DR

(RS

——‘7A/\ M D

L H BTOI I\ R @&
M % E—B Ok I M R

Sumitomo Light Metal Technical Reports, Vol. 47 No. 1 (2006), pp. 59-65

Effect of Ripple Mark on Filiform Corrosion
Resistance of Twin-Roll Cast 6016
Aluminum Alloy Strips

Kaoru Ueda, Hiroki Esaki, Keiichiro Hatsuno and Kazuhisa Shibue

Al-Mg-Si alloy strips were prepared by the twin roll cast (TRC) method in order to investigate

the effect the observed ripple mark has on filiform corrosion resistance after painting. The TRC

strips had a 1 to 2 micron-meters segregation layer under each surface, which included a high

concentration iron and silicon. In the dark portion of ripple mark, the concentration of iron and

silicon in the layer was higher. According to the results of the cyclic filiform corrosion test, the

ripple mark decreased the corrosion resistance. On the other hand, the corrosion resistance was

improved in the case of the scalped strip. Therefore, the ripple mark with the surface segregation

layer of iron and silicon decreases the filiform corrosion resistance on TRC strips.
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Table1 Chemical composition of a 6016 alloy (mass%).

Si Fe Cu Mn Mg Cr Tn Ti Al
1 0.15  <0.01 0.08 0.5 <0.01 <0.01 <0.01 Bal.
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As-cast strip
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/ Casting direction
—_—
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Fig.1 Schematic model of twin-roll cast process.
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Fig. 2 Typical surface appearance of defects of TRC strips.
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Fig.3 Ripple mark of Sample A after cold rolling to 1.0mm thickness.
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Fig.4 Surface appearance of Sample A and B after
cyclic filiform corrosion test for 90 cycles.
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Fig.5 Effect of ripple mark on filiform corrosion.
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Fig.6 Typical surface appearance of Sample A after cyclic filiform corrosion test for 90 cycles.
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Fig.7 EPMA mapping images on the surface of TRC strips of Sample A.
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Fig.10 GD-OES depth profiles of Sample A after cold rolling to 1.0mm.
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Fig. 11 Micrographs of a section through a cross cutting of Samples A and C.
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Two-step Aging Behaviors of Al-Mg-S1
Alloy Extrusions

Hidenori Hatta, Shinichi Matsuda and Hideo Yoshida

The two-step aging behaviors of various Al-Mg-Si alloy extrusions have been studied mainly by

tensile testing, differential scanning calorimetric analysis (DSC) and electrical resistance meas-
urements. The natural aging at 5°C, 20°C and 40°C for 86.4ks has a beneficial effect on the
strength after artificial aging of the low Mg:Si containing alloys. There are cluster and S peaks

on DSC curves for the low MgsSi alloys. However, no 8" peak was found. This suggests that the

beneficial effect for the lower Mg,Si is dominated by the cluster and S phase. On the other hand,

the natural aging has a negative effect on the strength after artificial aging of the high MgSi con-

taining alloys. The 5" peak on the DSC curve shifts to a higher temperature with natural aging.

The B" phase, which is located at a lower temperature on the DSC curve, strengthened the alloys.

However, when the A" phase shifted to a higher temperature on DSC curve, a negative effect oc-

curred.
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Table1 Chemical composition of the alloys (mass%).

Symbol | Mg Si Fe Al | MgySi ex.Si ex.Mg
3M2s | 0.32  0.18 0.08  bal. | 0.49 0.01
3M4s | 032 0.37  0.09  bal. | 050 0.19 —
3M6S | 0.33  0.61 0.09 bal. | 052 042 —
3M8s | 0.31  0.77  0.09  bal. | 049  0.59 —
3M10S | 0.33 094 0.13  bal. | 052 0.75 —
3M12s | 031  1.14  0.12  bal. | 049  0.96 —
5M2S | 047 0.19 0.09  bal. | 0.52 0.14
5M4S | 050 038 0.10  bal. | 0.79  0.09 -
5M6S | 0.52  0.58 0.09 bal. | 0.82 0.28 —
5M8S | 047 0.77  0.09  bal. | 0.74 050 —
5M10S | 0.56  0.98 0.14  bal. | 0.88 0.6 —
5M12S | 0.51  1.14  0.12  bal. | 0.80 0.85 -
TM2S | 0.68 0.19 0.09  bal. | 0.52 — 0.35
TM4S | 0.69 038 0.10  bal 1.04 0.03
TM6S | 0.70  0.58  0.10  bal. 1.10  0.18 —
T™M8S | 0.71 0.79 0.10  bal .12 0.38 —
TM10S | 0.73 095 0.13  bal 1.15 053 -
TM12S | 0.72  1.15  0.12  bal 114 0.73 -
9M2S | 0.88 0.20 0.10  bal. | 0.55 0.53
9M4s | 0.88 040  0.11  bal 1.09 - 0.19
9M6S | 091  0.61  0.11  bal. 144  0.08 -
9M8S | 090 0.81  0.11  bal 142 0.29 -
9M10S | 091 094  0.12  bal 1.44 041 -
gM12S | 093 117  0.13  bal 147 0.63 -
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Solution heat treatment
540°C-3.6ks
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aging at 180°C

Solution heat treatment
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Natural aging
57, 20°C, 40C

aging at 180°C

Fig.1 Schematic diagram of heat treatment, (a)without
natural aging, (b)with natural aging.
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Fig.2 Tensile strength of the alloys aged at 180°C for 21.6ks
using an oil bath, (a)without natural aging and (b)
with natural aging at 20°C for 86.4ks.
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Fig.3 Proof stress of the alloys baked at 170°C for 1.2ks
after 2% stretch, (a) without natural aging and
(b) with natural aging at 20°C for 604.8ks.
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Fig.4 Tensile strength of the artificially aged alloys without
natural aging, the alloys were heated 13.9°C /ks until
180°C, then held at 180°C for 21.6ks during artificial
aging using a fine oven.
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Fig.6 Aging curves at 180°C without natural aging or with natural aging at 20°C for 86.4ks, (a)5M2S, (b)5M4S and (c)9M6S alloys.
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Fig.8 Changes in the electrical resistivity at —196°C during aging at 180°C after quenching without natural

aging or with natural aging, (a)5M2S alloy, (b)5M4S alloy and (c)9M6S alloy.
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Fig.9 DSC curves of the quenched 9IM6S alloy
without natural aging and with natural
aging at 20°C for 86.4ks.
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Fig. 10 DSC curves of the quenched 5M 2SS alloy
without natural aging and with natural
aging at 20°C for 86.4ks.
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Effect of Reversion Process on Tube Expansion
of an Al-Zn-Mg-Cu Alloy in T4 Temper

Yasuhiro Nakai, Tadashi Minoda, Shinichi Matsuda and Hideo Yoshida

Severe working is required for structural materials in some cases for the purpose of reducing
costs. The cost becomes higher with the increasing production process when working from O
temper condition; therefore working from T4 temper condition is then desirable. In this study, the
effect of the reversion process on the cold workability, especially the expanding of an Al-Zn-Mg-Cu
alloy tube in T4 temper was investigated. The suitable condition of reversion treatment on which
the hardness decreased and the workability which had decreased by long term room temperature
aging improved was 433K for 45s. In the case of long time reversion at relatively low temperature,
e.g., 393K for 3600s, the workability became better than that without the reversion treatment
while the hardness after the reversion treatment became equal to that without the reversion treat-
ment. Improvement of workability is due to the homogeneous deformation owing to the second-
phase particles (7 'and 7 phase) which precipitated during the reversion heat treatment. It was
then suggested that the reversion heat treatment at a relatively lower temperature for a longer

ET
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time could be industrially useful.
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Table1 Chemical composition of a 7050 aluminum alloy.
(mass%)

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

0.05 {010 | 2.1 | 0.01| 2.2 | 0.01| 6.0 | 0.03]| 0.12 | Bal.

Fig.1 Optical microstructutre of the specimen.
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Fig.2 Schematic drawing of expanding test.
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Fig.3 Natural aging property of a 7050 aluminum alloy
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Fig.4 Effect of natural aging on the tensile properties
and cold workabilities.
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Fig.5 Effect of reversion time and temperature on the
hardness of a 7050 aluminum alloy (a) at 373K,
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Fig. 10 Schematic drawing of second-phase particles
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Fig.8 SEM images of fracture surface obtained after expanding test with or without reversion.
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Fig.9 TEM images of fracture specimen obtained after expanding test with or without reversion.
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Isothermal Extrusion of Aluminum Alloys

Masaya Takahashi and Takeshi Yoneyama

Isothermal extrusion of aluminium alloys is a method to maintain constant exit temperature

during extrusion. It has been proposed that the method improves productivity and quality of

aluminium extrusions for half a century. The method has recently been necessary to produce high-

quality aluminium extrusions for automobile. Many studies of isothermal extrusion have been

proposed in the past. However, a concrete method to determine the isothermal extrusion condition

has not clarified. In this study, an equation to decide isothermal extrusion condition is proposed.

The concept of the equation for isothermal extrusion is to equalize the heat flow from billet to con-

tainer with the heat generation by shearing deformation at the boundary between billet and con-

tainer.
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Fig. 13 Isothermal extrusion in case of 7XXX aluminium alloy.
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Study for Joining of Aluminum Alloys to
Dissimilar Metals by Ultrasonic Soldering

Hiroshi Ikami

Ultrasonic soldering is a typical method of soldering for aluminum without using flux. Metals
that can be soldered by ultrasonic soldering are aluminum alloys and copper only, so that studies
of application for dissimilar metals by this method have not been accomplished. In this study,
solderability of joining aluminum alloys to dissimilar metals was examined using industrial tita-
nium and steel with Zn-Al eutectic solder, and the influence of copper plating onto those metals
was investigated. It was found that copper plated layer had been released from the surface of tita-
nium and steel with oxidized layer and the solder had directly reacted on the activated surface of
those metals by ultrasonic soldering. Copper plate film performed the role that oxidization of
those metal surface had been inhibited by oxidized itself before and was readily released from
those surface destroying by cavitation caused by ultrasonic wave. As a result, at the activated in-
terface of titanium/solder and steel/solder combined Al layer was formed. Each joint of aluminum
alloys-titanium or aluminum alloys-steel was very fine by this mechanism. The characteristic of
those joints was signified that those strength were influenced by the strength of aluminum alloy
base metal rather than the thickness of solder at the joints.
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Fig.1 Schematic illustration of ultrasonic soldering
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apparatus.

30g/1 DREEF bV v L ORAKER (iR 328K)

Table1 Chemical compositions of aluminum alloys. (mass%)
Aluminum alloy Cu Si Fe Mn Mg Zn Cr Ti Al
A1050 0.01 0.08 0.14 tr. 0.01 0.01 tr. 0.01 99.74
A2017 3.9 0.44 0.25 0.70 0.63 0.05 tr. 0.01 bal.
A5052 tr. 0.06 0.09 0.02 2.5 tr. 0.24 - bal.
A6063 0.03 0.46 0.20 0.04 0.50 0.01 0.01 0.01 bal.

Table 2 Chemical composition of titanium.

Table 3 Chemical composition of SS400.

(mass%) (mass%)
H 0O N Fe Ti C Mn P S
0.0006 0.143 0.005 0.040 bal. 0.11 1.20 0.030 0.030
Table4 Mechanical properties of specimen.

Specimen Tensile strength Proof strength Elongation
(MPa) (MPa) (%)
A1050BD-H14 95 90 30.7
A2017BE-T4 495 346 21.1
AB5052BD-H34 252 218 20.2
A6063BE-TH 205 185 14.0
titanium 493 366 27.0
SS400 480 250 25.0




Vol.47 No.1

AR IIARICE 27V =y A4 ERESRE E ORAICET 2L 87

rhT, SS400 &t & LT 2.5A/dm* O EBIREMEIT -
THlz, H-EEE 3 2~8um & L7,

3.3 BEERALM

AFEBEToOMEROEE B LU TE e hn
17.4kHz B L O 500W & Ltz 7o, B O IR
BLUOBARBIREICOWVWTE, ThEh 2~8Pis
LU 693~823K THiGI L7co F72, HLLRBALR
95%7n-5% Al (Al 655K) TH 5,

BAWEL SEAEN HNToEa R, 9, @
BAEMNEE (Fig. 1) 2HWT, T3 =9 si54k
BLUO - &L F 5 v HE, SS400 i hEho
w2 E BN IREIR I 4 2 K DI BA LB RITRE L,
A 2N L TP R A M E2IT0, S iz, Fig. 2
IR SR EAEEEAZHVT, BAENGMT 25T
N—F =TT L5, IE (EJ 340N) T

e JEEEs L O3 17.4kHz 3B £ O 500W) %
3MREII L TG Lic, 7k, Shlomzic X 230k
DIRERIERBITO D - 7208, BA T OIRBRIE ST
[EL CHREROEN (37) Z2iT-7 I &h oilkok
EEE ROV ET3~TBK FREEHEEIN 5,

D - & DEF DN DG A D IFA TN IE, - &
L7 ¥ v HE+ B £ O SPCC W E+ 2 =4 2
WA 1mm OMBREZF - 72IREET, 20mm ES DA
FERICIEEICRIE L, @i 8 HRIEN L TTT - 7o,
B, OBOIRALLHEE L 693K & Ui

Afr Cylinder —L
Wibrator
N trasonic
generator h;;$_J
T Al hom
Titanium ,Steel 4 i
—q~ H S g—
I"-~-..._h‘_ _,,_,..--""
Al alloy —-

Fig.2 Schematic illustration of ultrasonic bonding
apparatus.

87

3.4 AEEKUSHT

KB OESTIE O X, JIS Z 3194 @ 2 SRR A
WL Lo ba[iERBRIC X - TiT- 720 F72, HELE
DOWra 5 & 05 [IRAER L O ik 13 SR EAMET 35 L OETE
ETEMEE (SEM) KL% L, ET 7 —7<A
7a7F 549 — (EPMA) Ick->THthL7c, &5
2, —HobkmmiciEA — v =B (AES) i %
1o,

4, ERERLLUEER

4.2 FHVETINIZULEELEDES

4.2.1 #HEWOWEERE

EX 4um D > & fELcF & viEET LI =D
LEEBREETHIARMNZITT> 0B Ltk o
Wi 21T - 7co TOREME L TRALRIEE %
693K, EIINERT 3 o0 Tl IE A S 21T - e D b G
LT % v — A2017 #EF- 0 B4 8B o Wy i B &4 5 %
Fig. 3 12”7,

F o s A2017 EORICiRIBAREABICEBEINT
BO, TNFNORMORIMEBE - 2 <BH SN,
7, F¥ v/ RAEREICHE L TEPMA (T X %R
X $g & T~k R % Fig. 4 IR 7,

MU IZRE B> 1D, H o UL 728 - i
HK4 % Cu Bl RED SN F, BALKS TH 3 Al
DIRFEE DI BED 5N L, Tz, OIXODVTHI
Nfpd, RN T,

4.2.2 FIREER

FHUBET IV = AEEEEEEE LG oM
Faf~tc, £9, ES 4pm O > 2 ZfELCF ¥
VEBEET VY = v A8 HEE, BIEE 693K THHIZA
AT GRFIROHINEERIZ 3F) #iT-obEa Lk
AR L CHIBERBR Z 4T - 1oo 1038, MHiKD e F
g HERIt A BRI G L o kT2 Ve L TaRBR L 72,
Fig. 5 &l o R A ZE S s 2 5[0kiE S OBf% %
NS

B hrE ik, F 4 v —A1050 kT, F &~ — A6063
HFDBFEAETT VI =y 252N TH 201
LT, #4v—A5052, 74 v—A201THBLV0F ¥ V[
TOMT-OEEICRTNTF ¥ v ERAK EO RIS
ThHb, MFOFIERSZ, 74 vREITLOEANRLK
%<, DWVWTA2017, A5052, A6063, A1050 DJIF&E 75 -
TW3, 75 valLofMFogRmI AR VHRIE,
— RN IR R & - TEIS M A1, 5F D,
KM Td 2 F 4 v ORI I L TIRHEE O 13 A 72PN
TR, FERIGBER LTV T btk 2y,
BARZBRET R 7GE K0, X b RELIE
NDBVEEEB B TH B, Lizhi->T, #FOT[ER
SRRBALESHWNESSBEEERELBY, e
iS5 EEZoNB, LrLEss, 74 v—A2017



88 T R & & E & R

2006

Ti

2017

50pm
(a) titanium/solder/A2017(OM)

- .
=

solder %

50um
(b) titanium/solder/A2017 (SEM)

QLR
G : i
o RIS » - . R
% [ - : &
Hﬂ?ﬂﬁﬁﬁﬂ " B i .
e i B ..:_rnv‘ji “‘_,‘rt‘:
sover |8 e

(c) titanium/solder interface (SEM)

Fig.3 Optical micrograph and scanning electron
micrograph of the cross section of Ti/2017
joint bonded.
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Fig.4 Scanning electron micrograph and characteristic
X-ray images of Ti/solder interface.
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Fig.6 Scanning electron micrograph and characteristic
X-ray images of the surface of titanium side after
tensile-failed titanium—A2017 joint.
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Fig.7 Scanning electron micrograph and characteristic
X-ray images of the surface of A2017 side after
tensile-failed titanium — A2017 joint.
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Fig.8 AES depth profiles at the fracture surface of
tensile-failed titanium— A2017 joint.
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Fig.9 Optical micrograph and scanning electron micrograp
of the cross section of SS400/2017 joint bonded.
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Fig.10 Scanning electron micrograph and characteristic
X-ray images of SS400/solder interface.
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TECHNICAL PAPER

Effect of Anisotropic Yield Function on Sheet
Forming Simulation of Miniature Fender
Model for Aluminum Alloy”

Kenji Yamada**, Mineo Asano**, Hideo Mizukoshi* *,
Koushi Okada**, Toshihiko Kuwabara***, Kengo Yoshida***

The objectives of this study are to investigate the effect of anisotropic yield function on sheet

forming simulation and to select the suitable yield function of sheet forming simulation for alumi-

num alloy. The effect of anisotropic yield function on sheet forming simulation of miniature

fender model for 6000 series aluminum alloy sheet is investigated by using numerical simulation

(dynamic explicit FEM code was used) and experiment. The Hill's quadratic (1948), Barlat's

YLD89 and YLD2000 anisotropic yield functions are used for sheet forming simulation. The

results of the sheet forming simulation by using Barlat's YLD89 and YLD2000 were in good agree-

ment with experimental ones. So, Barlat's YLD89 and YLD2000 were recommended for aluminum

sheet forming simulation. Especially, Barlat's YLD89 can easily determine the anisotropic parame-

ter, though Barlat's YLD89 didn't predict the yield locus of test materials completely. If you do the

aluminum alloys sheet forming simulation to judge the fracture occurrence in press forming, we

will recommend YLD89.

1. Introduction

Recently aluminum alloys have an increased
utilization in the industrial application, espe-
cially in the automotive industries. In order to
reduce the manufacturing time and costs, nu-
merical simulation is used for parts design and
manufacturing process, especially sheet forming
process. It is important to select anisotropic
yield function for sheet forming simulation.
Sheet forming materials have initial anisotropy
based on each rolling texture. Therefore, select-
ing anisotropic yield function was one of the
main factors to determine its calculation accu-
racy. The authors presented the effect of yield

* The main part of this paper was presented at the 8" In-
ternational ESAFORM Conference on material form-
ing (Cluj-Napoca, Romania, April 27-29, 2005)

«+  No.d Department, Research and Development Center

«#x Graduate School, Institute of Symbiotic Science and

Technology, Division of Advanced Materials Science

and Technology, Tokyo University of Agriculture and

Technology
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functions on formability of aluminum alloy
sheet by using numerical simulation'*. We rec-
ommended that Barlat's YLD89 and Hill's 1990
criteria were suitable anisotropic yield function
for aluminum alloy sheet. The punch stretching
and the deep drawing test were used for the
formability test of these studies. As the forming
shapes of these tests were axial-symmetric, the
effect of anisotropic yield function on the results
of sheet forming simulation was so clear. The ef-
fect of anisotropic yield function on sheet form-
ing simulation of automobile body parts has
been a matter of concern®. Generally, shape of
actual panel is very complex. Therefore, the ef-
fects of anisotropic yield functions on sheet
forming simulation of miniature fender model
for aluminum alloy sheets were investigated.
The yield loci of test materials measured by us-
ing bi-axial tensile tests” are compared with the
yield loci predicted from various yield functions.
The results of sheet forming simulation and the
shape of yield loci are discussed.
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2. Formability test

2.1 Test materials

Al-Mg-Si alloy sheet with the thickness of
1.0mm is prepared for the formability test.
Table 1 shows mechanical properties of test ma-
terial.

2.2 Formability test model

The formability test model is the miniature
fender model of automobile as shown in Fig. 1.
Forming shape have complex 3D surface com-
bined several curvatures. Experiment is carried
out by using Hydraulic double action press ma-
chine. Punch speed is about 8mm/s. Blank hold-
ing force is 294kN.

2.3 Estimate yield functions

The evaluated yield functions are Hill's quad-
ratic (1948)*, Barlat's YLD89® and YLD2000".
These yield functions were selected from FEM
software "LS-DYNA", and have been mainly
used for sheet forming simulation. Recently

Table 1 Mechanical properties of test material (6000 series
aluminum alloy).

) Yield Tensile
Tensile Elonga-
) ) Stress Stress ) n-value® | r-value™*
Direction tion
(MPa) (MPa)

0 116 228 0.28 0.26 0.81
45° 109 220 0.33 0.28 0.32
90° 111 220 0.28 0.27 0.67

Average 111 222 0.31 ‘ 0.27 ‘ 0.53

* Measured at uniaxial strain & =0.10~0.15.
= Measured at uniaxial strain e =0.15.

%

Fig.1 Schematic of the miniature fender model.
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Barlat YLD2000 was adapted to "LS-DYNA
V970 R5434A version".

2.4 Analysis model

The forming simulations of the miniature
fender model were operated by using commercial
FEM software "LS-DYNA V970" (Livermore
Software Technology Corporation). The blank
and tools were modeled by using 4nodes-shell
element (Belytschko-Tsay shell), and the tools
are assumed as rigid bodies. The coulomb fric-
tion coefficient between blank and tools was
0.14. The forming speed of simulation was
5000mm/s. The stress-strain curve was con-
verted to the true stress-logarithmic plastic
strain, and approximated as the multi line. As
material constant, Young's modulus was
68.6GPa, and Poisson's ratio was 0.33. The
anisotropic parameters of Hill's quadratic yield
function and, Barlat's YLD89 are calculated by
o, 1o, I'ss and re and Barlat's YLD2000 are calcu-

/ Die

Holder

Blank

Punch

Fig.2 FE analysis model of miniature fender model.
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s S E—
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< >
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Fig.3 Shape of the blank of miniature fender model.
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lated by o1, 05, 0w, 0w (equi-biaxial yield stress),
ro s, ro and 1, (strain ratio in equi-biaxial
stress). The value of the exponent index of
Barlat model M is taken to be 8. The number of
8 was the typical number for Face-Centered Cu-
bic materials (e.g. Aluminum, Copper). Fig. 2
shows FE analysis model. Fig. 3 shows the shape
of the blank. Forming analysis are separated
each process; 1) Self weight process, 2) Blnk
hold process and 3) Forming process.

2.5 Fracture criterion

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

r—_
| ”

Fig.4.1 Forming shape of 6000 series aluminum
alloy at bottom center calculated by
using Hill's 1948.

Fracture predicted point
Fig. 4.2 Forming shape of 6000 series aluminum

alloy at 30 mm up from bottom center
calculated by using YLD89.
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3. Results

Fig. 4 shows the forming shape of miniature
fender model forming simulation by using Hill's
quadratic yield function and Barlat's YLD89.
Fig. 5 shows the result of the miniature fender
press test for 6000 series aluminum alloy. In the
miniature fender press test, the fracture oc-
curred in case of 6000 series aluminum alloy
sheet. Though the fracture wasn't predicted
from sheet forming simulation for 6000 series
aluminum sheet by using Hill's quadratic (1948)
yield function, the fracture was predicted by us-
ing Barlat's YLD89 and YLD2000.

Fig.5 Forming shape of 6000 series aluminum alloy
at 30mm up from bottom center.

oA

2.1

(=
i

Bisi gt rin

L8 | -
i inl §ereeon "..I s
% I.l"' Begeiml Tarepion
v
L
[ ]
4.3 -1 0.0 .l Ly
Wiree ghemen

Fig.6 Principal strain in the miniature fender model
simulation by using each yield functions.

95



96

SUMITOMO LIGHT METAL TECHNICAL REPORTS

2006

4. Discussion

Fig. 6 shows the principal strain by using each
yield function in miniature fender model simula-
tion. The principal strain calculated by using
Hill's quadratic (1948) yield function grew to
the direction of equi-biaxial tension. On the
other hand, the principal strain by using
Barlat's model grew to the direction of biaxial
tension near the plane strain and pure shear di-
rections. Generally, the forming limit in the
plane strain was lower than the other direction
(e.g. uniaxial tension, equi-biaxial tension).

Therefore, the fracture calculated by using
Hill's quadratic yield function and Barlat's mod-
els were different. Fig. 7 shows principal strain
at near the break point in press test of minia-
ture fender model. The principal strain at near
the break point was the state of plane strain.
The principal strain calculated by using Barlat's
YLD89 and YLD2000 yield function were in good
agreement with experimental ones. Fig. 8 shows
the comparison of experimental data points for
counters of equal plastic work with theoretical
yield loci of 6000 series aluminum alloy. The ex-
pansion of the yield locus predicted from
Barlat's models yield function was smaller than
that of the Hill's quadratic within from plane
strain to biaxial tension. Within the equi-biaxial
tension region, the yield loci predicted from
Barlat's models were larger than those of the
Hill's quadratic. As the principal strains near
the fracture zone were biaxial tension region,
the difference between the calculation results of
sheet forming simulation was due to its yield lo-
cus shape calculated from each yield function.

So, Barlat's models were recommended for
aluminum sheet forming simulation. Though
Barlat's YLD89 didn't predict the yield locus
of test materials completely, it is hard to
determine anisotropic parameters of Barlat
YLD2000. If you do the aluminum alloys sheet
forming simulation to judge the fracture occur-
rence in press forming, we will recommend
YLD89. Because it is very easy to determine the
anisotropic parameter of Barlat YLD89.
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Fig.7 Principal strain at near the break point in press
test of miniature fender model.
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Fig.8 Comparison of experimental data points for counters
of equal plastic work with theoretical yield loci of
6000 series aluminum alloy. Each symbol corresponds
to contour of equal plastic work for a particular value
of &f.

5. Conclusions

The effect of anisotropic yield functions on
sheet forming simulations of miniature fender
model for 6000 series aluminum alloy sheets
were investigated by using the dynamic explicit
FEM code and experiment.

(1) Though the fracture wasn't predicted in
case of sheet forming simulation of miniature
fender model for 6000 series aluminum sheet by
using Hill's quadratic (1948) yield function, the
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fracture were predicted by using Barlat's YLD89
and YLD2000.

(2) The results of the sheet forming simulation
by using Barlat's YLD89 and YLD2000 yield
function were in good agreement with experi-
mental ones. So, Barlat's YLD89 and YLD2000
were recommended for aluminum sheet forming
simulation.

(3) Especially, Barlat's YLD89 can easily deter-
mine the anisotropic parameter, though Barlat's
YLD89 didn't predict the yield locus of test ma-
terials completely. If you do the aluminum al-
loys sheet forming simulation to judge the frac-
ture occurrence in press forming, we will recom-

mend YLD89.
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Etching Technology of High Purity Aluminum Foil
for Electrolytic Capacitor

Nobuo Osawa

The capacitance of aluminum foils used in electrolytic capacitors is determined by their surface

area after etching. The methods of etching are selected according to the working voltages. DC and

AC etching are usually adopted for the anode foils of high and low voltage capacitors, respectively.

This paper aims to clarify the pit nucleation and growth mechanisms and to establish the funda-

mentals of etching technology, and describes the results of an investigation of the behavior of

anodic dissolution of high-purity aluminum foils for electrolytic capacitors based on electrochemi-

cal analyses and surface electron microscopic observations of the etched surfaces. To elucidate the

pit nucleation and growth mechanism, the effects of surface oxide films, impurities, dislocations

and subgrain boundaries on the pit initiation sites under DC and AC etching were introduced.

These results offer fundamental informations on the etching technologies of aluminum electrolytic

capacitors.

1. I3 L & I

T = AERT YT Y IEAR /N« 2T
bHEEAEP L, TOMBERA v F v 7EBEPA v
N— yRELI I b > TV B, BN TV =9 4
BEa v 7 vy oG IFER T 2000 EAOHETH D,
TV = AEOEBAERERT 40000 b v EiE, o
AR 7 % S BRI 2 {#EAICH 57,

T =y LB T Y ORI Fig. 11oRd
& O ITPEMRSE & BatniE B & CEMK TR S 1, SRS
HOWHERERII C= g6 S/d (C: HERE, & @ HZE
DFHER, e, HEEOFER, S KM d:#H
BIRDIES) TREN D, BBMRIE FIELICIL U 7224
DFEEREZNE, T5b BRIV (L) <&
b, EHBEBLELCLYSER Q00VIIL) &EE
M A50VELR) iealiand, SEM RS VBRI L
BETEK L BEVFEERKIKTS Ly P2 E S0

« XK, 55 (2004), 462 i< FEEEHE
o BFERYER vy — HEIMES, Tyt

£, HEBHREBED N 2Ly FAEKT » F
VIR DRSNS, KRS R E Y b s
BonAZHL v F v 7k D R OIEABK SN S
Vo PEMSEIC IR ZBEMED B IR LT & B 99.
BXLALDOT IV = sfiFED & ORI EH SN
VERT Yy F ST N Y RIVE b EBHREITH L
|EGOICKE S ¥ 2 HTEV (100) HiE-E (95%

Separator papers

50pum
(a) Tunnel pits (DC)

50um
(b) Cubic pits (AC)

T Cathode

Lead wirg

Fig.1 Structure of aluminum electrolytic capacitor.
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Fig.4 SEM images of resin replicas showing crystallographic
dissolutions of (100) faces (a,b) and TEM image of a

film removed from specimen (c).

s L1 T T

L High potential | Steady-state

B 00 = period < potential period?

5 -B00 .

o .

5 am = D @

E

o 1800

E B iii]

- 2ms -
Tirne

F— - ':I:"ﬁeir?js_p.‘mnml_"""_"_";
! [+ ] i
E e Al T e B VS
[ Half-cubic 2 :
| pit o Facet pit
i s W
: i
I U

Fig.5 Change in electrode potential and pit structure during
nucleation and tunnel growth.
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Fig. 6 Tapered tunnel pits formed on (100) plane of
aluminum single crystal.
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Fig.7 Chronopotentiograms at different cycle numbers and
schematic diagram for change in pit structure during
AC etching.
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Fig. 12 TEM images of initial pits formed at dislocations
of aluminum foils.

Fig.13 TEM image of initial pits formed at subgrain
boundaries.
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Fatigue and Corrosion Resistance Properties
of AA2013-T6011 Extrusions

Katsuya Kato and Hideo Sano

AA2013 alloy is able to be extruded to complex shapes including hollow shape, which can achieve

integrated structures contributed to cost reduction and is expected to be the alternative to 2024-

T3511 extrusion. The application of 2013 alloy to main structure of airframe parts widely requires
the registration in Metallic Materials Properties Development & Standardization (MMPDS). For
example, physical properties, mechanical properties, corrosion resistance properties for airplane

design are described in the MMPDS. We have investigated some properties of 2013-T6511 extrusion

for registration to MMPDS. Fatigue and corrosion resistance properties of this alloy extrusion up

to dmm thick have been shown in this technical report. Fatigue properties of this alloy extrusion

are almost same as those of 2024-T3511 ones. Resistance to corrosion, exfoliation corrosion,

intergranular corrosion and stress corrosion cracking of this alloy extrusion are same as or supe-

rior to those of 2024-T3511 ones. The resistance to corrosion of this alloy extrusion after chemical

conversion coating and anodizing is superior to such as the 2024-T3511 ones.
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Table1 Chemical composition of aluminum alloys (mass%).
Alloy Si Fe Cu Mn Mg Cr 7n Al
2013 0.6—1.0 <0.40 1.5 —2.0 <0.25 0.8—1.2 0.04—0.35 <0.25 Bal.
6013 0.6—1.0 <0.50 0.6 —1.1 0.20—0.8 0.8—1.2 <0.1 <0.25 Bal.
6061 0.40—0.8 0.7 0.15—0.40 <0.15 0.8—1.2 0.04—0.35 <0.25 Bal.
2024 <0.5 <0.40 3.8—4.9 0.30—0.9 1.2—1.8 <0.01 <0.25 Bal.
2. H # R2.20+0.10
KO MEIC1E,  Al-0.8Si-0.4Fe-1.7Cu-1.0Mg- 230.0 j‘E-
0.15Cr (mass%) @ 20136511 #1&f\ 7oo A 4 © |
100 (mm) OSHIGHR ORI % (R L, (i | ﬂ L RuLR
FRi%, B IEMEIEATTV, AT L T6511 BEE Lo, < 2 7]  DETAL A
T/, BLEBRETORF S LT 50w, BLEKS © Unit: mm
PR ZMEMAE 12y PHEL, TOohh Sy v
Fig.3 Specimen for fatigue test (Kt=3.0).
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Fig.1 Specimen for fatigue test (Kt=1.0).
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Fig.2 TFatigue strength of 2013-T6511 extrusion (Kt=1.0).
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ke 0.02, 0.30, 0.50 DIFMTHbEL 720 KR E Fig. 2 Table 2 Resistance to exfoliation corrosion of
IZ MMPDS Version 1 I1Z30#{& 17z 2024-T3 #iAf D 92013-T6511 extrusion.
HEHEE L TR, 2013-T6511 #4 DI F7 s 1%, 2024- 20156 0216
T3 M & LR L, &+ A 27 VAl TiRIZERIZE O R % ; ]
FL, @4 il cdBing, o RS ES R, rank™ EA EB
Fig. 3 icrd U0 R&FETTABF 2 MV, ASTM-E466 Corrosion Max depth (um) 300 320
WHEML L, 7k, 0.02, 0.30, 0.50 @ 3 4Tl L 3NA : No Attack, P : Pitting
1o Fio, OSBRI 0.02 12250V T, 2024-T3511 EA : Superficial Exfoliation EB : Moderate Exfoliation
M E RO, [BEFICTRRER L 72, Fig. 4 12al5rkE R
BN JBJIH0.02 IS 5 & 2013-T6511 i Hikf Table 3 Resistance to intergranular corrosion of
Yo R IR, 2024-T3511 M & [E%ETdh - 2013-T6511 extrusion.
Tzo PRI ERGER 13, Fig. 5 IR B2V, 0516 | 202016
ASTM-E6AT I L, JE/kiE, R=0.1, 0.4 ® 2 5fF - -
THEML foo HEED 72912, 2024-T3 M AV, @54 Decrease Weight (g/m?) 811 38.89
TR L 720 Fig. 6 1Cfi B %2 /Rd, AK B I5LITD Corrosion Max depth (um) 100 100
HiPATIE, 2024-T3 M & b & BZUEREBENE S 15 - 72,
AK 7315 2 A2 2 HFPHICR VT, 1ZIEESFEOREE & Table4 Resistance to stress-corrosion cracking of
ot TNODOEEE LD, 2013-T6511 #1%, 2024-T3 2013-T6511 extrusion.
BEE ML, BRI RS LT b, B — .
ke zfERITO VTS 2024-T3511 # 0 RIF D3 Al E alloy (MPa) 240h  480h  720h  960h
ThHBEER NI, G .
200 |e— survive
2013-T6511
1.0x 107 m=s — 329 » | survive
Floo13-Tes11 Ext. (L-T) g 000 — survive
- ngfg.i gl 2024-T3511
3 1.0x107° 22024_53'”_[‘) — S e 329 | e—C 348N fracture
E 2 M:R=0.1 7717 7’: ’L’ Sl
N
Eroxiot e RS = 100 mm
310ﬂﬁiw_ 2
S e £
1.0%1078 i 1
1.0x10° 1.0x10' 1.0x10? E
o
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Fig.6 Fatigue crack growth rate of 2013-T6511
extrusion.
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4. ™ B
2013-T6511 fHH# Dt &E: % 2024-T3511 #HHIA & H t /10 : Machining O0.4mm from Surface

B 2701, MZEEM o & < Vo3, i
BaR, HABAERRLOIGNEESN (SCO Rk
I TR L 720 HIBER @RBR T, Fig. 7107 M
D g% 1/10t (0.4mm) BIHIL 2B A 2 H W,
ASTM-G34 IcHEJL L 72, Table 2 IcfE %7 L, Fig. 8
BRI OB OWiH 2R, IBROES ZHERL 7
R, FER%TH - 7o, WMARARBR T, FIEEA
AR & [E BRI Fig. T IcR M it o %8 % 1/10t
(0.4mm) LIHI L 725888 & F W, ASTM-G110 12 #EHL
L 7co Table3 i %2/~ L, Fig. 9 i<allfiz o 2V &
CWithi % 7 3o 2013-T6511 M & A & 1%, 2024-
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(Thickness t=4mm)

Fig.7 Specimen for corrosion test
(exfoliation and intergranular corrosion).

T3 M L[AFETH - 7o INNEFEF NG T, Fig.
10 1R 9 5 sRABIIR OB 2 (EH L, ASTM-G47
ICHEML L 7o, B EE LG, 2013-T6511 #4 D AMS R <
7 D 0.2%1i /7 365MPa 1234 L, 80% @ 292MPa, 90%
D 329MPa D 2 Z&fFTHENi L 72, Table 4 1IZFER%27RT,
BT E 80% T id, 2013-T6511 #F & 2024-T3511 #4 & &
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2013-T6511 2024-T3511

Fig.8 Appearance and cross section of the specimens
after exfoliation corrosion test.

Surface

Cross Section

2013-T6511

2024-T3511

Fig.9 Appearance and cross section of the specimens
after intergranular corrosion test.
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Fig. 10 Specimen for stress-corrosion cracking test.

I 480h W72 Lot L, BEfaifa s 90% T &, 2024-
T3511 #41d 348h THEWr L 7238, 2013-T6511 #Fic >\ T
13, 960h AERTE bW Lia e, DT EN D,
2013-T6511 #4 D ifif SCC #: 1% 2024-T3511 #4 & v &N
5EVA B, INSitEEFHEDOHIE I D, 2013-T6511
Mo, 2024-T3511 M & [EZEL L Th 5 EE A
57,
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b, REWLEHFMHE
FEREB ST B W T, B DA BT & SRS
O EAHPE L CREMED{TTAN S, 2013-T6511
Mo RIS, B % BT 2024-T3511 #4 & kb
BLTHREL ETHh T EnHEE LV, T T, 2013-
T6511 #41T F i MLER % i L 7250k 2 v T, HEKEER
BRATT\, RIMPLVEREE 255 L 72, Table 5 1 & il
HAFEROCITRASHEOMSUHIELRT, BlESNk
HEKIE R bR O REBIE OFE R, (LR R O 7
/A ZHIC o WT, [TRRE ORI 2/ 2 &
R L oo & 51T, 2013-T6511 #4 & 2024-T3511 @
ZEMRT 50000, LEkFE X b BRI 0RE (720h
KR REE) 21T -7, Fig. 11 1% OfER %IRRT,

Table 5 Chemical conversion coating and anodizing for
aluminum alloys.

) ) o Corrosion resistance
Specimen| Coating  [Specification )
requirements
No - -
At the end of 168 hours
exposure to the 5 per cent
Chemical MIL-C-5541 salt spray test, no more
Conversion "| than 5 isolated spots or
Coating Class1A pits, none larger 0.8 mm
2013- in diameter, per specimen
T6511 panel.
2024- At the end of 336 hours
T3511 exposure to the 5 per cent
salt spray test, no more
Chromic |MIL-A-8625,| than 5 isolated spots or
Acid Typel, pits, none larger 0.8 mm
Anodizing (Classl in diameter, per specimen
panel. And, the test speci-
mens shall not exhibit
patchy dark gray areas.

coating

10mm
2024-T3511

Chemical conversion

Anodizing

2013-T6511

Fig. 11 Appearance of test specimens after 720h salt spray test.
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L% B B LB A < 1, 720h ERE#2 12, 2024-T3511 #4 o
ZEICBLOBLUE Y POFAEL TOA, 2013-
T6511 Mic, ZALEE LT W t, Fh, T/ 54
Z LR T 1d, T20h iKBRTR 1T, (a5 A% 2024-T3511 #4
KOk 2013-T6511 Mo WG Ic g s ntchs, v b
2024-T3511 M D A ICBIE S Nz, THODFERL S,
2013-T6511 #F @ Fe i MLER S 1%, 2024-T3511 #4 & Lz
LEIFTH B EEZ NI,

6. & H Y I

2013 &4 1d, MEREHVWSN TV S 2024 &4 <
5, I EICEN B 720, —(KLEIRIck D a2 ¥
U YNHHRETH B F i, BEMURRE, BEITEE, f &
1 EDREEICBIL, 2013-T6511 #7113 2024-T3511 #1 &
G ETh b, BHAFE 2024-T3511 MafliHE LTV 3
WETOBXMANARETH B, F 12, 2013 AL DF
WMAEEP LEHEPBED C ET, oIz 5y v
~NDOEENREEEN B,
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ARHRIT TS L 72 2013 M OFpED 2 < 1F, #EH
N HAMZE T8 1362 O BR B AR ZE B iy 1 B o
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e R & 4 2013 O —RAIE R~ OB HITZE ] 1< THRIK
LicboTh by, LENHEILCICIBE O Al &2 THW 7ot
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Industrial Applications of Reversion
Phenomenon in Aluminum Alloys

Tadashi Minoda and Hideo Yoshida

Reversion heat treatments are applied to improve workability, age hardening property and

corrosion resistance of aluminum alloys. In the case of improving workability, reversion heat

treatments are useful to improve bendability and tube expanding properties of 7000 series alloys.

Retrogression heat treatments are also effective to improve bendability of 6000 series alloys. For

the other purpose, reversion heat treatments are applied to improve the paint bake response of

6000 series alloys for automotive body panels. The age hardening rate during the early stage of

artificial aging increases by reversion heat treatment. For the purpose of improving stress

corrosion cracking, RRA (Retrogression and Re-aging) treatments are applied to 7000 series
alloys. Some 7000 series alloys (e.g. AAT7055 alloy), which exhibit shorter SCC life than

conventional 7000 series alloys, are used practically by RRA treatment.

1. #&

T =9 AG5EETORUEHEOEV D) S, BLEE
A (R LAY & IEEVILEERY CInCRE(LAD 1o s
N, BIAITIE 2000 5%, 6000 %, 7000 Ri & D EEH5)
HEh b, NS RBIBMB(LELS X OHEANIC X 0y
FIEAEARE L, T OBROBEIMTHILEIC X - CEsi %
B2 ENARETH S, WINOEEITBVLTH, il
FIEBIAD & BRI L > TGP V' — v 5 2415
EORME & BE MRS N, W RRSE 5, L
ML, 05 OHGRIZERS RIS <, & 50
FUREELL FichiBla h b & REEITT » THIR S 1,
HEAESEC DMENETNT 2, CoBREZET
(Reversion) &EFFATH D, 1922 12 M. V. L. Gayler?
X > THID TR SN TLEE, ZHOMENEINT
X, BIMITBVWTIE, NLEEBHONMBIRT 5 & &
HIT, FARRMIRSIHC & > TR L 7 & 13 5R7 12 5
HEOHDEREAE LB Ebd B0, HITHEER
Hd32&ET, T4REICBFAMIEENESTE &
b &Ly, ALK ToMbEEEsZ btz 45
CEWHEETH B, T T, HEILHRO TENFIHICS

i

«  R4eJE, 56 (2006), 602 1 FEEELEE
o RS R vy — BE8, T
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W %,

2. FphEELETRR

HE OB &4 O BULFE TR L, A LR, BE
AN, BB TH 255, Hih@EEcAdmkd 32813
Tablel DL S ICESINTWAB?Y, GP V' — v IidhHEE
BETH AN, PREBIFESEOEENZ VL, i, P
WM R LIS TH 5, T O, PRI RN
fLicZF5G L w,

BILRGP V' — v (7137 52%) BIURHEE
GISUELEMRD, & BRI ETasns i
X 0Oi#El 5, Al-Cu & niEmic X 2 S£1b% Fig. 1
IRT DS, HILD AN T 2EAITE, EXRENESV
BEFSORDPREIEI Y, MPENZ LY, &
to, EILMERICKEC 3 LFESORDEIT—E LT 5,
Z DRI 2 E R (Vv ) EFESS, 5%
FEMRE I3MR T & » TR E B,

—f%i, BT R R T2 S 5 T L B,
TEEMNCIEULE 21T 5 B Aicid, Al oK E 0 E
MPMFAZ WS 2 EMNZ 0, —flE LT, A48 2%
RENELA, HEHEMILT (CAL) EMEL TV S,
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3. mItmE ENDOFHA

3.1 6000 %Es

AR, HAEREIC X B CO. 7 2 K% H
L LT, HEHIENDO TV =9 A520HH AL
KLTWB, ERICBVTIEI, 5000 %464 (OM) &
6000 &4 (TAM) BERF 4 2 ubtE LTEESN
TW5H, 6000 LG50 GIcE, BRIEROR ML Y
Fo e AMLA VT —7 OFENITNT &, BERET
Wb O 5 REls L O b 5, 7 — FiaL DT

Uy =& LTHORIBEITE, »~xVONAFZA v —
MG A AL XDl L (~ainL) 23f1h 1505,
6000 HEEOLE I IENBRET L5E608H D, Hh
T BT 2 EEFIC S Tw By, ENT
FALEER Y R RS A ML B I 2 AT iTh N TWw 5
B, KETIE AA6LLL &4 T4 RMOBIFINTICH W
T, Wi LENC R 5 8oL (Retrogression

heat-treatment) %175 7o ARSI TV B,

H eI 3 300~500°C D EE T 10s KL N Tirbh,

Fig. 2 1T/RT X 5, HEITAUEIC & - T IN T 3k

Table 1 Zones and phases in aluminum alloys formed after aging .

Alloy system GP zone

Metastable phase Stable phase

GP (1), two-dimensional
copper-rich  regions  of

disk-like shape, parallel to

{100} AL 6'-CuAl,, tetragonal, plate-
) 6-CuAly, body-centered
Al-Cu GP (2)and 6", a few atom like shape, coherent on
? tetragonal, noncoherent
layers in thickness and to {100} AL
have an ordered atomic
arrangement, coherent on
{100} AL
GPB (Cu,Mg) zone, rod-like . )
S'-Al,CuMg, orthorhombic, S-Al,CuMg, orthorhombic,
Al-Cu-Mg shape, coherent on <100>
Al lath, coherent on {021} Al. non-coherent.
ALMg-Si Needle-like GP zone, paral- B'-Mg,Si, hexagonal, semi- B-MgsSi, face-centered,
-Mg-Si
lel to <100> Al. coherent, rod-like shape. plate-like shape.
n -MgZn,, hexagonal.
Spheroidized GP zone, co-
Al-Zn-Mg 7n'-MgZn,, hexagonal.
herent, 2 types of zones. T-Mgsz (Al,Zn) 9 (Above 190°C)
120 A T T T T T T "
Ay e =S
100 — =
Tt
2 Imm
2 80 . . 05mm
177
2 T4
_g | (a)
2
® 60 |
©
-4
8 h
>
40 g
20 1 n | . 1 N E
80 120 160 200 240 A 05mm
Temperature, T / °C (b) T4+retrogression heat treatmen

Fig.1 Changes of the hardness of Al-Cu alloys after
reversion heat treatments at 100-220°C? .

Fig.2 Example of improvement on bendability of AA6111
alloy sheet by retrogression heat treatment®.
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EIND, FHFIg3ICRT LI, FT7L—4%
HEEHOH b ez Eicfifisn s, 6000 RAH L
Mo inTa & E U OEA A HRE s Th
D, TH5MT6 M EITEICEIETTS & & Tk
NES NS 57,

3.2 7000 REE

7000 AE4&E, FHT VI = AL5L0ohTRGS
WA GG 5 Lo, B RIRRERDIFE, ATZE R
sk & U CEESEEE RS E L bic, HE) iRHE,
2R =Y AR EOHBIIL HO SN TV B, 2R
WCBWTERAM) Y AR T V=B EITHV SN S0,
PIZ WM S 7 v — 2T 2851, OMD
aA vEMERO, PN TEFAERE Lo —ukiEs
112 THh SERILLEL (BEAN), R b Ly FildE (6
1), ATHZME, b)) oz TEARENTH %,
22T, OMofRbDIcWH (F/id T4#) #HOVT
o — VB AT AR, BB X R Ly FIE
OLEAAIETE, 8hEa 2 oK algEE 2%, L
ML S, WHIRTAERLULERR O [ R REhic X b i
ELEAMNKEC 2 Eh5, BEMMUUEERO HABORE
BTk > THENKE LT 2700, BH{LEMAK
X VIGAIC I o — VERER I T BN AT 4 B e
bbb, TIT, FESRINMLANCHEICMEZITS> & T
LOE L il I TEA25 5 & &AL 7Y,

7475 &40 BRI I > W T, 180 Clo i FH: L
foA A NWNRTEIDMEZIT > 7O By 1 — XX T
T \F 9 1T R o 288 % Fig. 4 1284 Y, Fig. 4 X
D, EICIEOERESEH I 180°C-40s EF 2 oz, £
T, SHEAREZ IS W T 180°C-40s T DE TR
Bz 2 i 5 % Fig. 5 8 X U Table 2 127K
T, WENLETLIFIC L DS AETL, fheinT
EDE ENA ST, 61T, By I —RBEIN/NEL
1 51EE, BRARTERI/ NS WER A ST,

D& SIT, EICMITIC X - TG o AT
FENih, Fig 4 lITBWTETCUIEZOMS 3, W
NHBEMLMEER (85 FTERFLTWEEWI &
Wb, M4 G2 X—2E LT, HRNEsE 0~

Fig.3 Examples of retrogression bending of large, hard-

tempered and complex truck door frames®.
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1.6mass% ¥ TZAL S ¥ 712 A OB LIEE % B L O
FARER S 12 > W T, 180°C-40s D1 CLBER 21 B 1
B SZAL%E Fig. 6 1ITRdY, ECUEZOES 1,
AR O G AT E BIXTEMRLUIRER & TR L7223,
Flas N oI - TR M EIZ/NS < 72D, 1.6mass
BTRIFEAEBET LB L >, S SICHARENZ1TH
U, EHRLALEES X OBEANE I 180°C-40s D L
AT - 254103, BVILEEZ O X ZRRINESZ W
ZE LA L, F72, & 7000 ZEEICO0WT, 460°C

160
[lj O:0°C-100h aged
3 A\ :20°C-100h aged
5 140 | [1:40°C-100h aged
s} 5
z 5
w 3 ."aD DDD
g 120
5 a-ooUu= A
2
g
=
&
S
i ! | ) | ) ] L ] | —
0 20 40 60 80 100 120

Time of reversion heat treatment, t/ s

Fig.4 Influence of reversion time on the hardness of 7475
aluminum alloy sheet at 180°C?,

10mm
40°C-100h

0°C-100h

20°C-100h

Fig.5 Appearance of the specimens after bending tests. Upper
samples were bent before reversion and lower ones

were bent after reversion'”,

Table 2 Bending properties before and after reversion
(reversion : 180°C-40s) ?.

Natural aging 0°C-100h 20°C-100h 40°C-100h
Reversion Before| After |Before| After |Before| After
Vickers hardness | 110 107 134 105 144 117
Omm X X X X X X X X X
Inner
0.25mm | XX | XX | XX [ XXX]| XX [XXX
bending
g 0.50mm [OO X |OOO| X X X |OOO| X X X |OO X
radius
1.0mm | OO | OO |[OO0O| OO |XX X000

(O : No crack, X : Crack)
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160 @ 130
- O Omass%Cu _ﬂg 120
140 - A 0.6mass%Cu g 110
g L[] 1.1mass%Cu g 100
"g [V 1.6mass%Cu @
E 120 |- 2 901
2 - g smwi
5 100 | ﬁ 70 . / / —O— 1: AM4.2Z0-2.8Mg (WL %)
=] 5 _o— 3 AF382n-2.8Mg-0.9Cu
= o A 60 —e—1a: A-4.82n-1.5Mg
0 = [<30 ) —@— 28 AH4.5Zn-1.4Mg-0.5Cu
L 8o} > 50 @ 3a; Al4.520-1.5Mg-1.0Cu
2 40 —f— 4a: Al-4.6Zn-1.6Mg-1.5Cu
> o AQ 01 1 10 100 1000
N Aging time, t/h
40 \ ! i ] . . . . o
Fig.7 Aging curves of various 7000 series alloys at 150°C ?,
as W.Q. 0°C 20°C  40°C
-100h  -100h  -100h
s 700 , - - 20
& A Maximum expanding ratio
= T 19
160 3 600 —_
[ (b) 2 18 3
- (O Omass%Cu o =
140 [~ /\ 0.6mass%Cu g 500 17 .g
E L[] 1.1mass%Cu 2 I 5
g 120 | V 1.6mass%Cu “é 400 16 %0
5] a, °
9] 3
£ 100 | s 300 {14 g
3 -
= - b A\ =
2 80 |- e S v>-<<
~ I I C £ s
e i 5 < A2 =
~ i @ 100 |
60 - % 14 11
= &
O L4l Ll L
= 0 10
40 . ' : : 10° 10! 10 10°
as W.Q. 0°C 20°C  40°C ..
h
-100h  -100h  -100h Aging time, t/

Fig. 6 Influence of copper content on the reversion properties
of Al-Zn-Mg alloys in several aging conditions, (a)
before reversion and (b) after reversion at 180°C for 40s”,

TOBEMLALEEE, KIEANZITL, EHIZ150°CTA
TR % 1T - 7o B D B & 2L % Fig. 7T 1SR d %,
SRR OB RV, 30s FEE DRI T & 2 e i &
DLEABH LN, ThiE, HEEGET S EITkD,
n BLY p HOMAERSEES N, HT& Er i
WA stk EELONTVEY, bbb,
Fig. 4 128V CTEITTUFEZ O & 253 ML ER% £ T
ERLIED - oid, ExsREFRci C - eirfiidEbo
ko EELONTV S,

F o, T050-T4 Mo LEICBWT, IEMIYE
Dla] LA HPE L oG biThbn v 51,
Fig. 8 1a/Rd & i, Ao nT &[akk, HARRE)
OHERITPEOFEM TS B L, BRAERIE T L
Z T, 120°C-600s % 72 (3 160°C-45s THETTAIE %475
&, Fig. 91TRd &5 ICHE RN L, RAEEERE L
FHLto SSICEKMOETLE (120°C-3.6ks B X T
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Fig.8 Effect of natural aging on the tensile properties
and cold workabilities of 7050 alloy tube'",

800 20
B Tensile strength
L [ 0.2% proof strength 119
700 ; . .
Maximum expanding ratio
1 18
600

500

400

300

200

s
Maximum expanding ratio, r (%)

100

Tensile strength, os, 0.2% proof strength, o2/ MPa

160°C
-45s

120°C
-3600s

Without 120°C
reversion -600s

160°C
-300s

Reversion conditon

Fig.9 Effect of reversion time and temperature on the tensile

properties and cold workabilities of 7050-T4 tube'”,
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160°C-300s) %1715 &, TN T NHERE O (120°C-
600s B £ U 160°C-45s) ITHANT, EoLBEE o RshhE
fbic X 258 FAsRC Y, RAMEROEKFAA LN
oo L L, T CHEEEVDERKMOE L
(120°C-3.6ks ¥ & U 160°C-300s) DI5é, R 3
EICEE & R IEHESE (BEy A — R R0wTFnd
160~163) Td 3 b 59", FRANLEFIIECOIRR
DHMBEHWT &Th B, Fig. 10 ITIEE N T O bk
DOEEE MG L RTH, HTUE T v 7
NV (Fig. 10 (b)) Tl lpym BEE O K & X OfMUN L 7 4
VIR SN, BT AITO I - AT,
TNLRBIEINEDP 5T, O ED L, HITUE%E
1T - e id, EnLBEh O RN iE(bic X - TH 2 48
K (n#8) L, RHEfucYBLc 2 itk b,
IEM T M—Z e il s h, ZET XD BESI
nazeT, =T LLEHNENIZ, TDID
Fig. 11 12789 & 91T, 120°C-3.6ks TEITTULEE L 7 k1K
i3, IENTHZOSEEETIMEHBEZ BT~ A
7 moNy A2 HINICHE L TV AETFD, EriEs
Tt o tckli b b2 {HESh TV 5,

4. BERNEE{LEHEADFIA

6000 % F 7 ¢ XX AMIcB VTR, T4 FHETINTE,
BT TR TEORIENE O NS L 5, BT
W b (BH ) SERaNn 2, EHNOBEEREMN I
1T0CEEORETH THORIThbN s T Lo, A
THEh AR T O L 2 0] L X € 2 080 b B,
Fig. 12 1T Al-1.26mass%Si-0.48mass % Mg #f O i& Kk
PR X OBEA N D 20°C HA&EFD A3, 170°C-30min
@ BH QUERFi#2 O /11T RS § R E 2R TH, FEAN
HECTIE BHAEIC X EFLLS ER LA, 2h
FEE O HARKZI T Tic BHIERKREENL, 1HL
T A EMAER L BT ENGNED, 2D
72, BEANBERICTRMEEIIEEZT-> 720, 250
HEILMEEATTS T & T BH o505 7hbhn 512710, #E
ANZOHKRENC L 0, BHMARS 5L 18 - 12856
Tb, Fig.1312/Rd & 512 225°C OETHUELAITS C
Licky, BHMMAEsN 3, £, Fig. 14 <R
T &1, ECMEM O BH P 318 0BT O R
Wehis @B A2 KIEL, 5°C TIREDORE, 40°C TIRIE
DNEBH SN, & 51T, Zhuang 5 bFE 4 D 6000
2E40 BHMHIC>OWT, Flikghle & 8o
SR AFHE L THB 0, Table3 LU Table4 I2/R9 &
T, FADRINE N2 5E 1T 3 PR LEE D 5 38 o0
WMEHF &L 0 & BHICK B ERESREC LT L
ZRLTWAYW, Fig. 15 1283 & 912, 70°C Ll EoiR
B TY b sh 21T - 1A iR s h A 41, BH UL
IZ& - THMHITERT 20, THMIFIELEZITH I -
rGaCERTERSNHIE, B ICEEER LTV
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(a)

Fig. 10 SEM images of the fracture surfaces after
expansion. The samples were (a) without
reversion and (b) reversion heat treated at
120°C for 3.6ks. The expanding ratio was
(a) 11.8% and (b) 12.7% V.

Fig.11 TEM images of the fracture specimens obtained
after expanding test. The samples were (a)
without reversion and (b) reversion heat treated
at 120°C for 3.6ks. The expanding ratio was (a)
11.8% and (b) 12.7%'V.
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Fig. 12 Influence of natural aging time on the yield Fig. 14 Influence of natural aging before reversion
strength before and after baking ', treatment on the paint bake response (WQ
=> Natural aging => Reversion => Storage
=> BH)'?,
Solution heat treatment
(550°C-20s)
Reversion
wa (225°C) Bake hardening i
(170°C-30min) [ Meecls shaped A" u—nue ] @ w
Cold rolled sheet 180T S * bl
. .J LT am amy
(Imm thick) Natural aging Storage o | -
(20°C-7days) (20°C-7days) iy
;‘- Efsctwe rasciaalaon o
= fowr e §° GrRE
220 . v . . -4 &
E Dempsilllive
< 200F 1 " Hulu/._u':w__.
= e f-t-----
E Mo - FlEpLEad FeaClbBEon BOER
a 180 1 fiw then - phase
&
£ 160 1 (-recn cumer )
8 170°C-30min
@
Rl 140 With T . . . E
° o Without Fig.15 Schematic diagram of the phase transformation'®
b reversion
120 1
Before BH

0 30 60 90 120 150

Reversion treatment time, t / s

Fig. 13 Improvement of paint bake response in

Al-1.26mass%Si-0.48mass % Mg alloy T4

sheet by reversion treatment'?,

Table 3 Chemical compositions of the test specimens for
pre-aging and reversion (mass%) *.
A B C D E
Mg 0.33 0.4 0.48 0.63 0.75
Si 1.15 1.00 1.00 1.10 0.75
Cu - 0.30 - — 0.70
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Table 4 Effect of pre-aging and reversion treatment on the
paint bake response of various 6000 series alloy '¥.

Alloy|As natural aged (T4)| Pre-aged (T4P1) |Reversion (T4P2)

Before| After Before| After Before| After
AYS AYS AYS
BH | BH BH | BH BH | BH

A | 114 | 145 | 31 | 110 | 198 | 83 | 108 | 210 | 102
B | 129 | 165 | 36 | 122 | 239 | 117 | 115 | 220 | 105
C | 141 | 170 | 29 | 122 | 230 | 108 | 123 | 230 | 107
D | 158 | 190 | 32 | 137 | 231 | 94 | 136 | 245 | 109
E | 160 | 200 | 40 | 137 | 262 | 125 | 143 | 256 | 113

BH condition : 180°C-30min
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Fig.16 Schematic model of RRA treatment '®,

After Re-aging
T6 / (3rd step)

Hardness =>

After retrogression
(2nd step)

Retrogression treatment time =>

Fig. 17 Schematic diagram of the hardness changes after

retrogression and re-aging treatment 8~
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Fig. 18 Schematic diagram of the changes of the
microstructure by RRA treatment, (a)
T6 temper, (b) after retrogression and
(¢) after re-aging.
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Fig. 19 Effect of RRA treatment on the SCC life of
7475 alloy sheet?V,
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(a) !

0.2um

Fig.20 Microstructures of the grain boundaries of 7475

alloy, (a) T6 temper and (b) RRA treated?",
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Pre-Coated Aluminium Sheets with
Anti-Scratch Characteristic

Takanori Douki and Yasuhiro Hosomi

In press formed products, the use of the pre-coated aluminium sheets has been increasing. It is

superior in the quality, yield, and the reduction of production cost. Many characteristics are

encountered in the coating of the pre-coated aluminium sheet. One of the important characteristics

1s the anti-scratch characteristic. To improve the anti-scratch characteristic of the pre-coated

aluminium sheet, the most effective method is to add some beads into the coating. We investigated

the relation between the anti-scratch characteristic and the quantity and type of the beads added.

The beads were made of resin or inorganic material. In the case of resin beads, the anti-scratch

characteristic was improved with a lower coefficient of friction. On the other hand, in the case of

inorganic beads, the anti-scratch characteristic was better even though the coefficient of friction

was higher. The reason of the difference is thought that the resin beads have high lubricity while

the inorganic beads have good supporting characteristic. The Polytetrafluoroethylene (PTFE)

beads were the most effective for the anti-scratch characteristic in the press forming process.
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Table1 Criteria of anti-scratch characteristic.
Mark Scratch Image Criteria
Scratch can be distinguished
by the tip of a finger.
Scratch can be distinguished
by the fingernail head.
Scratch can be distinguished
surely by watching.
Scratch can be distinguished
slightly by watching.
Scratch can not be distinguished
by watching.
Load 3
(4.9N) S
L s o
= Resin beads norganic
= 4 bheads
Precoated aluminium sheet %
Steel ball (The upper surface : Coating) o —
(®4.8mm) PP ' 9 o 3
[5}
™ |/ IR R
B ] ..9
©
5 1T 1t 111
D
— — : Al 1
< S & 2 A
@ o ) 2 Q
'%3 & & e‘? Q’<< OG\P o® é\&
Fig.3 Schematic illustration of Bowden & Laben type 8 éo W e
friction tester.
Fig.4 Anti-Scratch characteristic of precoated aluminium
e . . sheets.
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Fig.5 Relation between friction coefficient and
anti-scratch characteristic.
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- Sliding damage

Fig.6 SEM images of the surface and cross section of sliding area.
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Fig.7 Draw forming height of precoated aluminium sheets.

Y PTFE
E |
:g) 50 S'mcone —~7\Nickel
2 Acrylic ® Nylon
= 48 No bead
S AGlass
L 46
2
g
Qa4 ‘ ' '
0.00 0.05 0.10 0.15 0.20

Friction coefficient

Fig.8 Relation between friction coefficient and
draw forming height.

BoxMAEESHi 7L a— b7 = AT, WIE
TULAERMT S AT 4 AT LADINY JNFIVTDH D,
iG> S MIcENIZT L a— F T =9 ARDOIRHIC
X, FLRANEROBEPERSN, K75 X<7 4



122 F K

B & B & W

2006

(a) Back panel of plasma display

(b) DVD drive case

Fig.9 Aluminium sheet with scratch resistance coating.
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Material Condition after the Voyage on
Recycled Aluminum Yacht "SUNTORY-Mermaid"

Ryota Ozaki and Koichi Maeda

Mr.Kenichi Horie attained the voyage by "SUNTORY-Mermaid" by himself without stopping
around the world in 2005. In recent years a yacht likes to reduce its whole weight for the fast speed

and easy control. Because this voyage was long and had to go through stormy seas, aluminium

alloy 5083 was used for the body part. And the materials were made by recycled alloys for the

concept of environmental preservation. Alloy 5083 has the good strength, high corrosion

resistance and is easily welded. Therefore 5083 alloy is widely used as a material for Aluminium

yacht. This report describes the damage and corrosion condition of the aluminium material after
the voyage of "SUNTORY-Mermaid". The usefulness of the recycling aluminium of 5083 alloy was

confirmed.
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Table 1 The paint of outside surface of "SUNTORY - Mermaid".

Paint part Ttem Products System
Primer ALP-500 Epoxy
Binder Vinyl AC-HBS Vinyl
Bottom

Anti-fouling paint

Seafrontier H

Tin-free anti-fouling

Seafrontier with hydrolysis mechanism
Primer ALP-500 Epoxy
Hull
Top coat Lumistar —
& ——
fiy =

=

i

- —

@ — Keel

=y " '

@ @ :part of anode sacrifice

T e

Fig.1 Plan for "SUNTORY-Mermaid" (Designed by Mr.Ichiro Yokoyama) ®.

Fig.3 Appearance of the inside of "SUNTORY-Mermaid ".

Fig.4 The paint condititon of the external surface of
"SUNTORY-Mermaid".
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Fig.5 The paint condititon of a stainless-steel disk

circumference.

Fig.7 Appearance of a keel.

Fig. 6 Corrosion appearance of the screw circumference
part of the cabin mast of the inside of
"SUNTORY- Mermaid".

Fig.8 Appearance of a propeller.
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Fig.9 The damage condition of sacrifice anode.

Table 2 Generating current density of sacrifice anode zinc (the amount of self-corrosion is disregard, reference value)

Sacrifice anode size . . Presumed
) ) ) ) Effective Consumption
Protection object | Installation part (Length, LXWidth, W . generated
) surface area thickness )
X Thickness, t/mm) current density
Aluminum part Hull 150L X 7T5W X 15t 0.007m? About 4mm 2.5A/m?
Steel part Keel 150L X 7T5W X 20~25t 0.007m? About 7mm 4.4A/m?
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(Fig.14),

b, % & &

itk Al O BIREEN e TH > 7o T &, £k
MBS MAEH L T Wl EdD, T =9 Ay
G LM i e T, BERED SNEH -1,
—7, MmNl T, 2FMcReTEERED N
o 1o hs, Mi—< 2 FEBD B R D TH 200 pum E X
DILEMED 51,

Fio, BRI VW THEINB EDHEEGRIEED S
N, BIREH TN X HIR8 0 - 7o, 50838403 BatE O it
LWHERBIcB LTS HRHT, »oZetomnr v
I=w AMETH BT LW TR SN,

126

FI

Fig. 10 Appearance of the inside of a bow.
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Fig. 11 Appearance of cabin upper part. Fig. 14 Resistance spot welding of a door part.

Fig. 12 Appearance of cabin low part.

Fig. 13 Appearance of cabin ceiling part.
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TECHNICAL REVIEW

Current Trend of Aluminum Applications for
Automobile Body and Its New Technologies”®

Hideyuki Uto™* *

The reduction of fuel consumption of vehicles is currently required because of controlling green-
house gas emissions concerning the issue of global warming. In the developed countries, the regu-
lations for the fuel consumption or the emissions become strict, thus the trend to control green-
house gas emissions in Japan, Europe, North America is summarized. Car manufacturers are
making significant efforts to reduce the weight of their cars, because it is one of the important
ways for the reduction of a vehicle's fuel consumption. It is required also for driving performance.
The use of aluminum alloys for automobile parts has increased in order to save weight of vehicles,
especially since COP3 (adoption of Kyoto Protocol) of 1997. In Japan, the add-on parts made of
aluminum, mainly on the luxury cars, sports cars and eco-friendly cars, have been also increasing
since the late 1990s. The current trends of automobile body aluminization, for example add-on
parts (engine hoods, front fenders, doors, back doors, trunk lids, tail gates on pickup trucks),
body structure parts and suspension members are reviewed. Additionally the advanced application

technologies for it, for example good hem-bendability 6000 series alloy sheets, superplastic form-

ing, Friction Stir Welding and recycling technology, are introduced.

1. Introduction

The more serious problem of climate changes,
possibly caused by global warming, is strongly
required that greenhouse gas emissions, espe-
cially from automobiles, should be controlled.
The weight reduction of automobiles is one of
the important ways for reducing a vehicle's fuel
consumption, thus for the reduction of carbon
dioxide (CO:2) coming from vehicles. Vehicle
weight, however, is on the upward trend because
of components used for safety, comfortableness
and convenience. Therefore, car manufacturers
are making significant efforts to reduce the
weight of their automobiles. In the case of
domestic passenger cars, aluminum has already
been significantly used for the cast parts of the
power train and for the heat exchangers. In the
past few years, wrought aluminum alloy parts
bodies have been adopted.
Moreover, aluminum alloy forged parts and

for automobile

* The main part of this paper was presented at the 7th
European Automotive Lightweight Conference, Bad
Nauheim, Germany, June 28-29, 2005

#+ No.5 Department, Research and Development Center
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casting parts are now being applied to the chas-
sis. The weight reduction of automobiles will
certainly be promoted in the future, because
improving the fuel consumption is strongly
required from the view-point of not only envi-
ronmental protection but also economy. In this
report, the trend to control greenhouse gas
emissions 1s first reviewed, and then the recent
information on the weight saving of automo-
biles by using aluminum, and finally, the new
aluminum application technologies
promotion are introduced.

for 1its

2. Regulation of fuel consumption and
emission control for vehicles

The recent trend to reduce vehicle weight has
been affected by the CO: emission control based
on the Kyoto Protocol. The target emission of
greenhouse gases was decided at the Conference
of the Parties during its third session of the
United Nations Framework Convention Climate
Change (COP3) in Kyoto, 1997". The decision
commits aggregate
anthropogenic emissions of greenhouse gases

Japan to reduce its
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listed in the Kyoto Protocol by 6% compared to
1990 levels in the period from 2008 to 2012. For
European countries, the target for reducing
greenhouse gas emissions is by 8% similar to
that required by Japan. The United States of
America disengaged from the Kyoto Protocol
under the George Bush II Administration in
March 2001, though the United States would
have been required to reduce its emissions by
7%. After that, following the ratification of the
Kyoto Protocol by Russia in November 2004, it
entered into force on February 16, 2005.
Therefore, the trend for the reduction of CO:
emissions will be strengthened worldwide in the
future. The recent regulations of fuel consump-
tion and emissions for vehicles are reviewed, for
Japan, Europe and North America.

2.1 The regulation in Japan

In order to achieve the targets of the Kyoto
Protocol, the Japanese government published
'Guideline for Measures to Prevent Global
Warming' in 1998, then assessed and reviewed it
in 2002”. In the transport sector, the target for
CO: emissions will be controlled to approxi-
mately 250 million tons by 2010. Development of
materials for lighter vehicles is one of the meas-
ures for the category of 'Innovative technologi-
cal development and further promotion of activi-
ties to prevent global warming undertaken by
the Japanese people from all sectors of society.'

In Japan, the fuel economy target standards
were stipulated on the basis of vehicle weight
categories, though it doesn't include the Corpo-

rate Average Fuel Economy. Additionally, for
the vehicles performing 5% better or more com-
pared to the standards (2010 target standards
for gasoline and LPG vehicles, 2005 target stan-
dards for diesel vehicles), tax incentives are
available in order to promote the more wide-
spread use of low emission vehicles (including
hybrids) and vehicles with improved fuel econ-
omy?. The fuel economy target standards of
passenger cars (2010 target standards for gaso-
line and LPG vehicles, 2005 target standards for
diesel vehicles) in Japan are shown in Table 1.

2.2 The regulation in Europe

In order to achieve the targets of the Kyoto
Protocol, the European Automobile Manufac-
turers Association (ACEA) adopted a commit-
ment on CO: emission reductions from the Euro-
pean Community (1999/125/EC)*. In the com-
mission recommendations, a member of the
ACEA should, mainly by technological develop-
ments and market changes linked to these devel-
opments, collectively achieve a CO; emission tar-
get of 140g/km CO: as an average for their new
cars sold in the European Community by 2008.
In addition, the ACEA has further fuel-
efficiency improvements to meet the objective of
120g/km CO: by 2012.

The Japan Automobile Manufacturers Asso-
ciation (JAMA) and the Korea Automobile
Manufacturers Association (KAMA) adopted
the same commitment (2000/303/EC for
KAMA, 2000/304/EC for JAMA) for CO: emis-
sion reductions™®. Both associations should col-

Table1 Target fuel economy standards (for vehicles carrying less than eleven passengers) in Japan.

2010 target standards 2005 target standards 2010 target standards
Category for gasoline vehicles for diesel vehicles for LPG vehicles
(km/D (km/D (km/D
1. Vehicle Weight<  703kg 21.2 18.9 15.9
2. T03kg=Vehicle Weight< 828kg 18.8 18.9 14.1
3. 828kg=Vehicle Weight<1,016kg 17.9 18.9 13.5
4. 1,016kg=Vehicle Weight <1,266kg 16.0 16.2 12.0
5. 1,266kg=Vehicle Weight<1,516kg 13.0 13.2 9.8
6. 1,516kg=Vehicle Weight<1,766kg 10.5 11.9 7.9
7. 1,766kg=Vehicle Weight <2,016kg 8.9 10.8 6.7
8. 2,016kg=Vehicle Weight <2,266kg 7.8 9.8 5.9
9. 2,266kg=Vehicle Weight 6.4 8.7 4.8
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lectively achieve a CO: emission target of
140g/km CO: as an average for their new cars
sold in the European Community by 2009. In
addition, they also have further fuel-efficiency
improvements to meet the objective of 120g/km
CO: by 2012.

2.3 The regulation in North America

In the United States, they have controlled fuel
consumption based on the Corporate Average
Fuel Economy (CAFE) regulation.

CAFE is the sales weighted average fuel econ-
omy, expressed in miles per gallon (mpg), of a
manufacturer's fleet of passenger cars or light
trucks with a gross vehicle weight rating
(GVWR) of 8,5001bs. (3855kg) or less, manufac-
tured for sale in the United States, for any given
model year. The CAFE standard for passenger
cars is 27.5mpg (11.7km/1), and has been almost
achieved by the automobile companies through
their technical effort”. Additionally, the CAFE
standard for light trucks with a GVWR of
8,5001bs. or less has been strict, as the market
for pick-up trucks has recently grown. Since
model year (MY) 2005, the standard has been
strict step by step, as a reference, 20.7Tmpg
(8.80km/1) by MY2004, and the standard of
MY2007 will be 22.2mpg (9.44km/D. In addi-
tion, the new CAFE (called "Reformed CAFE")
standards for light trucks from MY2008 were
issued in March 2006%.

California has a long history of environ-
mental leadership. In 2002, recognizing that
global warming would impose compelling and
extraordinary impacts on California, the legis-
lature adopted and the Governor signed AB 1493
(the Pavly law). This is the first law in the
world to control greenhouse gases. The bill
directs the California Air Resources Board
(CARB) to adopt regulations to achieve the
maximum feasible and cost-effective reduction
of greenhouse gas emissions from motor vehi-
cles. The Report to the Legislature and the Gov-
ernor on Regulations to Control them was pre-
sented in December 2004”. In the report, based
on a technology evaluation, the regulation
approved by the Board imposes climate change
emission standards that are incorporated into
the (LEV)
program, along with the other light and

current Low-Emission Vehicle

medium-duty automotive emission standards.
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This approach was taken to ensure that manu-
facturers can meet the standards while continu-
ing to provide the full range of vehicles available
today. The standards phase during the MY 2009
through MY2016 allows for changes to be made
as part of the normal product improvement
cycle. When fully phased in, the near term
(2009-2012) standards will result in about a 22%
reduction in greenhouse gas emissions as com-
pared to the 2002 fleet, and the mid-term (2013-
2016) standards will result in about a 30%
reduction. The proposed standards, expressed in
terms of CO. equivalent grams per mile, are
listed as Table 2. The staff estimates that the
regulation will reduce climate change emissions
from the light duty passenger vehicle fleet by an
estimated 87,700 CO:-equivalent tons per day
statewide in 2020 and by 155,200 CO:-equivalent
tons per day in 2030. This equates to an 18%
reduction in climate change emissions from the
light-duty fleet in 2020 and a 27% reduction in
2030. Baseline emissions today (2004) are
386,600 CO:-equivalent tons per day, and in 2010,
it will be 430,200 CO:-equivalent tons per day.
Thus the regulation emissions will continue to
grow from today's level through 2009 when the
regulation takes effect, but emissions in 2020
and in 2030 will be lower than in 2010, as shown
in Fig. 19. Although the United States refused
the Kyoto Protocol, many states are following
California, and they are adopting the same
regulations.

Table 2 Proposed vehicle emission standards for

AB14937.
COg-equivalent emission standard
by vehicle category (g/mile)

Tier Year PC/LDT1 LDT?2
(Passenger cars and  |(Large trucks / SUVs)
small trucks / SUVs)

2009 323 439

2010 301 420
Near-term

2011 267 390

2012 233 361

2013 227 355

2014 222 350
Mid-term

2015 213 341

2016 205 332
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Fig.1 Effect of AB1493 on motor vehicle greenhouse

gas emission”.

3. Weight saving of automobile body
using aluminum

3.1 Outlined adoption of aluminum
automobile parts

Aluminum 1is used for parts in the power
trains, heat exchangers, body panels and chas-
sis. For passenger cars, it was first applied to
power train parts as castings and then to heat
exchanger parts. Aluminum cast parts for the
power train (for example pistons, cylinder
heads, case, etc.) have been
adopted for a long time. In the 1980s, aluminum
cast engine blocks were adopted, and aluminum

transmission

cast parts quickly increased. Concerning heat
exchangers, radiators made of copper were
change to ones made of aluminum in the 1990s,
and nowadays, almost 100% of the heat
exchangers used in passenger cars are made of
aluminum in Japan. For bumper reinforce-
ments, aluminum extruded sections have been
used, and their adoption is on a steady increase.

Body panels and chassis parts are expected to
be made of aluminum, both wrought alloys and
casting alloys. Aluminum body panels, mainly
engine hoods and other add-on parts, have been
used in order to achieve the CAFE standard in
the United States and the Kyoto Protocol
commitment. In the case of body component
aluminization, not only stamped panels but also
extruded sections and high quality vacuum die
castings with thin walls are used. These kinds of
production methods make use of the superior
properties of aluminum.

The application of aluminum extruded sec-
tions for bumper reinforcements has certainly
increased. The bumper reinforcement made of
an extruded section is lighter and more energy-
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absorbable than that made of steel sheets with
stamping and resistance spot welding. In order
to design the cross section shape of the bumper
reinforcements, a simulation technique, for
example a finite element analysis, is used.

The adoption of aluminum chassis parts has
been increasing since the late 1990s. Suspension
members are also made of aluminum, and the
various structures of them are selected for the
design concept. The structure of them are a
welded
vacuum die castings and a hybrid structure of
wrought alloy parts and castings. In addition,
for links,
forgings or castings are used. Weight reduction

of the chassis parts affects not only the automo-

structure of wrought alloy parts,

arms and knuckles, aluminum

bile's weight, but is also a fuel economy advan-
tage due to a reduction in the unsprung weight,
therefore, the application of aluminum chassis
parts is expected.

3.2 Aluminum engine hoods

In Japan, the first automobile body panel
made of aluminum for mass produced cars was
the engine hood for the upper version of the
Mazda RX-7 (FC)' in 1985. In the late 1980s,
Japanese car companies adopted the aluminum
hoods, because they had to meet the emission
standards of cars according to the CAFE in the
United States. After the end of the bubble
economy, they quit using aluminum hoods,
because aluminum had the image that it was an
expensive material. Therefore, they tried using
high tensile strength steel and developing
another weight saving technique. Since the late
1990s, aluminum has been again applied to
automobile body parts based on a strict request
in order to control global warming. Currently,
automobile add-on parts made of aluminum
have been increasing.

The adoption history of the aluminum engine
hood is shown in Fig.2. In Japan, aluminum
body panels have also been adopted for high
volume series production cars, but the market
for automobile body sheet stock is about only
one-tenth of it in Europe or the United States.

In addition, 5000 series aluminum alloy
sheets, for example the Al-4.5%Mg-Cu alloys or
Al-5.5%Mg-Cu alloys, were adopted in the early
1990s in Japan, because of their formability. In
the late 1990s, Al-Si-Mg alloy sheets also became
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Njssan Fairlady Z
issap Skvline GT-R
Mazdr Roafster
Madzda Bunos [Cosmeo
Hondp NSX (Acuga NSX, all aluminjum body)
Nissan Legpard U Ferrje
Mazd4 Sentia
SuzuKi Cuppucinp
Fuii HI Subaru impreza) WRX Impreza al
Mitshbishi Lancpr Evqglutio
Toyota Supra
Toypta Cglica GT-4
Mazda Bunos|800
Fuji HI|Subatu Legacy | Legacy all
Nisspn Cedric / Gloria
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Honda $2000
Nissan Cima (Irffiniti (t45)
Toyota Soarer (Lexus $C300)
Nispan Skyline|(Infiniti G)
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Fuji HI Subaru Forester
Daihatsu Coben
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Honda Legend (A¢ura RL)
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oyota Lexnrs 1S, |

Fig.2 Adoption of aluminum engine hoods in Japan.

popular in Japan as in Europe and in North
America, because of its paint bake property and
stretcher strain marking-free property.

In Europe, the ACEA has the commitment
that a member of the ACEA should achieve a
CO: emission target of 140g/km CO: for the
average of their new cars by 2008%, and alumi-
num has been used for automobile body parts,
mainly add-on parts for some years. Engine
hoods on some segment C vehicles, for example
the Peugeot 307 from 2001, the Volvo S40 from
2003 and V50 from 2004 are made of aluminum.
On the segment B vehicles made by Renault, the
Modus from 2004 and the Clio III (the Lutecia in
Japan) from 2005, aluminum engine hoods are
used. As mentioned above in Europe, the alumi-
num engine hood is used for the less expensive
cars. The aluminum add-on parts for cars in
Europe are shown in Table 3. Either 5000 or 6000
series aluminum alloy sheets are used for the
inner panels, however, 6016 aluminum alloy
sheets are applied to the outer panels for most of
the aluminum body components in Europe. The
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recent aluminum add-on parts for cars in North
America are shown in Table 4. In the case of
North America, aluminum engine hoods were
adopted early mainly for expensive luxury cars.
Since the 1970s, the aluminization of automobile
body panels had already started. At first, 2000
series aluminum alloy sheets were also applied,
but currently the major alloy for the outer
panels is the 6111 alloy because of its anti-dent
property or 6022 alloy for its anti-filiform
corrosion property.

3.3 Aluminum add-on parts except for

a engine hood

Since the late 1990s, Japanese car companies
have been applied aluminum to body panels
other than the engine hood, for greater weight
reduction in the cars. In 2004, Honda adopted an
engine hood, a trunk lid and front fenders made
of aluminum to the Legend (Acura RL)Y, and
Nissan adopted an engine hood, a trunk lid and
doors made of aluminum to the Fuga (Infiniti
M) as shown in Fig. 3. The adoption of alumi-
num body panels except for the engine hood in
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Table3 Aluminum add-on parts of cars in Europe (except all-aluminum body cars).

Maker (Group)

Brand

Model

Hood

Others

Daimler Chrysler

Mercedes Benz

E class (W211)

O

Trunk Lid, Front Fender,
Upper Back, Room Partition

S class (W221)

Trunk Lid, Front Fender, Door,
Upper Back, Room Partition

CLS

CL class (W215)
(1999 —2006)

Roof, Door Outer, B-pillar etc.
(Door Inner : Mg die castings)

Trunk Lid, Front Fender, Roof,

SL class o Door Outer (Inner : Mg die castings)
Maybach Maybach O Door (Inner etc. : Superplastic forming)
Phaeton O Trunk Lid, Door
Volkswagen Lupo (SLTDD O | ook Do mor: M die satings)
Volkswagen Audi Touareg O
A6 (C6) O Front Fender
Audi All Road Quattro O Front Fender
QT O Front Fender, Backdoor
7 series (E65) O Front Fender
B 5 series (E60) O Front Fender, Front Structure
6 series (F63) O Front Structure, Door
74 O
911 Carera (996) O
911 Turbo (997) O Door
Porsche Boxster (987) O Trunk Lid
Cayman S (CT) O
Cayenne O
Modus O
Clio (Lutecia) TIT O
Laguna @)
Renault
Laguna Nevada O
Vel Satis O Door
Espace IV O Door
307 O
Peugeot 407 O
PSA 607 O
C4 O
Citroen Ch O
Cé O
Alfa Romeo 156 GTA O
Vectra O
Opel -
General Motors Signum O
SAAB 9-3 O
S40 O
V50 O
Volvo S60 O Trunk Lid
S80 O Trunk Lid
Ford V170 O (Back Door : Plastics)
Range Rover O Door, Front Fender
Land Rover Discovery o E{z;l; Pl?:sgeiouter), Roof, Front Fender,
Defender O Door, Roof, Front Fender, Rear Fender
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Table4 Aluminum add-on parts of cars in North America (except all-aluminum body cars).

Maker (Group)

Brand

Model

Hood

Trunk Lid

Lift Gate

Front

Fender

Others

General Motors

Chevrolet

Tahoe, Suburban

O

Venture

Malibu Maxx

Buick

Park Avenue

Le Sabre

Rendezvous

Cadillac

Seville

O

De Ville

Escalade

CTS

O

XLR

GMC

Yukon,

Yukon XL

Oldsmobile

Aurora

Silhouette

Pontiac

Bonneville

Montana

Ford

Ford

Taurus

Ranger

F150

Explorer

Expedition

Lincoln

Town Car

LS

O

Mercury

Mountaineer

Daimler Chrysler

Chrysler

Concorde

LHS

300 / 300C

Jeep

Grand Cherokee

Plymouth

Prowler

Ol0|O|O0|O0O|O|O0]O0O|O0|O0|O|O0|O0O|O|O0]0O]|0O

O

Door

Engine Food

Trunk Lid

Door

Fig.3 Aluminum body panels used on Nissan Fuga

(Infinit

i M) 12)_
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Japan is shown in Fig. 4. Recently, aluminum

front fenders, trunk lids or back doors have

tended to increase, and the situation is the same

in Europe and North America. Moreover, in

North America, aluminum is also applied to the
tail gates of pickup trucks, because the sales of
them have been recently growing. These are the

next aluminization target after engine hoods, as
it 1s more difficult to stamp these body parts
compared to engine hoods. When it is difficult to

stamp a panel for a trunk lid or a door-inner,
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Mit:Lbish' Outlindwg;

Fig.4 Adoption of aluminum automobile body panels in Japan except for engine hood.

the following techniques are also applied. The
panel is divided into two or more sections, for
example the door inner panels and trunk lid of
the Nissan Fuga (Infiniti M) and the trunk lid
of the Mercedes Benz E class (W211). The plastic
parts are combined with stamped panels, for
example the trunk lid of the Volvo S60 and S80.
The superplastic forming is also applied, for
example to the trunk lid of the Honda Legend
(Acura RL)'", and the casting panel is applied,
for example the door inner panels of the Porsche
911 turbo (997" from 2005.

In addition, extruded sections are applied to
the sash of doors, for example not only on the
Audi A8 (D2 and D3) and A2 (A0), which are
all-aluminum body cars, but also on the Audi
A3" A4 (B6)™, A6 (C5 and C6)®, and the
frames (sashes) of the doors.

3.4 Aluminum body structure parts

Aluminum application to the automobile body
structure has been increased in order to save
weight in the vehicles. For the vehicles with a

space frame structure, aluminum extruded
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sections are applied as body structure parts. The
recent all-aluminum body cars and aluminum
intensive cars made with a space frame struc-
ture are shown in Table 5. On some of the space
frame structure vehicles, for example the first
Audi A8 (D2) from 1994, high quality vacuum
die casting parts were adopted as nodes, i.e.
parts for joints'™. Vacuum die casting parts are
currently adopted as structure parts for bodies,
which are multi-functional and used to reduce
the number of parts as in the Audi A2 (A0)™ of
1999 and the A8 (D3)' of 2002. Vacuum die cast-
ing 1s one of the important production methods
for the body parts of the space frame structure.

BMW has adopted the Light Weight Alumi-
End (GRAV
reduzierte Aluminium-Vorderbau) to its 5 series
(E60)* and 6 series (E63)%" in 2003, which is a
structure made of aluminum in front of their A
pillars. The BMW 5 series' Light Weight Alumi-
num Front End is shown in Fig. 5. BMW says
that it offers more space and comfort with less

num Front der gewichts-

weight, an enhanced fuel economy and even a
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Table 5 Recent all-aluminum body cars and aluminum intensive cars.

All-aluminum body cars

Maker (Group) Brand Model Structure
Europe
A2 Space Frame
Audi
Volkswagen Audi A8 (D2, D3) Space Frame
Lamborghini Gallardo Space Frame
XJ (2002—) Monocoque
Ford Jaguar
XK (2005—) Monocoque
BMW 78 Space Frame
360 Modena Space Frame
F430 Space Frame
Ferrari
612 Scaglietti Space Frame
599 GTB Fiorano Space Frame
Morgan Aero 8 Frame
North America
Ford 2005GT Space Frame
Japan
NSX Monocoque
Honda
Insight Space Frame
Aluminum intensive cars
Maker (Group) Brand Model Structure
Europe
) ) Rear end :
Volkswagen Audi Audi TT (2006—) Space Frame
Steel components
Elise Space Frame (Outer panel : Plastics)
Lotus
Europe S (2006—) Space Frame
General Motors Opel Speedster Space Frame (Outer panel : Plastics)
) Many outer panels made
Vanquish Space Frame ) )
by superplastic forming
Ford Aston Martin Rear quarter panel :
DB9 Space Frame ) )
Superplastic forming
Vantage (2005—) Space Frame Side panels : Steel
Most of the outer panels
BMW Rolls Royce Phantom Space Frame

made of Aluminum

North America

General Motors

Chevrolet

Corvette Z06

Space Frame

Most of the panels made
of Aluminum, some parts

made of Magnesium
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better driving performance, as well as ideal axle
load distribution.

Aluminum steering members (instrument
support beams or steering hanger beams) were
adopted, for example on the Volkswagen Golf
Plus in 2004 and Fuji Heavy Industries
(Subaru) Legacy in 2003*. For the Legacy, an
aluminum extruded section, which has constant
cross-section, is used.

Side sill reinforcements made of aluminum
extruded sections were applied to the A4(B6)™2"
from 2002 and the A6 (C6)'“* from 2004 manu-
factured by Audi. The cross section of the Audi
A6's side sill reinforcement is shown in Fig. 619,
It 1s a useful method to produce the parts which
have for example

constant cross-sections,

bumper reinforcements and side sill reinforce-

Lightweight Aluminum Front End

Fig.5 Lightweight Aluminum Front End on BMW
5 series (E60)2”.

ments, etc., because a complex shape cross-
section can be made with one process.

As already mentioned, the aluminaization of
body parts, especially body structure parts, not
only replaces steel by aluminum along with the
superior properties of aluminum.

3.5 Suspension members (Subframes)

made of aluminum

Aluminum wrought alloy welding structure
suspension members were used for the rear sus-
pensions on the BMW 5 series (E39)%* in 1996
and the Mercedes Benz S class (W220)* in 1999.
BMW has been using aluminum suspension
members for their released cars since then, and
the front suspension member made of alumi-
num, as shown in Fig.7, was used in their 1
series®™ in 2004, even though it belongs to
segment C because of its front and rear weight
distribution of wheels. The same suspension
member is applied to the BMW 3 series (E90)*
from 2005. In Japan, Nissan Skyline(V35,
Infiniti G)* in 2001 was the first car to adopt a
wrought aluminum alloy welded structure
suspension member.

Suspension members made by casting are also
used because of their well-shape allowable.
Daimler Chrysler applied vacuum die castings to
the suspension members of the Mercedes Benz S

Fig. 6 Side sill reinforcement of Audi A6 (C6)™®.
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class (W220)* and the C class (W203)*" in 2000.

Volkswagen also used front suspension
members made with casting to the Golf V7" in
2004 and to their other cars. In Japan, Toyota
used the Crown's front suspension member
made by vacuum die casting in 2003*, and this
type of front suspension member was used for
the front suspension of other rear-wheel drive
cars. The Crown's front suspension member is
shown in Fig. 8*.

Suspension members are also made with a
hybrid structure of aluminum wrought alloy
parts and castings. In this case, the castings
have multi-functional parts, for example the
side members and brackets, the side members
and collars. The front and rear suspension
members of the BMW 7 series (E65)* in 2001
and the 5 series (IE60)°” in 2003, etc., were made
using this method. The rear suspension of the
BMW 5 series (E60) is shown in Fig. 9°” as an
example of the hybrid structure suspension
the
subframes, suspension members, on the Honda

Legend (Acura RL) in 2004 were made with a

member. In Japan, front and rear

hybrid structure®. The casting parts of the
hybrid structure suspension members require a
high quality to be welded. The recent use of
aluminum suspension members is shown in

Table 6.

4. New technology for automobile body
aluminization

4.1 Improvement in hem-bendability

Aluminum alloy sheets are difficult to
undergo hem bending, especially the 6000 series
alloy. Therefore, a roped hem was developed and
applied. At the roped hem, however, the appar-
ent gap 1s wider than at the flat hem. Automo-
bile designers required good hem formability for
the 6000 series alloy sheet, because of the sharp
design of vehicles.

Recently, good hem bendability 6000 series
alloy sheets, which can be bent with a 0 radius
without cracking after some stretching, were
developed with controlling microstructure as
shown in Fig. 10%7,

4.2 Superplastic forming

Superplastic forming had been only applied to

28)

Fig.8 Front suspension member on Toyota Crown™.

Fig.9 Rear suspension on BMW 5 series(E60)%7.

* Flat Hem
—_'_ H Apparent Gap
—— e N
J |
* Roped Hem .
'] Apparent Gap
Z | I 3
True Gap

Conventional Sheet Good Hem Bendability Sheet

Fig. 10 6000 series alloy sheet for automobile body
with good hem bendability.
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Table 6 Recent use of aluminum suspension members.
Maker (Group) ‘ Brand Model Front Rear Period
Europe
Lupo (8LTDD Sheet —_— 1999 —
Touran Casting —_— 2003 —
Volkswagen -
Golf V Casting —_— 2003 —
Passart Casting —_— 2005—
Volkswagen Audi A3 Casting —_— 2003 —
Audi A3 quattro Casting Sheet + Pipe+ Profile 2003 —
A6 (C5) quattro A —_— Casting + Pipe+ Profile 19972004
A8 (D3) —_— Sheet +Pipe 2002 —
Skoda Oktavia Casting —_— 2004 —
1 series Sheet+ Profile —_— 2004—
3 series (E90) Sheet +Profile —_— 2005—
5 series (E39) A Casting + Profile Sheet + Pipe 1996 —2003
BMW 5 series (E60) Casting + Profile Casting + Sheet + Pipe 2003 —
6 series (E63) Casting + Profile Casting + Sheet + Pipe 2003 —
7 series (E65) Casting +Profile Casting + Sheet + Pipe 2001 —
78 Casting + Profile Sheet + Pipe 2000—
C class (W203) Vacuum die casting — 2000—
E class (W211) —_— Sheet+ Casting 2003 —
) S class (W220) A Vacuum die casting Sheet 1999 —2005
Daimler Chrysler |Mercedes Benz -
S class (W221) —_— Sheet+ Casting 2005—
CL class (W215) Vacuum die casting Sheet 1999 — 2006
SL class Vacuum die casting Sheet+Casting 2001 —
General Motors |SAAB 9-5 o* E— 2002 —
Ford Volvo S60, S80, V70 _— Casting 1998 —
Spider _— Casting +Profile ?
Alfa Romeo 156 —_— Vacuum die casting 1997—
166 —_— Vacuum die casting 1998 —
911 (996, 997) Casting Casting 1997 —
Porsche Boxster (987) Vacuum die casting Casting 2004 —
Cayman S (C7) Vacuum die casting Casting 2005—
North America
General Motors | Chevrolet ‘ Impara Casting + Profile ? ?
Japan
Supra (A80) A Casting —_— 1993 —2002
Celsior A Casting —_— 1989—1994
Soarer (Z30) A Casting —_— 1991 —2001
Toyota - : -
Crown (S180) (+Majesta) Vacuum die casting — 2003 —
Mark X Vacuum die casting —_— 2004 —
Lexus GS Vacuum die casting —_— 2005—
NSX Casting +Sheet Casting +Sheet 1990—2005
Acura TL (North America)] Sheet+Pipe+ Profile —_— 2003 —
Honda - :
Vacuum die casting ) ) )
Legend (Acura RL) . ) Vacuum die casting+Pipe| 2004—
+ Casting +Pipe
Skyline (V35) (+coupe) Sheet +Pipe+ Profile 2001 —
Stagea (M35) Sheet + Pipe+ Profile 2001 —
Nissan Fairlady Z (Z33) Sheet + Pipe+ Profile 2002 —
Altima (L31, North America) —_— Sheet + Pipe + Profile 2001 —
Infiniti FX45 . )
. Sheet + Pipe + Profile 2003 —
(North America)
Mazda Millennia (Eunos 800) A Squeeze casting —_— 1993—?
. L Lancer Evolution _— Casting 1994 —
Mitsubishi - -
Diamante Casting —_— 1995—

* No information of production method, A Model change or Finish of production
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expensive small production cars, for example the
body panels of the Aston Martin Vanquish™ in
2001 and door inner panels of the Daimler
Chrysler Maybach* in 2002, etc., because of its
long production cycle (low productivity), but it
has a good design property. It is also being used
for high volume series production cars. General
Motors applied their new process, their Quick
Plastic Forming, to the lift gate on the Chevro-
let Malibu Maxx* in 2004. The Quick Plastic
Forming is a superplastic forming modified by
General Motors.

In Japan, the Honda S2000 is the first series
production car to use blow forming (Honda's
superplastic forming technology is called blow
forming)*”. Honda makes its removable roof, as
shown in Fig. 11", by blow forming. Blow form-
ing has two superior properties, i.e., well
designable and simultaneously forming small
parts. Regarding the well designable, Honda can
make the entire outer shape without a welding
bead. For simultaneously forming some small
parts, they form small parts in the portion to be
blanked. Based on these characteristics, Honda
has reduced the cost of the dies and production
time. Honda developed a faster blow forming
process than that applied to the S2000. They
applied the new blow forming process to the
front fenders and trunk lid on the Legend
(Acura RL)™ in 2004. In the former process,
they would heat a sheet in the die, and do blow
forming. After cooling, the formed panel is
removed from the die (the process has a heating
and cooling cycle). In the new process, the sheets

Fig. 11 Honda S2000 and its removable roof**.

are quickly heated by a pre-heating system, and
by keeping a high temperature, they continu-
ously form the panels. They use a higher pres-
sure to form the panels in the new process than
in the previous process. Honda says that the
productivity of blow forming has been improved
twelve times over the former process™. The
parts on the new Legend produced by the blow
forming are shown in Fig. 12.

4.3 Welding and joining

It is more difficult to weld aluminum alloy
sheets using resistance spot welding than steel
sheets. Therefore, mechanical fastenings, for
example clinching and self-piercing rivets, and
adhesion are used as the joining method for
aluminum sheets and extruded sections. The
following methods are new joining technologies
used for the aluminization of automobile body
parts.

4.3.1 Laser welding

Laser welding has the properties of narrow
welding beads and high welding speed because
its energy density is higher than that of arc
welding. Therefore, the strength at the heat
affected zone by laser welding is higher and heat
strain by it is lower than by arc welding.
Moreover, it has the advantage of one side only
access™. Even with these superior properties, it
was not used for aluminum body panels because
of the required expensive facilities and the strict
gauge tolerance of the welding parts. Audi used
laser welding on the A2 to join sheet metal parts
instead of resistance spot welding'. They
obtained extremely high component precision,
because they used large parts and reduced the
number of parts in the body structure. There-
fore, they adopted laser welding for the produc-
tion line. For the current A8 (D3), laser hybrid
welding, which is combines laser welding and

Front Fender Trunk Lid

Fig. 12 Aluminum body panels using superplastic forming
on Honda Legend (Acura RL)'.
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MIG welding, was adopted'.

4.3.2 Friction Stir Welding (FSW)

Friction Stir Welding (FSW) is a solid weld-
ing method of which the basic technology was
developed by TWI (The Welding Institute) in
Britain. At first, FSW was only applied to the
butt joints of thick aluminum sheets or
extruded sections. It has been mainly applied to
ships in Europe, to airplanes in North America
and to railway vehicles and architecture, for
example bridges, in Japan™. In the FSW
process, a high speed rotating pin is put in the
materials and moved, and while stirring, the
materials are welded together. Recently, the
FSW technique has been applied to thin sheet
welding and the spot welding of lap joints
(called Friction Stir Spot Welding or FSSW).
The joining time of FSSW is about 1 second per
spot. The static strength and fatigue strength of
a lap joint welded by FSSW is higher than that
formed by resistance spot welding. Photographs
of the appearance and cross section at a lap joint
of 6000 series alloy sheets welded by FSSW are
shown in Fig.13. Mazda uses this joining
method on the RX-8 engine hood and rear doors
0 In a report from Mazda, the investment for
the FSSW facilities was lower than that for
resistance spot welding, and the running cost of
welding can be reduced, because electric power
sources with a high capacity are not necessary.
Mazda applies this method to the lap joints of
aluminum sheets and steel sheets on the
Roadster's (MX-5's) trunk lid in 2005®. Nowa-
days, FSSW of lap joints without holes and flash
has been developed as shown in Fig. 14,

Application of FSW to Tailor Welded Blanks
has also been tried. A tailored blank made by
FSW has better formability than that welded
with a laser beam, because the welding beads by
FSW have fewer blow holes than by the laser

— Appearance

Cross section

Fig. 13 Friction Stir Spot Welding joint (6000 series
alloy sheets for automobile body).
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beam™.

4.3.3 Adhesion

Adhesion is mostly applied with other joiner
for joining the structural parts on an automo-
bile body, because the long term stability of its
joints 1s unknown. It is applied with self-
plercing rivets to the body structure of current
vehicles, for example the Jaguar XJ in 2003 and
XK in 2005°”, and the BMW 5 series (E60)% in
2003. Adhesion is used to join dissimilar parts of
aluminum and steel sheets on the BMW 5 series'
body, in order to protect against galvanic corro-
sion due to electric insulating property of the
adhesive®.

4.4 Fitting joint of extruded sections

Many side boards for commercial vehicles are
made from two or more extruded sections that
are fitted together. The deformed sections only
have to be exchanged when the side boards are
fractured, because the shape of the cross section
1s well designed. An example of a fitting joint is
shown in Fig. 15.

Appearance

&

Fig. 14 Friction Stir Spot Welding joint without hole and flash
)49)_

(6000 series alloy sheets for automobile body

.-

Combination Hinge

Fig. 15 Example of fitting system on aluminum side board
for commercial vehicle made of extruded sections.
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Extruded sections

A8 (D2)
7 parts, Weight 5554kg

A8 (D3)

Made of sheets by stamping

Made by vacuum die casting

Made of sheets
by stamping

4 parts, Weight 3742kg

Fig. 16 Example of Audi A8 (D3) large casting parts (Cast radiator tank)!?.

4.5 Application of castings to automobile
body parts

Improvement of the vacuum die casting tech-
nology has made it possible to produce high
quality thin wall castings with a high ductility.
These types of castings can be heat-treated and
welded. Therefore, vacuum die castings were
adopted as the nodes (parts for joints) for the
space frame structure of the predecessor Audi
A8 (D2) in 1994, In addition, on the Audi A2*®
and the current A8 (D3) castings are also
applied to large elements,
example the A pillar and B pillar. The character-
istic thin wall and well-shaped allowable offers a
large multi-functional element integrated two
or more parts. Both the number of parts and
weight are reduced by the vacuum die casting

structural for

technique. As an example of a large multi-
functional element on the current A8, the cast
radiator tank (the front module) is shown in
Fig. 16, compared with the same parts from the
previous model”. Vacuum die castings are also
applied to the parts on an automobile body
except for the all-aluminum body vehicles, for
example the spring supports on the BMW 5
series (E60)* and the door inner panel on the
Porsche 911 Turbo (997)" in 2005.

4.6 Recycling technology

The disposal of End of Life Vehicles (ELVs)

142

has become one of the serious social problems
because of automobile shredder residues and the
disposal of illegally abandoned vehicles, etc.
Therefore, an automobile recycling system is
required for environmental protection and
With the expected
growth of aluminum applications in cars, the

resource conservation.
amount of aluminum scrap recovered from
ELVs will also significantly grow in the future.
Aluminum has a superior property for
recycling. In the present recycle system of
aluminum vehicle parts, however, both wrought
aluminum parts and aluminum cast parts are
recycled into secondary aluminum, and used as
casting parts for new vehicles. The expansion of
aluminum application for body panels has
caused an increase in the amount of aluminum
scrap recovered from ELVs, and the amount of
the aluminum scrap will be over-supplied versus
the demand of casting alloy use. Therefore,
recycling wrought aluminum into wrought
(Body to Body recycling
system) should be considered in the future. The
Body to Body recycling has a problem that the
iron content of the scrap alloy may rise above

aluminum parts

unacceptable levels, because of iron pick-up from
steel parts such as a hinge and a lock. The excess
iron forms intermetallic compounds with other
alloying elements. These compounds reduce the
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mechanical properties and fracture behavior of
the alloys. Therefore, a wrought aluminum
recycling technique was developed by using
Twin Roll Casting (TRC) as a study supported
in part by a grant for the Expansion of Iron
Impurity Allowable in Recycling Aluminum
Alloy for Auto Body Sheet provided by the New
Energy and Industrial Technology Development
Organization in Japan (NEDO). The recycling
of aluminum body sheets was experimentally
developed because the rapid cooling rate by TRC
makes any intermetallic compounds fine and
well-distributed, though there are still some
problems for production. For further details,
the following references can be reviewed®*?.

5. Conclusion

The recent weight reduction trend in automo-
bile body parts made of aluminum is reviewed.
Environmental protection has been promoting
the weight reduction of vehicles. The current
requirement of driving performance, for exam-
ple driving stability, is also an important factor.
In this case, no!t only vehicle weight is reduced
but also a vehicle's center of gravity, the reduc-
tion of its unsprung weight, the weight distribu-
tion of vehicle's front and rear, etc. are consid-
ered. The application of aluminum to automo-
bile body parts has rapidly improved, and the
aluminum industries have made significant
efforts to stably supply aluminum stock for
automobiles. Moreover many aluminum applica-
tion technologies for automobile body parts
have been developed.

Aluminum use in automobiles first occurred
in Europe and North America, however, in
Japan, it has also certainly improved. In order
to promote more aluminum use in automobiles,
the development of not only materials but also
processing technologies is required.
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