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Influence of Complex Additions of Bismuth and
Tin on Machinability of 60 mass% Cu-Zn Alloy

Tetsuya Ando, Tetsuro Atsumi, Yoshihiro Yoshikawa,
Toshiharu Mochizuki and Katsuaki Nakamura

The machinability of Cu-Zn-Sn-Bi alloy was investigated by considering an influence of metal-
lurgical structure of this alloy under heat treatment and of cutting speed. In the case of air cooling
after hot extrusion, the metallurgical structure of material consisted in the a and the 7y phases,
and bismuth existed as a single phase. Machinability of air cooled material was very poor com-
pared to leaded free-cutting brass. While in the case of water quenching after heating at adequate
temperature, the 7 phase in the material structure disappeared and the S phase and the eutectic
phase of tin and bismuth were formed. Machinability of water quenched material was remarkably
improved in comparison with air cooled one as the same composition. A proper heat treatment
made particles of Bi-Sn eutectic phase, which had a low melting point and were finely dispersed.
These particles played a roll as chip breakers on machining. So a high cutting speed which heated
cut materials made a good machinability. It was found that an addition of a small amount of bis-
muth into Cu-Zn-Sn alloy exhibited good machinability because the Sn-Bi eutectic phase about

twice as bismuth content was formed.

3O o 7 H IR R EE A L < BRI S hB D o & &
1. # 150, RIS >\ T b 088 0 i H A3

a+ B HELTH B 60,40 HIIZEE TR L 72 5% AXNTVE, COXS SHEHEORAOT, BBk
&, BREIME BN 2B S L TRIS T VWS, O NDEHEN S AR L 75 2 KIS B D A 15 59,
PRENE, BENED B 75 53, BT RS %< ofh 275 5 7 b ORTEHIHEA S N5 BRI [

i

rHREE B LTV B T EhD, KSR, /U7, BHESIC S, WHEAES OV T ) — oHEk
sz 1 PR & OB IR AHI ATV 5, BRDOEN TV B,
Lo LBEAS, FEOMRAEEES X OB DB eI PHEEE L TVWE BN S, i
OEEVMS, MRCAEZEL SN >V TlE, FIZ A7 ANCHE EMA o B R v AEHAETAER 7 ) — B
LTSN TVS, LOLBAS, BALZIIBL
* R U4, Vol.44 (2005) 1< EHEHLRE THHORBELTOE R ZDHHAHEES N TE
L DY, T OTRLOMELEHS T 5, 2Ok
s FHEARMAGHTE =E 2w A[EBRERSESETH D, ARMNICbER R &
ceees I —MREREBIRE HE R UEE 2 & OIS & 2 #HITE Ot o )
wrwrs JUNRFEL —HF = v KRS HHEMZEIT WHIfFE N3, 772 L, Cu-Zn &I 2 X 2R



2 T K & &

B & & 2005

mUzGEiclE, ARXBEMTHEET 22 &35, Bl
HBVE v HERET 3, D10, KETF Y 77 L —
#1ELTORBERFES NIV,

|7 =T ILEEYPH T ) —RAKLTIE, EXT
ZBHEMTEEL TV EDOTIREL, 2R EDOKREL:
ML LTHEEL TV, AT, CobEx<RE
A ZPHERBIUGIC X D (KRS &eE Eld 5 2 L IEH
L, CuZn GEOWHIMEICKEFTERTRERZDOH
BRI RISV THHE LR AHE T 2,

2. A B A/ &

60%Cu-Zn 642 ~N—2 L L, 1.0~20%D 2 X155
TIT 0.3~2.0% D £ 2 < 2 &R U 72 8550 % 5 8 i s i
JRIC K DAEBLL 7o, aEBRER, $RHY LIRAE 600°C, L
20 TR L 2B 2w, I LBIEZES L,
X ST LM A 450~600°C TEVILEE, 7KL, fH
L2t B & OCBJLEUK G # % Table 1 1283 4:FIC &
D VI DM % 5 75 - foo VIHIME DR A E LT
13, Yl < FRUEME O, VIEIEKHUE 2 & e K
M SRIEZE B 73 - 7o, UIHHETTAIE 1213, Kistler &
=WITE JE Type 9257A %, KM < #lE i d
Mitsutoyo B =JOrTIRMIE RS SV-C500 %/ L 72,

3. H B # R

3.1 BMEBEORE

60%Cu-Zn-2.0%Sn-0~2.0%Bi & 4 O i i L 22544
BLUB0CKIEHM DU < 344 % Fig. 1 1T/Rd,
HLEGM TR, EX< 288D 20% D50 A1)
D < FEBHIC S i, — KIS OEEICE, ©
22 2% 03% LI EEET AT LTk < MM
EY, EXHE 2D ER T RERMOESGDAT
Hot,

60%Cu-Zn-1.0~2.0%Sn-0.5%Bi &4 D H L 2544
5 KB oD { FAELE Fig. 2 1TRd, V0T

Table1 Cutting test conditions of materials.

Cutting mode Cylindrical turning

Tool type TPGN160304

Holder type CTGPR2525H3

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

Tool material K10

Cutting speed 151m/min.

Feed rate 0.05mm /rev.
Depth of cut 1.0mm
Lubricant none
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as extruded as water quenched

from 550°C

Fig.1 Influence of Bi content and heat treatment on shape
of cutting chips.
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Fig. 2 Influence of heat treatment on shape of cutting chips.
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Fig.3 Influence of heat treatment on cutting forces of
test materials. Dotted bars represent metallur-
gical structure with gamma phase, and blank
bars represent it without gamma phase.
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Fig.4 Influence of heat treatment on surface roughness of test
materials. Dotted bars represent metallurgical structure
with gamma phase, and blank bars represent it without
gamma phase.
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cutting speed

Fig.5 Influence of cutting speed and tool materials on shape
of cutting chips of a 60%Cu-Zn-2.0%Sn-0.5%Bi alloy.
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Fig. 6 Influence of quenching temperature on mechanical
properties of a 60%Cu-Zn-1.5%Sn-0.5%Bi alloy.

Fig.7 Metallurgical structures of 60%Cu-Zn-1.5%Sn-0.5%Bi
alloys water quenched from 450°C and 500°C.
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Fig.9 Metallurgical structure of a cross section of a cutting
chip of a 60%Cu-Zn-2.0%Sn-0.5%Bi alloy.
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TECHNICAL PAPER

Effect of Hydrogen Gas on the Thermal Behavior
of Lubricant Oil Remaining in Copper Tubes
during Annealing”

Tetsuro Atsumi* *, Hiroyuki Morita

* % % * ok ok k

and Shizuo Miyoshi

In order to prevent the pitting corrosion in soft copper plumbing tubes in well water, it has been

required to reduce the carbon film on the inner surface of the tubes. On the other hand, for air-

conditioning and refrigerator copper tubes, it is further required to reduce the residual oil on the

inside surface, which would lead to some troubles in the refrigerating cycle and insufficient braz-

ing of the copper tubes during manufacturing. The carbon film and residual oil were recognized to

be formed during annealing by the thermal decomposition of lubricant oil which remained on the

inside surface of the copper tube after drawing and/or inner grooving. It is recognized that hydro-

gen plays an important role in the thermal decomposition of the lubricant oil. The carbon film and

residual oil are expected to be reduced by annealing the copper tubes in which the atmosphere was

replaced with hydrogen. Typical lubricant oils were pyrolyzed with nitrogen or hydrogen in order

to investigate the effect of the atmosphere on the thermal decomposition and the thermal behavior

of the lubricant oils was discussed. It was proved that annealing the copper tube in which atmo-

sphere was replaced with hydrogen was effective for decreasing both the carbon film and residual

oil during actual production.

1. Introduction

Recently, in Japan, the pitting corrosion in
soft copper tubes, which is similar to type I pit-
ting corrosion”, has been experienced in the cold
water and once-through hot water service
system, especially when using well water?. The
pitting corrosion tendency in well water in-
creased when the carbon film remained on the
inner surface of tube similar to the type I pitting
corrosion”. As in the case of the type I pitting
corrosion, it is required to reduce the carbon
film inside the soft copper plumbing tube to pre-
vent pitting corrosion in well water®.

On the other hand, for air-conditioning and
refrigerator (ACR) copper tubes, it is further
required to reduce the residual oil on the inside
surface, which would lead to some troubles in
the refrigerating cycle and insufficient brazing

* Main part was presented at IWCC Technical Seminar
held at Basel, Swiss in 19th Oct., 2004.

* % R&D Center, No.4 Department

«+x  Copper Works, Technology Department

«#x+ R&D Center, No.3 Department

of the copper tubes during the manufacturing of
cross-finned-type heat exchangers. In the for-
mer case, the polluting of the refrigerating cycle
by residual oil from the copper tubes would
cause blocking of the capillary tube and/or ex-
pansion valve leading to cessation of the refrig-
erating cycle. These problems arise with a shift
to an alternative refrigerant, such as HFCs
(Hydro Fluoro Carbons), and the phase-out of
degreasing copper tubes using chloro-organic
agents from the view point of environmental
protection.

Both soft copper plumbing tubes and ACR
copper tubes are generally manufactured by the
drawing and/or inner grooving, level winding to
coil (LWC) and final annealing, and then deliv-
ered.

The carbon film is recognized to be formed
during annealing by the thermal decomposition
of the lubricant oil which remained on the inner
surface of the copper tube after drawing?.
Generally, the thermal decomposition of hydro-
carbons, which are constituents of the lubricant
oil, 1s a free radical chain reaction with the
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elimination of hydrogen®~*. As it has been rec-
ognized that hydrogen plays an important role
in the thermal decomposition of the lubricant
oil, the carbon film was expected to be reduced
by annealing the copper tubes in which atmo-
sphere was replaced with hydrogen.

For reducing the residual oil in the ACR cop-
per tube, a few methods such as purging an in-
ert gas into the LWCs” and/or evacuating the
LWCs during annealing have been developed and
used in actual production, in which the gaseous
evaporated and/or decomposed from lubricant
oil were exhausted. However, with these meth-
ods, increasing the production cost depending on
not only the investment for an annealing fur-
nace involving the reconstruction of the conven-
tional one but also a decrease in the annealing
efficiency could not avoided. Similar to the car-
bon film, the residual oil was expected to be re-
duced by annealing the LWC copper tube in
which the atmosphere was replaced with hydro-
gen using a conventional furnace.

In this paper, typical lubricant oils for draw-
ing and inner grooving were pyrolyzed in nitro-
gen or hydrogen in order to investigate the ef-
fect of the atmosphere on the thermal decompo-
sition and to discuss the thermal decomposition
behavior of the lubricant oil during annealing of
the copper tube'” V. Furthermore, the effect of
atmosphere replaced with hydrogen to decrease
both the carbon film and the residual oil by an-
nealing the copper tube during actual produc-
tion was described.

2. Experimental

2.1 Lubricant oils

Four kinds of lubricant oils for drawing and
inner grooving were investigated. The charac-
teristics of these oils are listed in Table 1. For
the grooving lubricant oils, lubricant GA and
commercial polybutene PA, which is the main
component of lubricant GA, were selected.

2.2 Pyrolysis of lubricant oils

Pyrolysis (Py) of the lubricant oils was car-
ried out, and the decomposed products were
identified using gas chromatography (GC) /
mass spectrometry (MS) equipment, and GC
equipment. The pyrolyzer equipment was a
PYR-1A from the Shimadzu Co., in which the

Table 1 The properties of the lubricant oils investigated.

Drawing lubricant Grooving lubricant

Ttem
DA DB PA*! GA

Viscosity 2t 40 deg. C 500 20 9600 980

(107°m’ ™) a4 100 deg. C 40 7 - 60
Ash (mass%) 0.06 <0.01 <0.01 <0.01
Chemical Polybutenes 60-70 20 100 5
composition Esters 10 75 — 25
(mass%)

Paraffins, etc.  20-30 5 — —

PA*! : Commercial polybutene, average molecular weight ; 970.

atmosphere could be both nitrogen and hydro-
gen. The condition of the thermal decomposition
was 30 and/or 60 seconds at 600 deg. C. This du-
ration was longer than the ordinary pyrolysis
of hydrocarbons because it was used to investi-
gate the secondary reactions of the primary
products. The thermally decomposed products
were analyzed by Py-GC/MS (Shimadzu GC/
MS-QP-1000EX) and GC (Shimadzu GC-14B).

2.3 Thermal decomposition test of

lubricant oils in closed copper tube

2.3.1 Drawing lubricant oils

Each lubricant DA and DB was injected into a
tube having the dimensions of 15.88mm OD,
0.7mm thick, and 1.0m long. These copper
plumbing tubes were fully decreased on the in-
ner surface with solvent before. The tubes, in
which atmosphere was replaced with nitrogen
and/or hydrogen, were then tightly sealed by
stamping both tube ends to prevent any evapo-
rating products from escaping and annealed for
20 minutes at approximately 520°C. After an-
nealing, the residual oils in the tubes were col-
lected using carbon tetrachloride, and carbon
films formed on the inner surface of the tubes
were separated with a nitric acid solution and
measured by coulometric analysis. In this test,
the decomposition condition was more severe
than that of annealing during actual production.

2.3.2 Grooving lubricant oils

Lubricant GA was injected into the 4mm OD,
0.5mm thick and 6m long copper tubes for ACR
after fully decreasing inner surface with sol-
vent. After replacement of the atmosphere in the
tubes with hydrogen and sealing the tubes
tightly at both tube ends by stamping, the tubes
were annealed for 30 minutes at several tem-
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peratures from 400 to 580 deg. C. After cooling
the tubes, the residual oils were collected using
solvents, the quantities of the residual oils were
measured and the infrared spectra of them were
measured using an FT-IR 1725X from Perkin-
Elmer Co. In addition, the gaseous contents in
the annealed tubes were analyzed by gas chro-
matography using a Hewllet-Packard Co. HP
5890 and Shimadzu Co. GC14-B. For this test,
the evaporating products and gaseous compo-
nents were restricted from escaping from the
tubes the same as in the test for the drawing lu-
bricant oil. Therefore, the residual oil ratio (%)
was 1dentified in the evaluation parameter in the
equation [(Collected oil weight/Injected oil
weight) X 100] separate from the residual oil in
actual production.

3. Results

3.1 Pyrolysis of lubricant oils

The total ion chromatogram of the decomposi-
tion products from both lubricants DA and DB
for each atmosphere of nitrogen and hydrogen
are shown in Fig. 1. In the nitrogen atmosphere,
the main components of thermal decomposition
products for both lubricant oils were chain hy-
drocarbons with carbon numbers less than 5. In
addition, aromatic compounds such as benzene
and toluene were detected. On the contrary, in
the hydrogen atmosphere, thermal decomposi-
tion products from both lubricants DA and DB

4.0 -
Lubricant DA

= 35 C,~C, Chain hydrocarbons
5
g 30 Cs Chain hydrocarbon
S 25 |
=
§2.0 ;J. Benzene H,
= 1.5 F N
2
® 1.0
(e}
'—.

0.5

0.0

3 4
Retention time (min)

Total ion intensity (arb. unit)

were mainly chain hydrocarbons with the car-
bon numbers less than 5 and the aromatic com-
pounds decreased compared with that in the ni-
trogen atmosphere.

Fig. 2 shows the gas chromatogram of the
chain hydrocarbons with carbon numbers less
than 4, decomposed from both lubricant oils in
each atmosphere. The main decomposed product
from lubricant DA in each atmosphere was
isobutylene which is the monomer of the com-
mercial polybutene. When comparing the de-
composition products in each atmosphere, un-
saturated hydrocarbons such as isobutylene and
propylene were mainly produced in the nitrogen
atmosphere.

On the contrary, in the hydrogen atmosphere,
saturated hydrocarbons such as methane, eth-
ane and propane, especially low molecular
weight ethane and methane, were extensively
produced. This tendency of producing the de-
composition products from lubricant DB was
similar to those for lubricant DA.

Fig. 3 shows the total ion chromatogram and
Fig. 4 shows the gas chromatogram of chain hy-
drocarbons with carbon numbers less than 4 for
the decomposition products from polybutene PA
in each atmosphere of nitrogen and hydrogen,
respectively. In the nitrogen atmosphere, un-
saturated hydrocarbons such as isobutylene
were mainly produced and many aromatic com-
pounds such as benzene and toluene were de-
tected. On the contrary, in the hydrogen atmo-

4.0 -

Lubricant DB
35 C,~C, Chain hydrocarbons
30 r C; Chain hydrocarbon
25

Benzene
2.0
H,
1.5 Toluene
1.0
0.5 Xylene
0.0 1 1 1 [1
1 2 3 4 5 6

Retention time (min)

Fig.1 Total ion chromatograms for the organic compounds from the thermal decomposition of lubricant
DA and DB in nitrogen atmosphere (bottom) and in hydrogen atmosphere (top).
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Fig.2 Gas chromatograms for the organic compounds of low molecular weight from the thermal decomposition of
lubricant DA and DB in nitrogen atmosphere (bottom) and in hydrogen atmosphere (top).
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Fig.3 Total ion chromatograms for the organic compounds
from the thermal decomposition of polybutene PA in
nitrogen (bottom) and in hydrogen (top).

sphere, the thermal decomposition products
from polybutene PA were mainly chain hydro-
carbons with carbon numbers less than 5 and
the aromatic compounds relatively decreased
compared to that in the nitrogen atmosphere.
To compare each quantity of the chain com-
pounds and aromatic compounds decomposed
from each DA and DB lubricant in both atmo-
spheres, the relative peak areas of each com-
pound identified in Figs 1 and 2 were measured.
These results are shown in Fig. 5. In the nitro-
gen atmosphere, the aromatic compounds were
produced more than the chain compounds. On

100
Methane
Isobutylene
= (Isobutane)
c
o }
g Ethylene
> Ethane
2
[} H
g L t 2
o
L
Propylene
|‘ Propang g N,
0 — 1 1 1
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Fig.4 Gas chromatograms for the organic compounds of low
molecular weight from the thermal decomposition of
polybutene PA in nitrogen (bottom) and in hydrogen
(top).

Lubricant -atmosphere

0 20 40 60 80
Relative peak area (%)

Fig.5 The relative peak area of the chain and aromatic
compounds identified in the chromatograms.
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the contrary, in the hydrogen atmosphere, the
chain compounds were produced more than the
aromatic compounds. Based on these results, it
was suggested that the decomposition products
in the hydrogen atmosphere became saturated
and decomposed to lower molecular weights, and
the production of aromatic compounds de-
creased.

3.2 Thermal decomposition test of

lubricant oils in copper tube

3.2.1 Drawing lubricant oils

A comparison of the carbon film quantity
formed during the decomposition test of each
DA and DB lubricant in the copper tubes in
which the atmosphere was replaced with both
nitrogen and hydrogen is shown in Fig. 6. The
carbon film decomposed from both lubricant oils
in the hydrogen atmosphere decreased compared
with those in the nitrogen atmosphere. It was
revealed that annealing the copper tube in an at-
mosphere was replaced with hydrogen was effec-
tive for decreasing the carbon film formation.

3.2.2 Grooving lubricant oils

Fig. 7 shows the relationship between the re-
sidual oil ratio and annealing temperature at
the thermal decomposition test of lubricant GA
in the copper tubes, in which atmosphere was re-
placed with hydrogen. Although the residual oil
ratio at 400 deg. C was high at 16%, its value de-
creased to less than 5 % as the annealing tem-
perature was raised.

Fig. 8 shows the FT-IR spectra for lubricant
GA and residual oils produced by the thermal
decomposition test of lubricant GA in the copper
tubes, in which atmosphere was replaced with
hydrogen, at several temperatures. In the spec-
tra of the residual oil produced at 400 deg. C, the
transmittance band at 3000 to 2800cm ™' corre-
sponding to the C-H bond slightly decreased in
contrast with that near 1740cm ™ corresponding
to the C=O0 bond in an ester. With this change
in the spectra, thermal decomposition of any
part of lubricant GA was presumed to occur. In
the spectra of the residual oil produced at 460
deg. C, the transmittance band corresponding to
the C=0O bond in the ester changed and the
transmittance peak corresponding to the O-H
bond appeared. With this change in spectra,
some ester in lubricant GA was presumed to
thermally decompose. In the spectra of the
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decomposition test of lubricant GA in the copper
tube in which atmosphere replaced with hydrogen
treated at different temperature for 30min.
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produced at 520 deg. C, the
transmittance corresponding to the C-H bond
decreased and the transmittance corresponding
to the C=0O bond disappeared. With these
changes, polybutene and an ester were presumed
to fully decompose. In addition, it was presumed
that aromatic compounds are produced during

residual o1l

the thermal decomposition at 520 deg. C due to
the appearance of the transmittance at 800 and
3000cm ! corresponding to the =C-H bond and
that at 1600cm ' corresponding to the C=C
bond in benzene. In the spectra of the residual oil
produced at 580 deg. C, the transmittance band
corresponding to the =C-H bond became strong,
which represents an increase in the polycyclic
aromatic compounds. Otherwise, it was pre-
sumed that the chain hydrocarbons decreased as
the transmittance at 3000 to 2800cm '

sponding to the C-H band decreased.

corre-

The gaseous components produced by the
thermal decomposition test of lubricant GA are
shown in Fig. 9. At 400 deg. C, it was presumed
that the thermal decomposition was insufficient
as a lot of hydrogen gas remained and the pro-
duced gas volume was low. At 460 deg. C, the
chain compounds with low molecular weight in
which main component was isobutylene in-
creased, and the volume of hydrogen decreased.
At 520 deg. C, the volumes of methane, ethane
and propane increased, and that of isobutylene
slightly decreased. On the contrary, the volumes

S
= 400 \\\k\\\\\\\yl

Isobutylen (Isobutane)

Fig.9 Effect of temperature on the gaseous components
produced by the thermal decomposition test of
lubricant GA in the copper tube, in which

atmosphere was replaced with hydrogen, at

different temperature for 30 min.
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of hydrogen significantly decreased. From these
analyses, it was presumed that the decomposi-
tion reaction related to hydrogen proceed at 520
deg. C but not sufficiently at 460 deg. C. At 580
deg. C, the volume of hydrogen significantly de-
creased and that of methane significantly in-
creased. It was clear that the saturation and de-
composition into lower-molecular-weight com-
pounds, which means vaporization, proceeded in
relation to the hydrogen.

4. Discussion

The thermal decomposition behavior of the lu-
bricant oils in both the nitrogen and hydrogen
atmospheres was determined from the identifi-
cation of the decomposed products obtained
from the decomposition test.

4.1 Main decomposition reaction of

lubricant oil

The thermal decompositions of the lubricant
oils in both atmospheres proceed by a free radi-

9~% a5 the main reaction.

cal chain reaction’
In the nitrogen atmosphere,

chain compounds, especially isobutylene, which

unsaturated

is a monomer of commercial polybutene, were
produced as principle component. Furthermore,
it was presumed that a lot of unsaturated chain
compounds were formed in the nitrogen atmo-
sphere through the production of chain com-
pounds (olefin) with several carbon lengths by
random cracking of the main chain in the com-
mercial polybutene.

While in the hydrogen atmosphere, it was rec-
ognized that a lot of low-molecular-weight and
saturated chain compounds were produced, thus
it was presumed that the reaction promoting the
saturated and lower-molecular-weight products,
which means vaporization, proceeded at the
same time as the free radical chain reaction as
the main reaction.

4.2 Side reaction during decomposition

of lubricant oil

As shown in Fig. 5, with a nitrogen atmo-
sphere, it was suggested that the reaction such
as the cyclic dehydrogenation reaction in which
monoaromatic compounds such as toluene and
xylene were produced, proceeded because many
aromatic compounds were formed.
the decomposed

In comparison, thermal
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compounds with a hydrogen atmosphere to
those with a nitrogen atmosphere, there were
fewer aromatic compounds and more chain com-
pounds, and the reaction promoting saturated
lower-molecular-weight products further oc-
curred. It was presumed from this phenomenon
that hydrogenation reactions such as hydro-
dealkylation and hydrogenolysis occurred®.
Namely, it was also presumed that both toluene
and xylene were reduced by the decomposition of
the monoaromatic compounds (alkylbenzene)
into low-molecular-weight chain compounds
(methane, etc.) and benzene through a hydro-
dealkylation reaction” along with a depression
in the cyclic dehydrogenation reaction. More-
over, as for the decomposition with hydrogen at-
mosphere, it was considered that the production
of both methane and ethane increased with the
reaction promoting the saturated and lower-
molecular-weight products in the thermal de-
composition through a simultaneous process
both for the main free radical chain reaction and
hydrogenolysis reaction®.

In brief, it was considered that the decomposi-
tion reaction with hydrogenation proceeded in
the hydrogen atmosphere, while a polymeriza-
tion reaction with dehydrogenation proceeded in
the nitrogen atmosphere.

4.3 Process of carbon film formation

The characteristics of the residual oil pro-
duced by the thermal decomposition test in the
copper tube with a nitrogen atmosphere were in-
vestigated in order to discuss the characteristics
of the compounds formed by the polymerization
reaction which easily proceeded in a nitrogen at-
mosphere. Infrared spectra for both the residual
oil produced from the thermal decomposition
test of lubricant DA in the copper tube with the
nitrogen atmosphere and lubricant DA itself are
shown in Fig. 10. The difference in the infrared
spectra showed that the residual oil produced
from the thermal decomposition test of lubri-
cant DA has changed and formed different com-
ponents compared to lubricant DA. A strong
transmittance band near at 2800 to 3000cm !
corresponding to the -C-H bond showed the
characteristics of commercial polybutene as the
principle component of lubricant DA. The
transmittance corresponding to the -C-H bond
of the residual oil was weak while that near
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Fig.10 FT-IR spectra for lubricant DA (top) and for
residual oil (bottom) produced from the
thermal decomposition test of lubricant GA in
the copper tube in which atmosphere was
replaced with nitrogen.

800cm™ corresponding to the =C-H bond was ex-
tremely strong. The spectra of the residual oil
showed that there were relatively few chain
compounds and more compounds having multi-
ple bonds such as condensed polycyclic aromatic
hydrocarbons. These condensed polycyclic aro-
matic hydrocarbons have the characteristics of
easily forming a carbon film by dehydrogena-
tion”. The same results were obtained from the
residual oil produced from the thermal decompo-
sition test of lubricant DB. Therefore, the proc-
ess of carbon film formation was considered as
follows : Monoaromatic hydrocarbons, which
were produced from the thermal decomposition
of the lubricant oils, were changed into con-
densed polycyclic aromatic hydrocarbons, and
then the carbon film was produced through a de-
hydrogenation reaction of the condensed poly-
cyclic aromatic hydrocarbons.

4.4 Thermal decomposition behavior of
lubricant oil during annealing
copper tube

The thermal decomposition behavior of the lu-

bricant oil in both the nitrogen and hydrogen
atmospheres was suggested as shown in
Fig. 112" The inner lubricant oil for the cop-
per tube, which has commercial polybutene as
the principle component, was thermally decom-
posed by heating during annealing, and the
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chain hydrocarbons, such as isobutylene (mono-
mer) were produced as the primary thermal de-
composed products®.

With the nitrogen atmosphere, unsaturated
hydrocarbons having a high reactivity were pro-
duced by the main free radical chain reaction.
Through a long period of heating, long chain
hydrocarbons were produced by polymerization
with the primary thermal decomposed products,
while the secondary reaction occurred and re-
sulted in the formation of polycyclic aromatic
hydrocarbons followed by both the cyclic dehy-
drogenation reaction and condensation reaction
as side reactions®. These products would become
the components of the residual oil, and produce
the carbon film after a further dehydrogenation
reaction.

On the contrary, with the hydrogen atmo-
sphere, the primary thermally decomposed
products, such as isobutylene, were decomposed
into low-molecular-weight hydrocarbons such
as methane, ethane, and propane through a
hydrogenolysis reaction and a hydrogenation
reaction. The secondary reaction such as the cy-
clic dehydrogenation reaction and condensation
reaction were depressed with the increase in the
volatile components having a low reactivity.

(Free radical chain reaction)

Polycyclic aromatic
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Thermal decomposition of lubricant oils with hydrogen atmosphere and nitrogen atmosphere.

Thus the formation of relatively higher molecu-
lar weight products, which would become the
components of residual oil, was reduced. Addi-
tionally, the production of the carbon film be-
comes difficult because the dehydrogenation re-
action tended to be depressed by the hydrogena-
tion reaction'”.

It was considered from the reason mentioned
above that the production of both the residual
oil and carbon film was reduced by annealing
the LWC copper tube in which the atmosphere
was replaced with hydrogen.

4.5 Effect of temperature on the thermal
decomposition behavior of lubricant
oil

The effect of the heating temperature on the
thermal decomposition behavior of the lubricant
oil during annealing of the copper tubes in
which atmosphere was replaced with hydrogen
was discussed . As shown in Figs. 7 to 9, at the
temperature of 400 to 460 deg. C, the thermal de-
composition was insufficient, thus the quantity
of residual oil was high due to the remaining
long chain hydrocarbons. At the temperature of
520 deg. C, the production of residual oil was re-
duced because a lot of volatile thermally decom-
posed components having a low reactivity were
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produced by the thermal decomposition reac-
tion, the hydrogenolysis reaction and the hydro-
genation reaction. At the high temperature of
580 degree C, the reaction promoting saturated
and lower-molecular-weight compounds from
the thermal decomposed products progressed be-
cause both the hydrogenolysis and hydrogena-
tion reactions significantly occurred. Neverthe-
less, if the quantity of hydrogen would be low,
polycyclic aromatic hydrocarbons would be pro-
duced with both the cyclic dehydrogenation re-
action and condensation. Therefore, annealing
at an adequate temperature under replacing in-
side atmosphere of the tube with hydrogen
should be needed so as to reduce the residual oil.

5. Application for actual production

5.1 Soft copper plumbing tube

The effect of reducing the carbon film by an-
nealing under replacing inside atmosphere of
the tube with hydrogen was investigated for the
actual production for several different sized
LWC copper tubes drawn using lubricant DA.
The results compared with the conventional an-
nealing under replacing inside atmosphere of
the tube with nitrogen are shown in Fig. 12. The
common conditions for annealing LWCs in an
actual production for the roller hearth type fur-
nace were applied.

The quantity of the carbon film in the coil in
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[ O With Hydrogen
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>
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C
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Fig. 12 The distribution of carbon in the LWC tubes in which
atmosphere was replaced with both nitrogen and
hydrogen in the actual production.
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which atmosphere was replaced with nitrogen
was 0.06~0.1mg/dm? while that in the coil in
which atmosphere was replaced with hydrogen
was stable at the low level of 0.03~0.04mg/dm®.
The quantity of the carbon film inside the tube
should be less than 0.05mg/dm’ to prevent pit-
ting corrosion in the soft copper tube in well wa-
ter”. The results show the effective decrease in
the carbon film by annealing under replacing in-
side atmosphere in the tube with hydrogen even
for actual production. Following these described
results, annealing under replacing inside atmo-
sphere of the tube with hydrogen has been ap-
plied for the actual production of soft copper
plumbing tubes.

5.2 ACR copper tube

9.2.1 Effect of decreasing residual oils in

actual production

The effect of reducing the residual oil by an-
nealing under replacing inside atmosphere of
the tube with hydrogen was investigated for the
actual production of inner grooved ACR copper
tubes. Two kinds of lubricant oils for the inner
grooving were investigated. One was lubricant
GB, which is generally used for inner grooving,
and the other was lubricant GC, which has been
developed to obtain further effects in reducing
the residual oil by annealing under replacing in-
side atmosphere of the tube with hydrogen. The
properties of the lubricant oils are shown in
Table 2. The procedure for the investigation is
as follows. The atmosphere in the LWC copper
tubes grooved with lubricant GB, having dimen-
sions of Tmm OD, 0.285mm thick and 4630m
long, were replaced with both hydrogen and ni-
trogen, and then the LWCs annealed by a roller
hearth type furnace under standard annealing
conditions. In addition, the LWC copper tubes

Table 2 The properties of the lubricant oil tested for
inner grooving.

Item GB GC

Viscosity at 40 deg. C 150 200

(10~°m’s™H at 100 deg. C 15 30
Ash (mass%) <0.01 <0.01
Chemical Base oil 90 60-80
composition Oiliness agent 10 10-30
(mass3%) Others - 515
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grooved with lubricant GC, in which the atmo-
sphere was replaced by hydrogen, were annealed
under same condition. Furthermore, LWCs into
which the inert gas was purged during anneal-
ing was also investigated. The quantities of the
residual oil were measured at several points in
the LWC copper tube, which were selected based
on the shape and length of the LWC in relation
to the heating/cooling rate during annealing.
The residual oil comparison for each LWC cop-
per tube is shown in Fig. 13.

The maximum value of residual oil in the cop-
per tube in the combination with lubricant GB
and nitrogen was 1.2mg/m, while that in the
combination with lubricant GB and hydrogen
was less than 0.5mg/m. The effect of reducing
the residual oil by annealing with hydrogen at-
mosphere replaced was also recognized under ac-
tual production conditions. Furthermore, the
maximum value of the residual oil in the copper
tube for the combination with lubricant GC and
hydrogen was less than 0.1mg/m and became al-
most the same level as the LWC copper tube into
which an inert gas was purged during anneal-
ing. It was presumed that developed lubricant
GC was easily decomposed to low-molecular-
weight saturated hydrocarbons such as meth-
ane, ethane, and propane in the hydrogen at-
mosphere compared to the conventional lubri-
cant GB.
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Fig. 13 The comparison of the residual oil in the LWC

tube at selected points under several annealing
conditions in actual production.
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5.2.2 Results of actual production

At present, a newly developed lubricant GC
for grooving and annealing under replacing in-
side atmosphere of the tubes with hydrogen
have been used for the actual production of ACR
copper tubes. The residual oils in the copper
tubes have been measured in one LWC every
week at the selected points where the maximum
value commonly appeared for five months to
check the stability during the actual production
of ACR copper tubes. These results are shown in
Fig. 14. Although there was a slight variation,
the quantities of the residual oil were stable at
the low level of less than 0.lmg/m during the
five months. It was recognized that the effect of
reducing the residual oil in copper tube by an-
nealing under replacing inside atmosphere of
the tube with hydrogen was satisfactory.

Recently, ACR copper tubes with low residual
oil, such as less than 0.1mg/m, have been usu-
ally required from the ACR manufacturer. To
achieve a lower residual oil in the copper tube, a
few methods have been developed such as purg-
ing with an inert gas into the LWCs and/or
evacuating the LWCs during annealing. Al-
though these methods are definite way to main-
tain the residual oil in the copper tube at a low
level, an increase in the production cost depend-
ing on not only investment for an annealing fur-
nace involving the reconstruction of the conven-
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Fig. 14 The record of residual oil in ACR LWC tube grooved
using developed
hydrogen atmosphere replaced during five months in
actual production.

lubricant and annealed with
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tional one, but also a decrease in the annealing
efficiency could not be avoided. Annealing cop-
per tubes in which atmosphere was replaced
with hydrogen after applying the proper inner
grooving lubricant could allow a stable low re-
sidual oil in the copper tube without any expen-
sive equipment, cost increase, and decrease in
the production efficiency. A histogram of the
maximum residual oil in the copper tube from a
recent investigation is shown in Fig.15. The
maximum value of the residual oil in copper
tube is 0.lmg/m and the statistical average
+30 value is 0.11mg/m.

6. Conclusions

The effect of the atmosphere on the thermal
decomposition of the lubricant oils for copper
tubes during annealing was investigated and the
thermal decomposition behavior of the lubricant
oils was discussed. Furthermore, the effect of
decreasing both the carbon film and residual oil
in the copper tubes by annealing under replacing
inside atmosphere of the tube with hydrogen
was investigated.

The main reaction of the thermal decomposi-
tion of the lubricant oil is a free radical chain re-
action which produces chain compounds with
low molecular weights.
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Fig. 15 The distribution of the maximum residual oil in the
ACR LWC tube grooved using developed lubricant
and annealed under replacing inside atmosphere of
the tube with hydrogen in actual production.

During annealing, polymerization of the low-
molecular-weight chain compounds and the de-
hydrogenation which is the side reaction of the
thermal decomposition occurred, resulting in
the formation of long chain hydrocarbons,
monoaromatic compounds and polycyclic aro-
matic hydrocarbons. These products would be-
come the residual oil, and the carbon film would
be produced after further dehydrogenation of
the polycyclic aromatic hydrocarbons.

In a hydrogen atmosphere, the thermal de-
composition of the lubricant oil proceeds by va-
porization and saturation of the first order
products through a hydrogenolysis reaction and
hydrogenation reaction. The secondary reac-
tion, such as polymerization, condensation and
cyclic dehydrogenation, which lead to the for-
mation of residual oils are depressed with the in-
crease in the volatile components having a low
reactivity. Additionally, the production of the
carbon film becomes difficult because the dehy-
drogenation reaction tended to be depressed by
the hydrogenation reaction.

It was proved that annealing copper tube in
which the atmosphere was replaced with hydro-
gen was effective for decreasing both the carbon
film and residual oil formation during actual
production.
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Corrosion Behavior of Copper Tube in Water
with Nitrite Inhibitor for Air-Conditioning

Yutaka Yamada, Masahiro Sakai, Osami Seri
Iwao Toda and Masanori litsuka

We performed the electrochemical experiments, such as measurements of polarization curves,
corrosion potentials and constant-potential holding tests, using copper tubes with/without resid-
ual carbon film under water with/without nitrite inhibitor taken from the heat storage plants
working in Tokyo. The polarization curve under the water with nitrite inhibitor shows the
passivation from —950mV to 120mV (Ag/AgCl), while the one under the water without inhibitor
does not show the passivation. The passive current density of the copper tube with residual carbon
film is higher than that of the copper tube without carbon film. In the constant-potential holding
test at 200mV for 168h, the current density at 168h was 20uA /cm? under the water without in-
hibitor and OpA/cm?* with inhibitor. After the constant-potential holding test, the sur-
face of specimens in the water without inhibitor were covered with the oxide films and
patinas. The surface of specimens in the water with inhibitor remained the bright metal-
lic color and had spottily some patinas. Under these patinas, the pitting corrosion has
slightly occurred.
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Table 1 Chemical compositions of circulated water for
air-conditioning with and without inhibitor.

Circulated water
without with
inhibitor inhibitor

pH 9.1 8.4
Conductivity (mS/m) 22.2 130.3
Total hardness (mgCaCO3/1.) 62.2 101.8
Ca hardness (mgCaCQO3/L) 40.7 4.4
M-alkalinity (mgCaCOs;/L) 40.2 140.4
HCOg3 (mgHCOy5 /L) 49.1 171.3
S04+ (mgSO,*/L) 25.8 41.6
Cl(mgCl/L) 921.7 19.7

Si0; (mgSiO,/L) 7.1 14.4
Total Fe (mgFe/L) 0.3 0.7
Total Zn (mgZn/L) 0.1 71
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Fig.1 Polarization curves for copper tube : (a) in circulated
water without inhibitor, (b) in circulated water with
inhibitor.
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Fig.2 Polarization curves for copper tube without carbon
film in solution which was made by adding undi-
luted nitrate inhibitor of 1.5mL to circulated water
without inhibitor of 1L. Polarizaiton curves were
measured at 0 days, 22days and 77days after the so-
lution was made.
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Fig.3 Corrosion potential-time curves for copper tubes
with and without carbon film in circulated water
with and without inhibitor.
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Fig.4 Current density-time curves and changes of
concentration of Cu in solution in the
constant-potential holding tests at 200mV
(Ag/AgCD for 168 hours : (a) current den-
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Fig.5 Appearances of inner surface of Cu tubes after the constant-potential holding tests

at 200mV (Ag/AgCl for 168 hours.
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Development of General Correlations for Pressure Drop
in Single-Phase Turbulent Flow Inside
Internally Helical-Grooved Tubes

Akihiro Kiyotani, Masao Goto, Norihiro Inoue, Keiko Siromoto

Yukiyasu Emoto, Yu Li and Masaaki Sato

The experiments on pressure drop in single-phase turbulent flow inside internally helical-

grooved tube were carried out using fourteen different kinds of tube and a smooth tube with

6.35mm outer diameter. The range of geometric parameters of test tube were number of grooves
(45 to 65), helix angle (16 to 26 deg.) and fin height (0.2 to 0.3mm). In the experiments, the water
was used as a test fluid and its inlet 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 friction factor was 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 fric-

tion factor were developed based on the measured data, which predicted the experimental data
within =10% and correlated the data reported in literature within +10%.
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1. Primary water tank 5. Flow control valve
2. Secondary water tank 6. Mixing chamber
3, Tertiary water fank 7. Test section

4. Pump

Fig.1 Schematic diagram of experimental apparatus.

Fig.2 Configuration of helical-grooved tube.
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Table1 Test tube dimensions.
Tube designation| F G I J K L M O P Q R T U V | Smooth
Key O | A © (=] & A i | > ® [m] @ A \% “
Outer diameter
6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35 | 6.35
d, (mm)
Max. inner diameter
5.85 | 5.85 | 5.85 | 585 | 585 | 585 | 5.85 | 5.85 | 585 | 585 | 5.85 | 5.85 | 5.85 | 585 | 5.85
d; (mm)
Wall thickness
0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25
ty (mm)
Fin height
0.26 | 0.15 | 0.30 | 0.21 | 0.21 | 0.21 | 0.26 | 0.30 | 0.24 | 0.21 | 0.21 | 0.20 | 0.20 | 0.20 -
h (mm)
Fin apex angle
15 15 15 15 15 15 15 20 15 15 15 15 15 15 -
v (degrees)
Helix angle
11 20 11 20 20 20 26 21 20 20 20 10 25 35 -
0 (degrees)
Number of grooves
) 45 65 47 45 60 55 45 45 45 50 65 55 55 55 —
n (-
Area ratio
) 1.96 | 1.83 | 218 | 1.86 | 2.19 | 2.09 | 2.02 | 2.11 1.98 | 1.99 | 235 | 1.99 | 2.06 | 2.19 | 1.00
7] -
Real flow area
0.255 | 0.258 | 0.247 | 0.256 | 0.253 | 0.254 | 0.253 | 0.249 | 0.256 | 0.259 | 0.254 | 0.256 | 0.259 | 0.260 | 0.269
Arml (mleo 4>
p/di (-) 0.069 | 0.045 | 0.065 | 0.066 | 0.049 | 0.054 | 0.062 | 0.065 | 0.066 | 0.059 | 0.045 | 0.056 | 0.051 | 0.047 | 0.000
BIEAESTAR I > VT E0.05K, FEIC W TIHEIEM 150 oF w0 T
DE0.05%LIN, £ — VAMEENERGIZ OV TR _D;G @R ]
+0.02kPa LIN & B b 51 5, (AL T o |
==3 N o s o ==y I . A U ]
EERIE, KO ARE A 16~18°C OHiF T 1213 —5E _%é vy i |
IR D, = OFEE 0.03~0.11kg/s OEIFITEALS ¢ joLe:L 4§ 0 i
P . L A:M d
Tir=7% E | (H:O i
4 P
3. EBERSLUEE " 4 1
50 [ 7
3.1 [ENHEX - .
Fig. 3 IcH/BROMERRE R KISHEHhIC ) - ]
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S — v Esi=} N 10 T
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h, EoMERT, KXb, HENEDEIEKE, P 0.01 0.05 0.1 0.15

WHE (4H) DD 1.6~2.7 [EREREHEERLT
WEDNRIB, T, HEANEOHTE, HBOSHn
DIENARE L, ENFEIRITH T 2 AN R D G
ENREED LT d 2 I A n OO I LN
ThigrphEw GE (O OFEIEEN S - & b/h
&L, HOEH n oEp/NE L, BREIEAR BAE L
O (WMHD) OHEJHERMKRE W L1505,

Fig. 4 (a), (b) 8L (e) 13, TNENEE O
RERST NS A= THB)— N, 74 vES, &8
MHEIHBERICRIZTHEELR LD TH b, BE,

24
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Fig.3 Pressure drop against mass flow rate.
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Fig.4 (a) Effect of helix angle on pressure drop.

150 —— T —

| 0:G  (APA=0.15mm) |

| m:R  (APA=0.21mm) |

| C:G ( AP/n,h =0.15mm) |

AR (AP/h=021mm)
E 100 ] -
S r % O b
S ol 8 oo
S 50 - o° 1
10 b
. L o .
0.01 0.05 0.1 0.15

W (kg/s)

Fig. 4 (b) Effect of fin height on pressure drop.
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Fig. 4 (¢) Effect of number of grooves on pressure.
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Fig.5 (a) Comparison of measured data with Carnavos's
correlation®.
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Fig.6 Relation between friction factor and Reynolds number.
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Table 2 Tube dimensions in literature.

Tube designation| Koyama et al.? Author et al.?1¥ Webb et al.”
Key ® X P @® I | O © O B © A
Outer diameter
10.00 9.52 9.52 8.01 6.35 - - - — - -
d, (mm)
Max. inner diameter
8.46 8.92 8.98 7.47 5.81 15.54 15.54 15.54 15.54 15.54 15.54
d; (mm)
Wall thickness
0.77 0.30 0.27 0.27 0.27 - - — — - -
t, (mm)
Fin height
0.17 0.20 0.17 0.17 0.14 0.36 0.43 0.50 0.53 0.57 0.57
h (mm)
Helix angle
18 18 25 18 16 45 45 35 35 25 25
0 (degrees)
Number of grooves
60 60 60 55 55 45 30 40 25 25 18
n(-)
Area ratio
) 1.55 1.55 1.45 1.46 1.47 1.59 1.48 1.65 1.43 1.42 1.31
7’] -
p/di (-) 0.050 0.050 0.047 0.055 0.055 0.049 0.074 0.064 0.103 0.114 0.158

(20) o FHFIBH (0.045~0.07) 1= d 2 {18 O Ll
FERICE S, X QD) & £10%0HEHT—EHL TV
B DINGIP 5o

F o, BAED p/diER (20) OEAFEM» 5240
% 0.07 LIED Webb 5 OFEREICD WV TIE, HITEILK
L) — FAOEEBIC->VWTIE (20) LEBfICES N
30 LT, XA D p/d DFHcBLTEK e D
loasaZER QD OXSICEEL, BHEZT- 1,
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FEM Analysis of Isothermal Extrusion

Masaya Takahashi and Takeshi Yoneyama

On the base of the equation for isothermal extrusion, the optimal temperature conditions for fi-

nite element method (FEM) analysis have been examined. The concept of the equation for isother-

mal extrusion is to assign an optimal initial billet temperature, container temperature and ram

speed to equalize the heat flow from the billet to the container and the heat generated by shearing

deformation against the container wall. The optimal temperature difference between the billet and

the container depends on the heat generated by plastic deformation on the boundary surface which

is, in turn, influenced by the ram speed. Taking into consideration the parameters of heat genera-

tion in FEM analysis, optimal extrusion conditions were obtained. Using the result of the FEM

analysis, isothermal extrusion was realized in an actual aluminium hot extrusion process. The

method of determining isothermal extrusion conditions using the basic equation and FEM analy-

sis has been established.
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Fig.1 Extrusion model used for FEM analysis.

Table 1 Material Properties for FEM analysis.

Materials A6063 | Steel
Heat Capacity (N/(mm?+ K)) 2.4 5.6
Thermal Conductivity (W/(m « K)) 200 33
Heat Transfer coefficient (kW /(m?+ K)) 200

Table 2 Extrusion condition for FEM analysis.

Billet heating type Uniform

Billet temperature Th (K) 730,740,750,760

Die temperature (K) 730,740,750,760

Billet length (mm) 200
Container diameter (mm) 94
Extrusion ratio 8.6

Ram speed V (mm/s) 1,2,6,10
Dummy block temperature (K) 720
Container temperature Te (K) 720
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Table 3 Extrusion condition.

Billet heating type Uniform | Taper

Billet temperature Tb (K) 760 760-690
Die temperature (K) 760
Billet length (mm) 200
Container diameter (mm) 94
Extrusion ratio 8.6
Ram speed V (mm/s) 10
Dummy block temperature (K) 720
Container temperature Te (K) 720
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Development of a Friction Sensor and Measurement
in Aluminum Hot Extrusion

Takeshi Yoneyama and Masaya Takahashi

A new friction sensor that detects both pressure and frictional stress on the tool surface without

any gap and any step between the sensor and the tool surface is developed. The structure consists

of two beams protruding from the rear surface of the thin plate part of the tool surface and a con-

necting thin plate between two beams at the bottom. Pressure and frictional stress on the tool sur-

face are detected by the strain on the surface of the bottom thin plate by fitting strain gauges. The

deformation performance of the designed sensor structure is investigated by FEM analysis. The

sensors are constructed in the container for aluminum hot extrusion using heatproof strain

gauges. The pressure distribution and frictional stress distribution on the contacting surface be-

tween the billet and the container surface during the extrusion are measured. The validity of the

measured results is investigated.
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Fig.8 Pressure and friction sensors for extrusion container.
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Fig.9 Extrusion equipment.

Fig. 10 Friction sensors in the container tube.
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Fig. 12 Ram load, container load and die load in Extrusion.
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Fig. 13 Example of the sensor output in the extrusion.
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Billet temp.:400°C, Container temp.:450°C, Ram speed : 10mm/s
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Fig. 14 Pressure output during the extrusion.
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Fig. 15 Pressure distribution on the container surface.

Billet temp.:400°C. Container temp.:450°C, Ram speed : 10mm/s
50

208mm

168mm Distance from the die:

40 128mm

30

88mm
48mm

20

10

Frictional stress/ MPa

0 50

100
Stroke/mm

150

200

Fig. 16 Frictional stress output during extrusion.

DOFFEEAS I WE T3 CFEEIL N OENREVw &, &V
FIEITHR DTSN T B EBEEIE B ERLTVWE T
EDbrb, Abho—2 TEiTa vy T FNEOEEIRT]
Doy % Fig. 16 » 55 A H - T/R L 7c DAY Fig. 17 ©
b 5o RN CEEISIINE L, §4 N> TR L
TW3, RO TIRE Ly FEa v s+ EDRITE
WIS E U, Il oRitE S & bIicBE L ¢
Wb, ThiFE Ly NNEOE A BT DT
BETlrer .y MARRICHEP L TEAR O ¢ BBHENK
VDI L, BIANVWLIEE S A HOFBERICE -
TRAICEAMEIEHEANEICE 20 5 TlERLA L



42 £ K

B &£ B & W

2005

Billet temp.:400°C, Container temp.:450°C, Ram speed : 10mm/s
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Fig. 17 Frictional stress distribution on the container surface.
Hbh s,

4.5 EEEHOZEIMEICDNTORE

B v TllE S NI T v 7+ NI EOEEEIG S H
S5a vy FWNIIC/ERT 2 BEIEIoRmEfRL, 2
v 7 FfEAT OFTRNE & LR L 72028 Fig. 18 Th %,
i L dc BEIS I n A b L Th, TN TN OB
TEBIGA P OfEE Lz o v 7 FHEIZ T v 7 F T
BT L BMEMBEE X —HLTHBY, JIESNBEE
SN ERIEEDTH BT EDDMP 5D,

4.6 EEBICH LB AMBRER S DLE

TV =y LB LT, W LRIca Yy T F N
HITT VI =v 2DEE L EPES, TiEtBRics T
% A6063 DEIZIKITIZ, 450CIcHB VT, V9 AHE
1.0/s T 40MPa, U9 & 0.1/s T 30MPa Tbh 5,
FAMBTEIGIS C OO 1/V3 1512 EGET 5 &, O
¢ A HE 1.0/s T 23MPa £/, O FA#HE 0.1/s T
1TMPa FEE & 72 2, A cOBBIE s 0
ik bREL, EFITRKEBEEIENSMEH L TV 5,
—J, SVt 2 ro—2oglilicizans
D AMWATEIIOME L h/ha v,

42

Billet temp.:400°C, Container temp.:450°C, Ram speed :10mm/s
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Fig. 18 Comparison of the sum of the friction with the
container load.
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Effect of Metal Soap on Hot Rolling Lubricity
of Aluminum

Takamichi Watanabe and Yasuhiro Hosomi

Effect of metal soap on hot rolling lubricity of aluminum was investigated in this study. Two

reasons for improvement of hot rolling lubricity by aluminium oleate was considered as follows.

Alminium oleate offered excellent boundary lubrication at the same level as fat, and increase of ki-

netic viscosity which lead to increase lubrication film in roll bite. H.L.B. of hot rolling oil was in-

creased with increase of aluminium oleate. So that stability of emulsion was changed greatly.

Aluminium oleate was generated in the emulsion than in neat oil. And it was included in the hot

rolling oil as reaction product between approx.1.6 molecules of oleic acid and one aluminum atom.

Alminium oleate influences on both lubricity and emulsion stability in hot rolling. Thus, an under-

standing about effect of alminium oleate on lubrication is important in design of lubricant and

monitoring processes.
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Table 1 Basic composition of hot rolling oil.

Mineral oil Oleic acid amine Kinematic viscosity

Bal. 5~10 <1.0 40mm?/s (40°C)

Table 2 Experimental condition for hot rolling.

Item Condition
Mill 2Hi small laboratory mill
3004 aluminium alloy
Strip
450mm" X 40mm™ X 5.0mm*
Rolling tempreture 450°C
Rolling speed 34m/min
Roll tempreture 100°C
Roll diameter 150mm

Lubricant Emulsion (Conc.5%)

Lubricant tempreture 65°C

Table 3 Experimental condition for bowden type
friction test.

Ttem Condition

5182 aluminium alloy

Alminium sheet
100mm"Xx 15mm"™ < 0.5mm?*

Steel ball SUJ-2 3/16inch

Load 29.4N

Tempreture of aluminium sheet ~ 50~375°C (step by 25°C)

Sliding speed 4mm /sec
Sliding times Stimes
Sliding length 15mm

Load
Sliding {}
directiog Friction force
e
Lubricant SUJ-2 Ball .

A.Izjmmum sheet

[T\

Fig.1 Schematic illistration of bowden type friction tester.
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Table 4 Experimantal codition for formation of
aluminium oleate.

OEmulsion (5% oil in water)

Lubricant type
@ neat oil

Concentraion of oleic acid 6.5%

Concentraion of alminium

4 10000ppm per oil
powder

Particle size of alminium
2um
powder

Heat condition 90°C, 100hour

Gear pump

cJ=>Emulsion

| Heater |

Flat spray nozzle

/

Fig.2 Schematic illistration of emulsion stir device.

Hot rolling oil emulsion

n—hexane

Neat oil and aluminium wear debries

filtration
Nelat oil Aqua regia
Fourier transform Infra Atomic absorption
Red Spectrometry spectrometry

Aluminium oleate Aluminium as soap

Fig.3 Schematic diagram of analysis procedure.
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Fig.4 Effects of aluminium oleate on fiction of hot rolling.
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Fig.5 Boundary lubrication of each oils in bowden type
friction test.
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Effect of Inner Waxes on Film Properties
of Pre-coated Aluminium Sheet

Ichio Takeda and Yasuhiro Hosomi

In recent years, the pre-coated aluminium sheet is remarked in the beverage, architecture and
home electric appliances field for the high productivity, low cost and light weight characteristic.

Generally, it is formed with a coated resin film less than about 30 micron on surface of aluminium

sheet. And it is widely used for a beverage can, because of the good characteristics for recycling,
light weight and easy handling. Waxes such as polyethylene, carnauba and lanoline are added into

the water paint to get good surface lubricity and scar resistance under press forming for a bever-

age can. These are called inner wax, opposite outer wax. In this paper, we introduce that surface

lubricity and scar resistance of resin film can be improved by increase in quantity of inner wax in

paint or increase in curing temperature. Moreover, good surface lubricity is due to characteristic

of carnauba wax and good surface scar resistance is due to polyethylene wax.
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Table1 Summary of test panel of pre-coated aluminium
sheet.

Substrate Ab5182-H19, 0.25mmt

Chemical treatment Degrease and chromate phosphate

Paint Epoxy-acrylic resin water paint,

(contain inner wax) film weight 50mg/dm?

Curing 200, 230, 260°C, 35s

Table 2 Summary of inner wax composition on test paints.

Amount of added waxes

Paint (contain inner wax) PE Carnauba.
. ... Total
100~110°C*! 80~90°C*!
(DContain PE 0~3 0~3
@Contain carnauba 0~3 0~3
(®Carnauba with PE 1PHR 1 0.5~1.5 15~25

*1 Melting point (Unit : Per Hundred Resin)

Resin film 5z m

Inner wax

Conversion coating
<0.lum

Aluminium sheet

Fig.1 Image of test panel.
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Fig.2 Relationship between wax quantity in paints and
friction coefficient at 230°C curing.
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Fig.5 SEM microphotographs of appearance of film
surface after sliding.
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TECHNICAL PAPER

Effects of Natural Aging Conditions on the
Bake Hardenability of Al-Mg-S1 Alloys”

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

The effect of natural aging conditions on split aging, especially bake hardenability at 170°C for
1.2ks and 86.4ks on Al-1lmass%Mg:Si, Al-1.5mass%Mg:Si and Al-1mass%Mg:Si-0.6mass%Si al-
loys have been studied by measuring hardness, electrical resistance and DSC curve. The increase
of hardness of the Al-Mg-Si alloy with excess Si during baking at 170°C for 1.2ks without natural
aging is higher than that of the Al-Mg-Si alloys without excess Si. However, the hardness of the

high Si content alloy after baking at 170°C for 1.2ks decreased clearly with increase of natural ag-

ing time before baking. It could be considered that the cluster which did not transfer to 5" phase

formed joining with quenched vacancy during natural aging on the high Si content alloy. The peak

of B "phase in the high bake hardenability sample on DSC analysis appeared at lower temperature

compared with the low bake hardenability one. The B '"phase which was located at lower tempera-

ture on DSC analysis precipitates quickly during bake at 170°C, and the hardness increased during

baking at 170°C for 1.2ks.

1. Introduction

Heat treatable Al-Mg-Si alloys have been the
material of choice for automotive bodies. The
aluminium sheets are formed in T4 and sub-
jected to a heat treatment during the paint bake
cycle at elevated temperature in an automotive
company. The higher strength of the sheet after
the paint bake cycle is better because of its high
dent resistance. Therefore, the improvement of
bake hardenability has been a concern by many
investigators”~”. On the other hand, it is well
known that the formation of clusters and zones
in the alloys during aging is complicated, espe-
cially during natural aging and short artificial
aging like the bake cycle. Although it is difficult
to observe the clusters during natural aging by
TEM, these affect the following precipitation. In
this study, the effect of natural aging on the
bake hardenability at 170°C of three Al-Mg-Si
alloys has been studied using differential scan-
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ning calorimetry and electrical resistance meas-
urement.

2. Experimental procedures

The chemical compositions of the alloys for
this study are shown in Table1l. The alloy
sheets which were hot and cold rolled to a 1.0mm
thickness were prepared. A schematic diagram
of the heat treatment is shown in Figure 1 Solu-
tion treatment was carried out in a salt bath for
60s at 550°C followed by quenching into water at
0°C. The quenched samples were held in the wa-
ter at 0°C for only 10s. The samples were natu-
rally aged at 20°C for various times in a water
bath. The bake hardening treatment at 170°C for
1.2ks or 86.4ks was then applied using an oil
bath. The bake hardening was based on the
Vickers hardness.

Figure 2 illustrates the power compensation
DSC and the heat flux equations DSC. A sample
and a reference material are each confined to
separate, self-contained calorimeter for power
compensation DSC. The amount of power re-
quired to maintain the system in equilibrium is
directly proportional to the energy change oc-
curring in the sample. No heat flux equations
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Table1 Chemical composition of the alloys. (mass%)

Alloys Mg Si Fe Al MgsSi excess Si excess Mg

Al-1MgsSi 0.62 0.39 0.03 Bal. 0.98 0.03 -

Al-1.5MgsSi 0.99 0.56 0.03 Bal. 1.53 - 0.02

Al-1Mg,Si-0.651 0.62 0.96 0.03 Bal. 0.98 0.60 -
Solution heat treatment a higher Mg:Si content than the other alloys,
550°g-6()s the hardness after the baking at 170°C for 1.2ks
decreases with the natural aging time. The de-
Bake hardening cline in the hardness for the baking at 170°C for
W.Q 170°C-1.2ks 86.4ks becomes greater than that for the baking
or at 170°C for 1.2ks. For the Al-1Mg.Si-0.6Si alloy

170°C-86.4ks

Natural aging
5C, 20C, 40C

U
0°C-10s

Fig.1 Schematic diagram of heat treatment process.

are necessary for this system. The power com-
pensation DSC can run fast scan rate.

The samples before and after the bake harden-
ing treatment were analyzed by the power com-
pensation DSC, (Perkin-Elmer Pyris 1) using a
heating rate of 40°C /min. The changes in the
electrical resistivity during the natural aging
and bake hardening treatments were measured
by the DC four-terminal method.

3. Results and Discussion

3.1 Bake hardenability

The hardness change during the natural ag-
ing at 20°C after quenching and the hardness
change in the naturally aged sample followed by
baking at 170°C for 1.2ks or 86.4ks are shown in
Figure 3 For the Al-1Mg:Si alloy, the hardness
before the baking slowly increases with the
natural aging time at 20°C and the hardness af-
ter the baking at 170°C for 1.2ks is also slowly
increasing. The bake hardenability, which is ex-
pressed as the difference in the hardness before
and after the baking, is small. The hardness of
the sample baked at 170°C for 86.4ks slightly de-
creases with the natural aging time. On the
other hand, for the Al-1.5Mg:Si alloy, which has
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which has a higher Si content than the other al-
loys but a low Mg:Si content, the hardness after
the baking at 170°C for 1.2ks dramatically de-
creases with the natural aging time. However,
the hardness of the sample baked at 170°C for
86.4ks slightly decreases with the natural aging
like the Al-1Mg.Si alloy.

It is well known that the decline in the hard-
ness with the natural aging time for the T6 tem-
pered sample is mainly related to the Mg:Si con-
tent®”. This agrees with these results for the
baking at 170°C for 86.4ks. However, the decline
in the hardness with the natural aging time for
the sample baked at 170°C for 1.2ks increases
with the Si content even if the Mg:Si content is
low. These results show that the effect of the
natural aging time for the baking at 170°C of
1.2ks is different from that for the baking at 1
70°C for 86.4ks.

3.2 Changes in the electrical resistivity

The changes in the electrical resistivity during
natural aging for the quenched sample are
shown in Figure 4 The electrical resistivity in-
creases with the natural aging time for all the
samples. The change in the electrical resistivity
of the AI-1Mg:Si-0.651 alloy is greater than that
of the Al-1.0Mg:Si and Al-1Mg:Si alloys. This
means the changes in the electrical resistivity
are dominated by rather the total Si content
than the Mg:Si content. These results suggest
that the changes in the electrical resistivity dur-
ing natural aging are mostly related to the clus-
tering of the Si atoms.

For the Mg:Si balanced alloys, the change in
the electrical resistivity of the Al-1.56Mg:Si alloy
is greater than that of Al-1Mg:Si. Based on the
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Fig.3 Changes in the hardness with natural aging time at 20°C before and after bake hardening at 170°C for 1.2ks and 86.4ks
for the alloys (a) Al-1MgsSi, (b) Al-1.5Mg,Si and (¢) Al-1Mg3Si-0.6Si.

assumption that the Si atoms might preferen-
tially form the Si rich clusters, so insufficient
number of Si atoms causes decreasing amount of
B " precipitates during baking. As a result, a
large decline in the hardness after the bake at
170°C of 86.4ks for the high Mg:Si alloy occurs.

Changes in the electrical resistivity during
baking at 170°C after quenching without natural
aging are shown in Figured The electrical
resistivities for all the samples decrease with the
baking time at 170°C. Although there is no dif-
ference in the changes for the electrical
resistivity between these alloys up to 1.2ks, the
bake hardening occurs up to 1.2ks as shown in
Figure 1 These results suggest that the electrical
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resistivity does not produce changes in the pre-
cipitation concerning the bake hardening.

3.3 DSC analysis

DSC curves of the quenched sample and the
baked sample at 170°C for 1.2ks without natural
aging for the Al-Mg-Si alloys are shown in
Figure 6 There are four peaks in the DSC curve
of the Al-1Mg:Si-0.6S1 alloy. Some reports sug-
gest that peaks A and B are due to clusters?,
and peaks C and D are the precipitation of the
B"and B'phases, respectively. The temperature
of the A" phase for Al-1.0Mg:Si is higher than
that for Al-1Mg:Si-0.6Si. Moreover, the tem-
perature of the A" phase for Al-1Mg:Si is the
highest and becomes the

almost same
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Fig.6 DSC curves for Al-Mg-Si alloys (a) as quenched and (b) after baking at 170°C for 1.2ks.

temperature as the B' phase. After the baking
at 170°C for 1.2ks, although the peak of A"
phase for Al-Mg:Si-0.6S1 completely disappears,
the peak for the other alloys slightly remains.
This suggests that the 58" phase quickly precipi-
tates during baking at 170°C for 1.2ks for the
high Si content alloy such as the Al-1Mg:Si-0.6S1
alloy. DSC curves for the naturally aged sample
at 20°C for various times after quenching of the
Al-Mg:Si-0.6Si alloy are shown in Figure 7 The
temperature of the 8" peak shifts to a high tem-
perature with the natural aging time, and peak
A disappeared with the natural aging time.
These changes happen after a very short natural
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aging time at 20°C. These results mean that the
changes are related to vacancies.

DSC curves of the sample before or after bak-
ing at 170°C for 1.2ks for the quenched sample
without natural aging and the naturally aged
sample at 20°C for 1.8ks are shown in Figure 8
There are four peaks for the quenched sample
before baking, but peaks A, B and C disappeared
after the baking. This means that the formation
of the cluster and the precipitation of the B8"
phase occur during the baking. However, peak C
remains after the bake for the naturally aged
sample at 20°C for 1.8ks. This suggests that the
B " phase of the naturally aged sample slowly
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precipitated during the baking at 170°C for
1.2ks.

Changes in the temperature of the SB" peak
upon DSC and the bake hardening with natural
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Fig.7 DSC curves for the Al-1MgSi-0.6Si alloy naturally
aged at 20°C for various times after quenching.

aging at 20°C for the Al-1Mg.Si-0.6Si alloy are
shown in Figure 9 The temperature of the 8"
peak is shifted to a higher temperature with the
natural aging time of 1.8ks. The temperature
still remains high after 1.8ks. On the other
hand, the bake hardening is decreases with the
natural aging time for the Al-1Mg.Si-0.651 al-
loy. These suggest that the 8" phase, which is
located at a lower temperature on the DSC
analysis, quickly precipitates during the bake at
170°C, and the hardness is increased by the A"
phase during baking for 1.2ks at 170°C.

4. Conclusions

(1) The bake hardenability of excess Si alloy
during baking without natural aging is higher
than that of the Al-Mg-Si alloys without excess
Si. However, the hardness of the Al-Mg-Si alloy
with a high Si content after baking clearly de-
creased with the natural aging time before bak-
ing.

(2) The B" phase peak of the highly bake hard-
ening sample on the DSC analysis appeared at a
lower temperature compared with the low bake
hardening sample. The A" phase, which is lo-
cated at a lower temperature on the DSC analy-
sis, quickly precipitates during baking at 170°C,
and the hardness is increased during baking for
1.2ks at 170°C.
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Fig.8 DSC curves for Al-1Mg,Si-0.6Si alloy without natural aging or with natural aging at 20°C for 1.8ks
(a) before bake hardening and (b) after bake hardening at 170°C for 1.2ks.
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Influence of Silicon and Manganese Content on the

Mechanical Properties of Al-Mg-S1 Alloy Sheets
with Higher Iron Content

Tadashi Minoda, Mineo Asano and Hideo Yoshida

Influence of increasing silicon and manganese content on the paint bake response and the
bendability of the Al-1.0mass%Si-0.5mass%Mg-0.1mass%Mn-1.0mass%Fe alloy sheets were in-
vestigated in comparison with the reference alloy of Al-1.0mass%Si-0.5mass% Mg-0.1mass% Mn-
0.1lmass%Fe. When the silicon content was 1.2mass%, the paint bake response became almost the
same as the reference alloy. The alloy with manganese content of 0.3mass% also showed almost
the same paint bake response. The bendability became lower with the increasing of silicon and
manganese content. But the bendability of the alloy with silicon content of 1.2mass% was better
than that of the alloy with manganese content of 0.3mass%. It was proposed that cracks occur and
propagate by micro-voids around second phase particles and shear bands which formed during
bending. With increasing of silicon and manganese content, it was considered that the shear bands
easily formed by bending, and then the bendability decreased. In addition, it was also considered
that the bendability of the higher manganese alloy became lower with increasing of second phase

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

Sample Si Mg Mn Fe Alloy
S 1.0 0.5 0.1 1.0 Standard
S12 1.2 0.5 0.1 1.0
Si increased
S14 14 0.5 0.1 1.0
MO02 1.0 0.5 0.2 1.0 )
Mn increased
MO3 1.0 0.5 0.3 1.0
R 1.0 0.5 0.1 0.1 Reference
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Fig.5 Influence of silicon and manganese content on
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Fig. 6 Influence of silicon and manganese content on the a
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Fig. 7 Influence of silicon and manganese content on the
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Fig.9 Influence of silicon and manganese 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. (a) standard alloy, (b)
1.2mass%Si, (¢) 1.4mass%Si, (d) 0.2mass%Mn
and (e) 0.3mass%Mn.

Table 2 Relationship between second phase particles,
shear bands and bendability.

Alloy S S12 S14 M02 | MO03
Si content (mass%) 1.0 1.2 1.4 1.0 1.0
Mn content (mass%) | 0.1 0.1 0.1 0.2 0.3
Number of second
) 9200 | 9000 | 9100 | 10400 | 9800
phase particles (mm-%)
Number of shear
107 147 175 134 152
bands (mm-)
Rank of bendability 0 2 4 2
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Sumitomo Light Metal Technical Reports, Vol. 46 No. 1 (2005), pp. 67-71
Effects of Anisotropic Yield Function on
Forming Limit of Cup Test Simulation
for Aluminum Alloy Sheets

Kenji Yamada, Hideo Mizukoshi, Koushi Okada,
Toshihiko Kuwabara and Masashi Umemura

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

forming limit of cup test simulation, and to select the suitable yield function of sheet forming

simulation for aluminum alloy. Cup test simulations have been carried out using 5000 series alumi-

num alloy (Al-5.5%Mg) sheet. The yield locus of test material measured by using biaxial tensile

test was compared with various anisotropic yield criteria (e.g. Hill's 1948, Hill's 1990). Forming

limits and principal strain of cup test simulation by using various yield functions were compared

with experimental results. The initial yield locus of test material was in good agreement with

Hill's 1990 criterion. The forming limit calculated by using Hill's 1990 criterion was similar to the

experimental results. The principal strain near the fracture zone measured by experiment (using

scribed circle method) was in good agreement with the results calculated by using Hill's 1990 cri-

terion. Hill's 1990 criterion would be suitable for aluminum alloy sheet forming simulation.
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2. & B # &

2.1 HEEH

PEEA I 13 4 5000 REEHEA T {7V =
L&t (Al-5.5%Mg) —O #, #RJE @ 1.0mm % W
too B OB IRIEE % Table 1 12779,

2.2 Z#h5|REER

FEHD— APEZR U foibE o — R I 5 R
ZRV, a0 “EREED 5 SRR & TR R %
WE L 7co Fig. 1ic il [HREERE ORI, Fig. 2 1T
s BRIk 2R, IESEE, miE Fyo
Fy(EEAE] - EE A AED =411, 2:1,4:3, 1:1,
3:4,1:2, 14D T8 & Ui, il fareE 4 i
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SWTIE, JIS 13B BB CRATERE 12.5mm) % ]
W Bl S [BRARER 21T - 700 BakBRIC B 1T 5 04 A D
EICE, RSB TR 2o SR -y (F-VE
2.0mm), Hifhs[ERBRTREOTAy - O EH O,
1nH, KRB EOFMIC O VWTIEHRT) 2B an
720

Table 1 Mechanical properties of test material.

Tensile direction| 02 c* . . »
n a r*
/deg /MPa /MPa
0 126 696 0.44 0.019 0.67
45 128 626 0.39 0.013 0.71
90 127 679 0.42 0.018 0.79
Biaxial 136 - — — -

* Approximated using o=c(a+eP)"ate? =0.002~0.20

= Measured at uniaxial plastic strain & ? =0.09

Pantograph-type [
link mechanism

Cruciform specimen

i
! Hydraulic cylinder
500 mm

Fig.1 Experimental apparatus for biaxial tensile test.
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Fig.2 Cruciform specimen for biaxial tensile test.
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Fig.3 Formability test model.
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Fig.4 Analysis model of punch stretching test.
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Fig.5 Comparison of experimental data points for counters
of equal plastic work with theoretical yield loci. Each
symbol corresponds to counter of equal plastic work
for a particular value of &f.
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Fig.7 Comparison between the principal strain near
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scribed circle method; ¢ 6.35mm).
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Influence of Stress Ratio of Biaxial Tensile Test

on the Liders Band Formation
in Al-Mg Alloy Sheets”

Tadashi Minoda* * and Hideo Yoshida**

It is well known that Liiders bands form in AI-Mg alloy sheets by tensile deformation. The Lii-
ders bands are classified in two types; type-A and type-B. In this study, the influence of stress ra-
tio of biaxial tensile test on the type-B Liiders band formation in an Al-5.5mass%Mg-0.3mass%Cu
alloy sheet was investigated. The type-B Liiders bands were observed at the stress ratio (R.D. :
T.D.) from 8 : 0 to 8 : 6, and they were not observed at 8 : 7 and 8 : 8. The mechanism of Liiders
bands formation was considered as below. In the case of uniaxial tensile deformation, the slip
planes were limited easily because of pinning of dislocations by magnesium atoms. The deforma-
tion did not occur uniformly, then the type-B Liiders bands occurred. On the other hand, multiple
slip occurred easily in the case of balanced biaxial tensile deformation. Then, the sessile disloca-
tions formed easily and the deformation occurred uniformly. Moreover, the type-B Liiders bands
formed at an angle of 57 degrees to the applied load in the case of uniaxial tension, while 90 degrees

in the case of plane strain tension. It was considered that the change of the Liiders bands direction

occurred because of the difference of the activated slip system.

1. Introduction

It is well known that Liders bands form in
Al-Mg alloy sheets by tensile deformation. In
the case of press forming, formation of the Li-
ders bands lower the surface quality of the prod-
ucts. Then, control of the Liiders bands forma-
tion is significant. The Liiders bands are classi-
fied in two types; type-A and type-B. The type-A
Liiders bands are associated with yield point
elongation, then they form at relatively small
strains. On the other hand, the type-B Liders
bands occur as the result of nonuniform defor-
mation which associated with the Portevin-Le
Chatelier effect. Most of the previous studies
about the Portevin-Le Chatelier effect and the
formation of the type-B Liiders bands were car-
ried out in uniaxial tensile mode”~®. Then, the
formation of the type-B Liuiders bands in biaxial
tensile mode is not apparent. As the deforma-
tion mode is mostly biaxial tension in the case of

*  The main part of this paper was presented at ICAA-9 in
Brisbane, August 2-5, 2004.

#+ No.l Department, Research and Development Center.
Dr. of Eng.
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press forming, clarification of the mechanism of
the type-B Liders bands formation in biaxial
tensile mode is important. In this study, the ef-
fect of stress ratio on the formation of the type-
B Liders bands in biaxial tensile mode was in-
vestigated.

2. Experimental procedure

The material used in this study was an an-
nealed Al-5.5mass%Mg-0.3mass%Cu alloy sheet
with 1.0mm thickness. Grain size of the speci-
men was about 5opum in diameter. Yield point
elongation of this specimen was below 0.1%,
thus the type-A Liiders bands did not appear.

Fig. 1 shows the geometry of the biaxial ten-
sile specimen. The specimen had four arms and
each arm had seven slits so as to exclude geo-
metric constraint on the deformation of the 60
mm x 60 mm gauge section. Two strain gauges
were mounted at the center of the gauge section
in each loading direction. Fig. 2 shows the sche-
matic drawing of the experimental apparatus.
This testing apparatus was originally designed

and built by Kuwabara et al®. Opposing
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Fig.1 Geometry of the cruciform specimen.

hydraulic cylinders were connected to common
hydraulic lines so that they were subjected to
the same hydraulic pressure. The hydraulic
pressure of each pair of opposing hydraulic cyl-
inders was servo-controlled independently. Dis-
placements of opposing hydraulic cylinders were
equalized using the pantograph-type link mech-
anism proposed by Shiratori and Tkegami®, then
the center of the cruciform specimen is always
maintained at the center of the testing appara-
tus during biaxial tensile tests. A load cell was
included in each loading direction. The biaxial
tensile tests were performed under linear load-
ing paths with 71.5 N/s in the direction of maxi-
mum principal stress which was parallel to the
rolling direction of the specimen. Stress ratios
were changed between 8 : 0 and 8 : 8. The tensile
tests were stopped at the load of 15.5 kN in the
direction of maximum principal stress because
the arms of the specimen broke at about 16.0 kN.
After biaxial tensile tests, formation of the
type-B Liiders bands was observed by visual
examination and the measurement of surface
roughness in the direction of maximum princi-
pal stress. Moreover, formation of microbands
in the center area of the specimen was observed
by using a transmission electron microscope
(TEM) to confirm the orientation relationship
between the microbands and the matrix. And
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Pantograph-type ﬁﬂ

link mechanism

Cruciform specimen

Fig.2 Experimental apparatus for biaxial tensile
test?.

then, the orientation distribution functions
(ODFs) in the center area of the specimen before
and after biaxial tensile tests were calculated by
using Schulz reflection method so as to discuss
about the deformation mode in biaxial tension.
Bunge's notation was used in the plots.

3. Results

Fig. 3 shows the appearance of the specimens
after biaxial tensile tests, and Table 1 shows the
relationship between stress ratio, strain, stress
state and type-B Liiders bands formation. The
type-B Liders bands were observed at the stress
ratio between 8 : 0 and 8 : 6, while they were not
observed at 8 : 7 and 8 : 8. Furthermore, the di-
rection of the Liiders bands changed according
to the stress ratio.

Fig. 4 shows the relationship between surface
roughness of the gauge section of the specimens
and equivalent strain calculated by von Mises
yield criterion. Surface roughness is propor-
tional to the equivalent strain at the stress ratio
from 8 : 0 to 8 : 6. On the other hand, surface
roughness at the stress ratio of 8 1 7and 8 : 8 is
smaller than that from 8 : 0 to 8 : 6. That 1s,
surface roughness of the specimens which
formed the type-B Liders bands is bigger than
that of the specimens without type-B Liiders
bands.
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Fig.3 Appearance of the specimens after biaxial tensile tests. The stress ratios (oo,

(a) 8:0, (b 8:4and () 8:8.

Table 1 Relationship between stress ratio (orp : 01p),
strain, stress state and type-B Liiders bands for-
mation.

Stress| Major | Minor . o

ratio [strain”| strain® Stress state Luders bands
8:0 | 0.093 | -0.046 Uniaxial Observed, 57deg
8:2 | 0.065 | -0.014 Observed, 66deg
8:4 | 0.053 | -0.001 | Plane strain Observed, 90deg
8:5 | 0.053 | 0.003 Observed, 90deg
8:6 | 0.048 | 0.009 Observed, 90deg
8:7 | 0.039 | 0.018 Not observed
8:8 | 0.033 | 0.033 |Balanced biaxial| Not observed

5

Tensile tests were stopped when the tensile load became
15.5 kN in the maximum principal direction.

** The angles show the direction of Liiders bands to the maxi-
mum principal stress direction.

4. Discussion

The type-B Liiders bands were observed after
uniaxial tension (stress ratio was 8 : 0) and
they were not observed after balanced biaxial
tension (stress ratio was 8 : 8). Fig. 5 shows the
TEM structures after tensile tests. In the case of
uniaxial tension, the microbands were observed
parallel to <110> direction of the matrix. That
is, the microbands developed along {111} slip
planes. On the other hand, the microbands were
also parallel to <110> direction of the matrix in
the case of balanced biaxial tension. However, a
lot of microbands developed in two directions at
right angles. Then, the mechanism of the differ-
ence of the type-B Liiders bands formation be-
tween uniaxial tension and balanced biaxial ten-
sion was considered as shown in Fig. 6. In the
case of uniaxial tension, the slip systems which
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Fig.4 Relationship between surface roughness and
equivalent strain after biaxial tensile tests.

have the biggest Schmid factor act mainly. But,
when the dislocation pinning by magnesium at-
oms occur, nonuniform deformation occur easily
because the slip systems are limited. Serrated
deformation occurs by the repetition of disloca-
tion pinning and release, then the type-B Liiders
bands form and propagate. While, in the case of
balanced biaxial tension, it was suggested that
the number of activated slip systems was more
than that of uniaxial tension because the
microbands developed in two directions. Then,
the sessile dislocations form easily, the deforma-
tion propagates uniformly, and the type-B
Liders bands did not form.

Also, the direction of the type-B Liiders bands
changed according to the stress ratio. Fig.7
shows the changes of the ODF's before and after
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Fig.5 TEM structures after biaxial tensile tests.
o) are (a) 8:0

Stress ratios (G rp :
and (b) 8 : 8.

biaxial tension. In the case of uniaxial tension
(stress ratio was 8 : 0), the orientation density
of ND-rotated Cube components from
{100}<014> to {100}<011> decreased, while the
density of Cube and ND-rotated Cube compo-
nents from {100}<001> to {100}<014> increased.
Moreover, the orientation density from
{110}<001> to {110}<223>, which contained Goss
and Brass components, also decreased. In the
case of uniaxial tension, it was considered that
the deformation occurred at the maximum shear
stress planes because the shrinkage in the width
direction could occur, then the angle between the
direction of the type-B Liders bands and the di-
rection of the maximum principal stress re-
sulted in 57 degrees. On the other hand, the ori-
entation density of Cube and ND-rotated Cube
components from {100}<001> to {100}<016> in-
creased also in the case of plane strain tension
(stress ratio was 8 : 4). However, the decrease of
the orientation density of ND-rotated Cube
from {100}<013> to {100}<011> was smaller than
that of uniaxial tension, and the orientation
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Fig.6 Schematic model of the difference of deformation
between (a) uniaxial tension and (b) balanced
biaxial tension.

density of the {110} plane components which con-
tained Goss, Brass and P components increased.
It was considered that shear deformation oc-
curred preferentially at {110} plane components
because the shrinkage in the width direction
could not occur, then the type-B Liiders bands
formed and propagated at the right angles to
the direction of maximum principal stress. In
addition, the orientation density of {100} plane
components which contained Cube and ND-
rotated Cube components decreased generally,
while the density of {110} plane components did
not change in the case of balanced biaxial ten-
sion. It was considered as the result of random-
izing the texture because of the uniform defor-
mation.

5. Conclusions

From the experimental results, the influence
of stress ratio of biaxial tensile test on the
type-B Liiders band formation
5.0mass % Mg-0.3mass% Cu alloy sheet is consid-

in an Al-

ered as follows.

(1) In the case of uniaxial tension (stress ratio
was 8 : 0), the type-B Liiders bands formed and
propagated with the angle of 57 degrees to the
direction of maximum principal stress. It was
considered that the slip systems were limited in
uniaxial tension, then nonuniform deformation
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Fig.7 Orientation distribution functions before and
after biaxial tensile tests. Euler angles are (a)
¢ =0° @2=0"and (b) ¢ =45, @=0°.

occurred easily when the dislocation pinning by
magnesium atoms occurred. Serrated deforma-
tion occurred by the repetition of dislocation
pinning and release, then the type-B Liiders
bands formed and propagated.

(2) In the case of plane strain tension (stress
ratio was 8 : 4), the type-B Liiders bands
formed also, but the angle between the direc-
tions of the bands and the maximum principal
stress was changed into 90 degrees. It was con-
sidered that shear deformation occurred prefer-
entially at {110} plane components.

(3) In the case of balanced biaxial tension
(stress ratio was 8 : 8), the type-B Liiders bands
did not occur. It was suggested that the number
of activated slip systems was more than that of
uniaxial tension. Then, the sessile dislocations
form easily, the deformation propagates uni-
formly, and the type-B Liders bands did not
form.
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Improvement in the Brazeability of Aluminum Clad

Thinner Fin for Automotive Heat Exchanger”

Yuji Hisatomi* *, Yoshifusa Shoji***,

* % % % EE

Taketoshi Toyama and Yoshiharu Hasegawa

Through the years, aluminum automotive heat exchangers have been developed in order to have
a high performance and a light weight. Therefore, the thickness of the aluminum sheets for the ap-
plication has been reduced. As the brazeability declines with the reduction in thickness, fins having
a thickness under 80um may be difficult to secure a good brazeability. Therefore, we studied the
brazeability to determine the limit of thickness using clad fins from 40 to 80um. The fillet volume
formed at the joints of the fin and tube decreased with the decreasing fin thickness and the Si con-
tent in both the filler metals and the core alloys. The suitable range of Si content in the filler met-
als and the core alloys to obtain a good brazeability decreased with the decreasing fin thickness.
When the fins were thinner than the critical values, it was impossible to have a good brazeability.
It was found that molten filler alloy was reduced by diffusion into the core during the heat up
process before reaching the melting point of the filler alloy. Our results indicated that it was pos-
sible to obtain a good brazeability using the rapid heating cycles for brazing, even when the thick-

ness was 40pm.

1. Introduction

Most aluminum automotive heat exchangers
are brazed using brazing sheets which clad with
an Al-Si filler metal and a core alloy. However,
the melting temperature of the Al-Si filler metal
is near the aluminum melting point, so the filler
alloy easily diffuses into the core alloy during
the brazing process, therefore, a study of the
dissolution restraint was frequently done~®.
Heat exchangers have shifted to high perform-
ance and light weight, and the thickness of the
aluminum sheets for this application has been
reduced. Therefore the brazing fin occurred to
be deformed and the fillet did not sometimes
form on the tube joints after brazing. These
problems especially occurred with the less than
80pm fin.

In order to solve these problems, we studied

* The main part of this paper was presented at SAE
world congress 2005 as No.2005-01-1390

* No.4 Department, Research & Development Center

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

# =+ Denso Corporation

the effect of the Si concentration of both the
filler and core alloys and the fin thickness on the
fillet formability of the thinner aluminum fin.
These results, which were obtained by the ex-
periments, then lead to determining the fillet
forming mechanism, and realized the technique
to obtain a good brazing of the thinner fin.

2. Experimental procedure

The chemical compositions of the filler metals
and the core alloys which were used to braze the
fins in this study are shown in Table 1. Brazing

Table 1 Chemical composition of core and filler alloys.

(mass%)

Specimen Si | Fe | Cu | Mn | Mg | Zn | Al
A [7.3510.16 | 0.01|0.00 | 0.01]0.03 | bal.
B | 7.66]0.16 | 0.04 | 0.01 | 0.01 | 0.04 | bal.

Filler
C 18.56|0.13]0.00| 0.00 | 0.01 | 0.02 | bal.
D 19.50|0.10 | 0.00 | 0.00 | 0.00 | 0.01 | bal.
1 10.06]0.18|0.05|1.24|0.00 | 1.24 | bal.
Core 2 10.2910.21]0.05|1.26|0.00] 1.28 | bal.
3 10.57{0.20 | 0.05 | 1.27 | 0.00 | 1.30 | bal.
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sheets were prepared by cladding the filler met-
als on both sides of the core alloy at 10% of the
total thickness. These sheets were clad with hot
rolling, and reduced to 60—80um with cold roll-
ing as H14 temper, in order to restrain the mol-
ten filler diffusion into the core alloy during the
brazing process. These brazing sheet fins were
cut into 300mmL X 16mmW pieces, and were
formed into corrugations, then assembled with
the extruded-multi-ports tubes of 1XXX alumi-
num alloy. The schematic drawing of the mini-
core assembly is shown in Fig. 1.

The mini-cores were sprayed with a fluoride
flux, and dried. The mini-cores were inserted
into the brazing furnace with a nitrogen atmos-
phere. These mini-core assemblies were brazed
according to the following brazing cycle : the
mini-core temperature was increased to 450°C in
13 minutes in the preheating zone. The tempera-
ture was increased again from 450°C to 600°C in
7 minutes in the brazing zone. The temperature
was then held at 600°C for 3 minutes. The tem-
perature was then decreased from 600°C to 500
°C in 6 minutes, and the mini-cores were re-
moved from furnace and air cooled when the
temperature fell below 500°C. When the mini-
core temperature reached 600°C, the atmosphere
condition in the brazing furnace was as follows :
the oxygen concentration was less than 100 ppm
and the dew point was less than —40°C by con-
trolling the nitrogen gas flow.

The mini-cores after brazing were evaluated
from the cross section by a microscope. These
evaluations involved the observation of the
shape of the fin and tube joints, the measure-
ment of the fillet area, and the calculation of the
ratio of molten filler which flowed at the tube
and fin joint. These evaluations of brazeability
are shown in Fig. 2.

3. Results and discussion

3.1 Influence of the Si concentration in the
filler and core, and the thickness
For the 70pm fin thickness, the effect of the Si
concentration in both the core and filler alloys
on the fillet formability was examined. A cross
section of the fin and tube joints are shown in
Fig. 3, and the measured results of the fillet area
which formed on the fin and tube joints are
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Fig.1 An assembly of mini-core with clad fin
and extruded tube.

L \ |

Clad fin

Half height of
the fin

Fig. 2 Evaluation of brazeability.
a) Fillet area : cross sectional area of brazed fillet
formation area
b) Flow factor : fillet area / cross sectional area of
both sizes of filler metal before brazing from the
joint point of tube to the half height of the fin

shown in Fig. 4.

The fillets were not sufficiently formed under
a low Si concentration in both the filler and core
alloys. On the other hand, for a high Si concen-
tration in both the filler and core alloys, the fil-
let were deformed, since the molten filler dif-
fuses into the core alloy. The fillet area in-
creased with the increasing Si concentration of
the core alloy as well as the filler alloy. Conven-
tional brazing sheets are based on the fact that
the fillet area depends only on the Si concentra-
tion of the filler metals®. However, for such a
thin fin of 70pm thickness, it was found that the
Si concentration of the core alloys influenced the
fillet area.

In the case of both the filler and core alloys
with the same Si concentration, the effect of the
fin thickness on the fillet formability was
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examined. Its cross sections are shown in Fig. 5.
The fillets of the thick 80um fin were larger
than the thin 60pm fin, when the Si concentra-
tion of the core alloys were 0.06% and 0.57%, re-
spectively. In the case of the thin 60um fin, the
Si concentration in the core alloy remarkably in-
fluenced the fillet formability, when its Si con-

Si conc. in Si concentration in filler (mass%)
core(mass%) 7.66 8.56
0.06
0.29
0-57 L'

200pm

Fig. 3 Effect of Si content of core and filler metals of clad fin
on the cross section of mini-core joints after brazing.
(thickness of clad fin : 70pm)

12
Si concentration in filler metals
10 } —8— 9.50mass%
—/A— 8.56mass%
—&—7.66mass%
8 - <> - 7.35mass%

Fillet area(x102mm?)
»

06

04
Si concentration in core alloy (mass%)

0 0.2

Fig.4 Effect of Si content of core and filler metals on the area
of fillet formation of clad fin after brazing. (thickness of
clad fin : 70um)

79

centration was low, no fillet was formed. When
the Si concentration was high, the fillet de-
formed since the molten filler dissolved into the
core alloy. The unsuitable brazeabilty as men-
tioned above which occurred by using thin fins
were same as the different Si concentrations of
the filler alloys. That is, as the fin thickness de-
creased, bad brazeability easily occurred due to
the change in the Si concentration of the core or
filler alloys. The measurement results of the
flow factor which formed on the fin and tube
joints are shown in Fig. 6. As the fin thickness

Si cone. in Clad fin thickness (um)
core(mass%) 60 80
0.06
0.57
200pm
Fig.5 Effect of thickness of clad fin on the cross section of

mini-core joints after brazing. (Si content of filler
metal : 7.66mass%)

1.0
Si concentration in core alloys
—8— 0.57mass%
08 1 —— 0.29mass%
—8- 0.06mass%
- 06
L
O
8
3
04 I
02
0.0 L .
50 60 70 80 90

Thickness of clad fin (um)

Fig. 6 Effect of fin thickness and Si content of core alloys on
the flow factor of clad fin after brazing. (Si content of
filler metal : 7.66mass%)



80 SUMITOMO LIGHT METAL TECHNICAL REPORTS 2005

decreased, the flowing ratio of the filler de-
creased.

The fact that the higher Si concentration in
filler metal and core alloys lead to larger fillets,
was thought to be a correlation between the Si
concentration averaged of the entire cladding
and the fillet area. Therefore we tried organiz-
ing the data for the average Si concentration of
the entire cladding, fillet area, and the thickness
of the fin. These relationships are shown in
Fig. 7.

The average Si concentration of the entire
cladding is given by the following calculation :
Average Si concentration of entire cladding :
Sa (mass%) [Calculation formula]

Sa={2XSfX Cf+Scx (100—2xCH}/100

Sf : Si concentration in filler metal (mass%)
Se : Si concentration in core alloy (mass?%)
Cf : Cladding ratio of filler metal (%)

In Fig. 7, the fillet area decreases with the
thinner fin thickness, but for any fin thickness,

14 .
Fin thickness (u«m) Brazeability
- A= 60 white : Good
12 | —6— 70 black :Deformed
—[F— 80 gray :No.fillet
4
~10 r
N
S
S
T og
o
X
c 6
A~
[»]
D
= 4
L
2
0

1.4 1.7 20 23 2.6
Average Si concentration (mass%)

Fig. 7 Relationship between fillet area and "Average Si Concen-
tration" of clad fin. Cf. Average Si concentration refers
to the value of chemical analysis in a mass of hot forged
clad fin.

it proportionally increases with the average Si
concentration of the entire cladding, and the in-
crease gradients were almost equal. When the
average Si concentration is low, the fillets were
not formed, and when it is high, the fins were
deformed. The average Si concentration range
where a good fillet is formed becomes increas-
ingly narrow, as the fin thickness becomes thin-
ner. If the brazing sheet is manufactured by de-
signing with an average Si concentration in the
center of about 1.90%, it may be possible to
achieve a practical application with a 60um fin
thickness.

3.2 Use of thinner fins

In the above results, achieving practical appli-
cations of fins of less than 60um is presumed to
be difficult, since the actual manufacturing data
have scatter. In order to find a method of achiev-
ing thinner fins, we tried individually organiz-
ing the phenomena in the above results. Accord-
ing to these results, the amounts of fillet at the
joints were found to be influenced by the fin
thickness, and the Si concentrations in the filler
and core alloys. These are presumed to be due to
the diffusion behavior of Si during the heating
process. Using a diffusion simulation, the Si
concentration of the fin composition immedi-
ately before melting of the filler can be pre-
dicted. The distributions of the Si concentration
in the depth direction immediately before melt-
ing of the filler were calculated by applying the
actual heating pattern to the diffusion equation
D,8

The equation used 0.346(cm?/sec) for the fre-
quency factor, and 124(kJ/mol) for the activa-
tion energy of Si. Also, the averaged solid solu-
bility limit of Si was at 1.0 mass%. It is assumed
possible to diffuse while the Si concentration
was under the solid solubility limit. The results
of the simulation for immediately before melt-
ing of the filler, in the different Si concentra-
tions of the core alloys and the different fin
thicknesses are shown in Fig.8. As shown in
Fig. 8, in the core with a low Si concentration,
the Si concentration of the filler metal remarka-
bly decreased during the brazing heating com-
pared with the core having a high Si concentra-
tion. The Si concentration of filler when the core
had a low Si concentration immediately before
melting does not reach even 4%, and the ratio of
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- Before brazing
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Fig.8 Distribution of the Si concentration to immediately before melting of filler after simulating.

660

[o2]
e
o
Si concentration in filler (mass%)
a
1)

(o))
]
(=)

2]
Q
o

Temperature (°C)

9]
[e]
(=)

: 126127
560 ¢ 1 I I I 1 I I

Si consentration (mass%)

Fig.9 Phase diagram of Al-Si system.

filler which can flow is remarkably low, as indi-
cated in the Al-Si phase diagram shown in
Fig. 9%, so the fillet cannot be formed. When the
fin thickness is high, there is a slight decrease in
the Si concentration of the filler, so the filler
possibly melts and flows.

The organizing results on the simulation and
actual fillet formability are shown in Fig. 10.
From the results, it is thought that the Si con-
centration of the filler metal immediately before
melting declines when the fin thickness becomes
thinner and the Si concentration of the core and

81

9.0

Si concentration in core Fillet formability

O Good
M Deformed ‘

() 57mass%

susnne (). 06mMass%

X Nofillet

70 |

50 .

30 1 i L L L

30 50 70 90 110 130
Fin thickness (um)

150

Fig. 10 Si concentration of filler alloy to immediately before
melting of filler after simulating, and actual fillet
formability.

filler metals are low, due to the exhaustion of
filler joints, so a fillet were not formed. Also,
when the Si concentration of the core was high,
there is a slight decrease in the Si concentration
of the filler. However, deforming easily occurs
as the fin thickness becomes thinner. This de-
forming phenomenon is presumed to occur be-
cause the Si concentration of the core alloy ex-
ceeds the solid solubility limit immediately
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before melting, so a large amount of Si precipi-
tates out at the grain boundary of the core al-
loy.

Based on the above simulation and experiment
results, it is presumed that a thinner fin can be
achieved by suppressing the diffusion, by actual
methods, shortening the brazing heating cycle.
Based on this premise, we tried the same type of
simulation with the heating time shortened in
half. Fig. 11 shows the heating cycle used in the
simulation, and Fig. 12 shows the simulation re-
sults. In Fig. 12, the fillet formability was pre-
dicted and plotted. From the simulation results,
if the fin thickness i1s less than 70um when a
standard brazing heating cycle is used, it was
presumed that deformation would occur due to

600
08 400
[
S
©
(7]
(=%
£ 200
= Standard heating cycle

Rapid heating cycle
0 . )
0 300 600 900 1200

Heating time (sec)

Fig. 11 Brazing heat cycle used in the simulation.

9.0
<
[7)
17
@®
E
® 7.0
=
£
c
2
©
550 |
§ Heating cycle Fillet formability
8 ..... * Standard O Good
— — Rapid M Deformed
w0
30 4 | 1 1 Il
30 50 70 90 110 130 150

Finthickness (um)

Fig. 12 Simulation results in the Si concentration of
filler alloy and the fillet form ability to
immediately before melting.

82

declining fin strength caused by grain boundary
melting. On the other hand, it was presumed
that a good fillet can be obtained even if the fin
thickness is reduced to 40pm, when a rapid braz-
ing heating cycle is used. The fillet formability
at the joint is shown in Fig. 13, when the same
heating cycle as used in the simulation with the
standard and rapid heating were actually ap-
plied. The results showed that the deforming oc-
curs with a fin of less than 70pm thickness when
the standard heating cycle is used, whereas, it is
possible to achieve a good brazeability even for a
40pm fin thickness, when a rapid heating cycle is
used. These actually fillet formability were the
same as prediction by the simulation.

4. Conclusions

In order to ascertain the thickness limits of
using thinner clad fins for automotive heat ex-
changers, the influence of the fin thickness, the
Si concentration in the core and filler, and the
brazing heat cycle were studied. The conclusions
based on the obtained results are as follows :

(1) As the fin thickness decreased, exhaustion
of the filler in the joints and deforming of the
corrugated fins easily occurred due to the
change in the Si concentration in the filler or

Fin thickness Brazing heat cycle
(um) Standard Rapid
40
50
70
200pm
Fig. 13 Effect of the brazing heating cycle on the cross

section of mini-core joints after brazing. (Si
content of filler metal : 7.66mass%, Si content
of core alloys : 0.06mass%)
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core alloys by diffusion during the brazing heat
cycle.

(2) When controlling the Si concentration of
filler and core alloys in a suitable range, it was
possible to achieve a good brazeability of 70pm
thick fins using the standard heating cycle.

(3) It was possible to achieve a good
brazeability even for a 40um thick fin, using a
rapid heating cycle in order to suppress the dif-
fusion.
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Trend of Aluminum Alloys and Their Application
Technologies for Weight Saving of Automobile Body

Hideyuki Uto

The fuel saving is recently required because greenhouse gas emission must be reduced concern-
ing the issue of global warming. The European Automobile Manufacturers Association (ACEA)
agreed the commitment that the member of ACEA should achieve a CO; emission target of
140g/km for the average of their new cars sold by 2008. In the U. S., the government tries also to
control greenhouse gas originally, especially in California. On the other hand, the requirements of
safety and comfort functions cause automobile weight to be increased.

The use of aluminum alloys for automobile parts has increased in order to save weight of vehi-
cles since COP3 (adoption of Kyoto Protocol) of 1997. Aluminum alloys have already been put into
practice for automobile parts in power trains and heat exchangers considerably. Nowadays they

are much applied for body panels and chassis parts because of exact weight saving. In addition the

aluminum parts for automobile bodies are made of sheets, extrusion profiles and castings.

In this paper, the trend of non-ferrous alloys, especially aluminum alloys, and their application

technologies for weight saving of automobile bodies are reviewed.
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Table 1 Target fuel economy standards and +5 % better

than them".
Target fuel | 152 better
econotmy than target
Category fuel economy
standard standard
(km/1) (km/D
1. Vehicle Weight< 703kg 21.2 22.3
2. T03kg=Vehicle Weight< 828kg 18.8 19.7
3. 828kg=Vehicle Weight<1,016kg 17.9 18.8
4. 1,016kg=Vehicle Weight<1,266kg 16.0 16.8
5. 1,266kg=Vehicle Weight <1,516kg 13.0 13.7
6. 1,516kg=Vehicle Weight <1,766kg 10.5 11.0
7. 1,766kg = Vehicle Weight <2,016kg 8.9 9.3
8. 2,016kg = Vehicle Weight<2,266kg 7.8 8.2
9. 2,266kg=Vehicle Weight 6.4 6.7
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Table 2 Proposal of vehicle emission standards for

AB19439.
COgs-equivalent emission
standard by vehicle
Tier Phase-in Year category (g/mile)
PC/LDT1* | LDT2*
30% 2009 315 422
Near-term 60% 2010 284 385
100% 2011 242 335
30% 2012 233 328
Mid-term 60% 2013 223 321
100% 2014 211 311

#* PC : Passenger car, LDT : Light-duty truck
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Table 3 Adoption of aluminum engine hoods in Japan.
Maker Model Term
Supra 1992~1999
Celica GT4 1993~1999
Toyota Soarer (Lexus SC300) 2001~
Prius 2003~
Crown 2003~
Fairlady 7Z 1989~2000, 2002~
Skyline GT-R 1989~2002
Leopard J Ferrie 1991~1997
Nissan Cedric / Gloria 1999~2004
Cima (Infiniti Q45) 2001~
Skyline (Infiniti G) 2001~
Stagea 2001~
Fuga (Infiniti M) 2004~
NSX (Acura NSX) 1990~ All aluminum body car
Honda Insight 1999~ All aluminum body car
S2000 1999~
Legend (Acura RL) 2004~
Impreza 1992~ WRX — whole version
Fuji HI (Subaru) Legacy 1998~ Turbo version — whole version
Forester 2002~
RX-T 1986~2002 Special version — whole version
Roadster 1989~
Mazda Eunos Cosmo 1990~1995
Sentia 1991~1995
Eunos 800 1993~1997
RX-8 2003~
Mitsubishi Lancer Evolution 1992~
Suzuki Cappucino 1991~1997
Daihatsu Copen 2002~
3.4 BESRROT7IVI{E Engine Food Trunk Lid
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ERELEVERIT B DI IZE R THETH 1010
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Fig.2 Aluminum adopted body panels on Nissan Fuga
(Infiniti MD7.
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Table 4 Adoption of aluminum automobile body panels in Japan except engine hood.

Maker Model Term
All aluminum body car
Honds NSX (Acura NSX) 1990~
Insight 1999~
Front fender
Nissan Skyline GT-R 1989~2002
Mitsubishi Lancer Evolution 1992~
Honda Legend (Acura RL) 2004~
Trunk lid and Back door
Toyota Altezza Gita (Lexus IS Sport Cross) 2002~
Prius 2003~
Fairlady 7 Convertible 1989~2000
Nissan Cima (Infiniti Q45) 2001~
Fuga (Infiniti M) 2004~
Fuji HI (Subaru) Legacy Wagon 2003~
Honda Legend (Acura RL) 2004~
Door
Mazda RX-8 2003~ Rear door
Nissan Fuga (Infiniti M) 2004~
Sun roof and Removable roof
Supra 1992~1999
Toyota Rav4J 1994~1999
Soarer (Lexus SC300) 2001~
Nissan Infiniti Q45 1989~1996
Accord 1990~1993
Honda CRX Del Sol 1992~1997
S2000 1999~
Mitsubishi Lancer Evolution 2004~ Roof
Suzuki Cappucino 1991~1997
Daihatsu Copen 2002~
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Trend of Researches on Bendability of
Automotive Aluminum Alloy Sheet

Tadashi Minoda and Mineo Asano

In these years, much research on bendability of 6xxx aluminum alloy sheets for automotive bod-

ies has been done. The mechanism of cracking by bending has been proposed as below. That is,

cracking was caused by coarse second phase particles which were more than 2um in diameter and

shear bands which formed in the grains. Micro voids formed around coarse second phase particles

during bending, and they lower the bendability. On the other hand, cracks tend to propagate along

shear bands, they then lower the bendability. Thus, above effects have to been considered to con-

trol the microstructures. From the view point of the effect of chemical composition, iron, silicon

and copper elements lower the bendability, while manganese element improve it. Crystal orienta-

tion also influence the bendability, higher cube texture then results in higher bendability. In the

US, retrogression heat treatment has been developed to improve the bendability.
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Fig.1 Appearance of hem cracking.
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Fig. 2 Influence of solution heat treatment time and quenching
rate on the depth of a crack in an Al-Mg-Si alloy T4

sheet®.
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Fig.3 Influence of quenching rate and solution heat treatment
time on the number of second phase particles®.
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Fig.4 Microstructures of the specimens after bending test.
Before bending test, the samples were solution heat
treated at 550°C for (a)15s, (b)75s and (¢)3600s?.
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Fig.5 Schematic diagram for mechanism of cracking by

bending process®.
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Fig. 6 Optical microstructure near the fracture surface of
the bent sample with iron content of 0.5mass% .
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Fig.7 Influence of iron content on the bendability of
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T4 sheet .



96 T R & & E & R

2005

Table 1 Influence of iron content on the number of second
phase particles, shear bands and bendability of Al-
1.0mass%Si-0.6mass 2% Mg-0.1mass%Mn alloy T4

sheet®.
Iron content (mass%) 0.1 0.5 0.8 1.0
Number of second phase
. 4400 7300 9400 12900
particles (mm™)
Number of shear
157 167 122 83
bends (mm™)
Minimum bending
. 0 0.4 0.2 0.3
radius (mm)
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AW SRS NIT L K 15 D1E, AlFeSi R LEW D
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TPk S [EiE r 4 T ooy LlAm D 7 4 ez i
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F 7o, Woa — VEGHAEEIC X - TERLL 72 6000 %
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LE% 0.6mass%—EE L THr 1 KE% 0.Tmass%~
16mass% £ TL B I LEGOHM T~ EE L
Table 2% X U Fig. 8 Y1C/Rd, 7 A Rm OIEHNFE -
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O TR, ApRokE»Z WG LEE, AW
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Table 2 Influence of silicon content on the bendability of an
Al-Mg-Si alloy T4 sheet. The bent surfaces were
ranked from 1 to 10, and the rank 1 is the worst?.

Silicon content (mass%) 0.7 1.0 1.3 1.6
0.2% proof 120 7 b 4 1
stress, 135 5 3 1 -
ouz/MPa |5 3 T N

R B ST (Rank s
e e o T 0mass¥Si (RankS)
s~ /12557681 (Rank?)

Fig.8 Appearances of hemming cracks with different silicon
content. The 0.2% proof stress of the samples before
bending test were almost 120MPa ™.
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EEZOLNTV S,
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503, AW O & FE I IS RTS8 4 R i
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DL WKL, TD $fnicse LT {100} AN E A4 %
HROTEIF LT WA T AL MT LTV, £l
o9, [E—HRD AAG022 &4 E W, SRR
BEEA ODF OB L XUV TS v ¥ A6 (v 7
A) 865 (7 B) @ 2KECELSEIGE,
Table 3 '1T/RT & S IR LB EE D W 5 A3
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Table 3 Influence of cube density on the bendability of 6022-T4
sheet. The bent surfaces were ranked from 1 to 10, and
the rank 1 is the worst '©.

Cube density 6 65
A‘ngleA to the rolling 0 % 0 90
direction (° )

0.2% proof 120 3 8 10 10
stress, 135 1 5 10 9
702/ MPa 150 1 4 9 8
400
& 360 |
= N
S 320 |-
©
g R
9 280 [
0 L
5 240 |
s L
& 200F Cube density
o (1:6
160 O:65
120‘(_. 1 1 1 1 1 1 L i L
0 20 40 60 80 100

Reduction of cold rolling, R (%)

Fig.9 Influence of cube density on the work hardening
response of 6022-T4 sheet 0.
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1000
X Immediately after quenching
E 800+ —T+H20C
- —0—50C
£ 600f ——100C
g —0—150C
©
= 4001
a
(o)
(@]
200+
O_I_I_X
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0.2% proof stress, ¢o2/ MPa

Fig. 10 Influence of aging temperature and 0.2% proof stress
on the depth of cracks after bending test of Al-1.0
mass%Si-0.5mass%Mg-0.1mass%Mn alloy T4 sheet .
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Fig.11 Improvement of bendability by retrogression heat

treatment 20
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History of wrought aluminum alloys
for transportations

Hideo Yoshida

The development of wrought aluminum alloys in Japan about transportations, mainly, air-
planes, railway cars, motor cycles and automobiles are summarized. In airplanes, especially fight-
ers before World War I, higher strength aluminum alloys were required to compete with
European or American fighters. ESD (Extra Super Duralumin), which strength was higher than
duralumin or super duralumin, was invented and applied to Zero Fighter. This alloy was modified
as 7075 in USA during WW II. After WW I, taper rolled stringers using 7075 alloy sheet which
grains did not grow after small rolling reduction followed by solution heat treatment or
superplastic 7475 alloy sheet with fine grains of 10 micron meter in diameter were developed and
applied to commercial airplanes, B767 and B777. These inventions were achieved by the investiga-
tions of thermo-mechanical treatment to control grain size and grain boundaries. Recently, the
applications of Al-Mg-Si-Cu alloy hollowed extrusions with high strength compared with 2024-T3
or friction stir welding of 7075 have been examined to save the cost and weight. In railway cars,
JIS 7TNO1 weldable alloy with low quench sensitivity and high extrudability was developed.
Further 7003 alloy with higher extrudability than 7N01 was invented and applied to large and wide
extrusions of Shinkansen Series 200. Alloy 6N01, which can be extruded to hollow cross-section
shapes with thin thickness was developed and applied to Shinkansen, Series 300 and 700. Recently
honeycomb structure or FSW technology were applied to new railway cars. In motor cycles,
especially, motocrossers, high strength and high stiffness wrought aluminum alloys were required
to their frames, swing arms, front forks and rims. High strength aluminum alloys with tensile
strength, more than 600MPa have been developed in an outer tube of front forks. In automobiles,
aluminum body panels for hood have increased for twenty years. An Al-4.5%Mg alloy containing
zinc and copper was invented and adopted to the hood of Mazda RX-7 for the first time in Japan.
Then Al-4.5%Mg-Cu and Al-5.5%Mg-Cu alloys were developed from the viewpoint of formability
and registered in Aluminum Association as 5022 and 5023. Further Al-Mg-Si alloys with high bake
hardenability at 170°C same as steel were required to more lightweight panels. New processes, pre-
aging or reversion were developed to increase the precipitation rate at a low temperature.
Superplastic forming, such as blow forming has been applied to increase the formability of
aluminum alloys in a hard top roof of Honda S2000 using Al-Mg alloy. Recently blow forming
technology with high productivity was developed and applied to the fender and trunk lid of Honda
New Legend (Acura RL). New spot welding using FSW has been employed to Mazda RX-8 instead
of resistance spot one. In Japan, new aluminum alloys and application technologies have been
spirally developed complied with our user's demand.

«  RefE, 55 (2005), 270 i< —EBEHK
o WITEBHYE R v 4 —, KRR R R IR, Tyt
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Fig.1 Zeppelin Airship shoot-downed at London and a part

of its frames brought into Japan, and stored in
Sumitomo Light Metal with a signature of Dr.
Igarashi (inventor of ESD) ©8.20

Zeppelin TRITAY DALY &, UAT L, BIEEARS
JBICTHRE SN TV S Zeppelin IRITAR O BEM TH 57,
1922 4F, H—kIAKE DR, FA v o5 HE
D—o2&E LT, BEHEEEBIIYaIVI vEEELT
W5 KA >Y®d DM (Duerener Metallwerke AG) #E~
OHMEEHZIEL, ToiEHi2EE L, &5
CEEEGeOMEEHE L, 1935 FiciE, Ta T
DUSEHE LAY 250 v SDAK LI, oh
FYa Iy vk 50MPa & & & T 450MPa Dt
EaH L TWic, 1935 4 8 HilpHATEA » o Hif %



Vol.46 No.1

ARG ORI 7V I =Y L 5EOBFED LA 101

Z, hHESZic SD 84582 2 &4 0%
ICHTF Lo Y Zine Duralumin & L CTHIS TV
72 W. Rosenhain ®Fi% L 72 E &4 (Al-20Zn-2.5Cu-1.
5Mg-0.5Mn ; VAT mass% Z0%9 ), W.Sander ® 5%
L 7z Sander &4 @ S &4 (Al-8Zn-1.5Mg-0.5Mn),
Super Duralumin ® SD &4 (Al-4Cu-1.5Mg-0.5Mn)
N2 L, xKOFHETH S [HReEIN] %=
Cr % n il L/ ESD & 4 (Extra Super
Duralumin) ZBF L1, TOROELD [HiAZIN |
KR LT Fig. 2lcmd ko vy, oty
7, MFRERZ TV, EAUSIZFIERIEISBER L, K&
S BEEKPTHEUPT C, A TENDIETTT
RS LY, BIETRIBNBEEIN E LTI
BNTOARHRTH 5, HAREZY 1 51T Mn,
Cr OEFRMAAR T, @RS 2 &, HAGAL
EYEEKR LIESBE A KT S E 50T, BIESRNINE
DRD 5N GEBIFEOFEEIT OV TR FIPEED
FELWESED D B, ESD ST RXEAS, S&
&, SDa@ziia Lt larichRkl T
% 8)~14)O

(b) cupping by
Erichsen Test

(c) bending

Fig.2 Test procedure of stress corrosion (season cracking)
devised by Igarashi and Kitahara ™.

Table 1 Patents about inventions of Extra Super Duralumin”.

1936 4 6 A 9 H ESD &4 (Al-8Zn-2Cu-1.5Mg-
0.5Mn-0.25Cr) (FHsaFililfia N7z, Table 11T & DT
LB ERTY, 04135 600MPa @515k
Ex2HL, SDFEHoG&EEHx—Kb2 0K
kg OEEBREKATE 570w, 1938 4, Fig.3 1R
& 9 BN Rk o EHT (T, %D oM (75
¥ ¥, a—1F) i< ESD s, HioBEtt (v = 7)
IZ ESDC (&b e s ni®, ThatiEd s
Wb tch, 1939 4, BRIMIZERE D =MV
X Gty (RAED X, 1937 i i@ &4 B2
SERMEE AR S N, 0B ES 78 & D3R O B fm
HEA 7ZHIXD) ITfEK BB T ERGSEE S S
1, 19414 10 H & 0 #3ERIRG U /oo 1943 4FITE, 8
St i, 2 Beali AR R, & v 5 4 4 BUaRiE
SEHE,  REUHT R AERE A 3600 b > RETUOK I HRE,
7o RS MEMAEREH 4000 b v EBAEDKIEEAGE A S 1,
4000 ~ v DHEFEETT 5 7212017,

1942 4E, 7Y 2 — v v VBRI T, 72 U A
HEIF RIS E RS LB ATE R L, FEiC
WAL ofER, KERHAOMZEHEfiokEIcEx, &
EROGG R EMIE L Tofr L, FERZE L o < HriikEiR o

I 1. g as
] 2 LI

Spar flange -

SRR ) % 7 £ -
4 . (extrusion) Spar web
J\\\f\\\ .“J‘f‘ d == \ T g (sheet)
I ~%=s£

Cross section of front spar

Front and rear spar

Fig.3 Zero Fighter and the structure of its main wing '?.

9

Patent i Patent Chemical Composition (mass%)
1tle

Number Filing Grant 7n Mg Cu Cr Mn Ti
High Strength Wought

135,036 . 1936.6.9 | 1940.2.28 | 3~20 1~10 1~3 0.1~2 (0.1~2) | (0.01~0.5)
Aluminum Alloy
High Strength

113,183 ) 1936.9.9 [1939.11.13| 4~20 1~3 1~3 - 1.2~3 (0.01~0.5)
Aluminum Alloy
High Strength Clad

155,806 . . 1939.10.14 | 1943.4.2 | 0.56~1.5 — — 0~2.0 — —
Sheet with Zinc
High Strength Wought

161,892 ) 1942.5.29 | 1944.5.29 | 3~20 1~10 1~3 0.1~2 (0.1~2) | Sb 0.01~0.2
Aluminum Alloy
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WEtERC L LY, COHFET, ESD bt FELIR AN (BEANEZH) ofbirs, Cro
n, 7T ERROSE LML TV i), T b 0T Zr ZWMERML 72 7050 A4 EABHR s
a7 I3EE, HPAa4%E 758 (7075) & LT 1943 % foo ESLRRIETHEZn b IRMEND X HIEY,
F{EL7®, 703 7d 70751, ESD &V Zn 752 % ESD AU 8 %ishn&E 4172 7055 & W » &4 b BT S
ZEDL, Cu, Mg mbETRL Y, ESD & Dif NEHAEX N TVBRDD Ch EERTOESE L b,

FEIE7S W\ F72 CrifZ g < Mn bIME TV L, MEErIC S, REE, BV, 5EY, IS EEN BT
52 OHIEPE SN, FEE2mM EsE 2200 THEd
R &R TH 2%, Table 2 ICH AT & it

3. HBROMERAIH 72 7000 RAS DR DR EM %7,
— R MY VH—M, BEMEM— HATE, BB - 72 ANZEHO LR « BFehst || &
¥k, BHRO 1075 A4 EHZEAME OfE S LT, N, zo%, YSIKOEEL, -1 v 7ok

HHETHHRPTEZHHINTOY S, 1950 8, K RAEFEAZBLTEEL TS, =1 ¥ 70 BT67 ¥k
< ESD Tt Zn &4 H 9 % 7178, 7001 4403 % ORETIE, Wk, 1075 MHIEMERWIc A b ) v A —
INFehs, WUERE, BESS, IR EEN OB S, (ftm L) oESEZBRKT 5709, Fig.41iRd L9
SUEIHDNIL 18 - 1210 Z Dk, BRI Y7 i, MMETEEC L YD EFARTHEEZLH S,
kA Esd oI, AHPIO Fe ® Si 2R S L #i5 D H % JE < Ltr—/\z N VA=A
7o TATS GanPlF Nz, & S ICHIFEEACIBIEA Lo &L, L LEMS, GERD 7075 )M T3, JE
AT 3 S LT, i OB & v Sl FETHIINL L 72853 13 & O 1% DA L T SRR
EFEM <7 2 \EhLEL (TT) MBIF S iz, 1970 b LT, ZDHho Ny PRI TEnsE LD

Table 2 Typical compositions of high strength aluminum alloys for aircraft.

Year Chemical Composition (mass%)
Alloy )
Registered Zn Mg Cu Cr Mn Zr Base Metal
7075 1943 5.6 2.5 1.6 0.23
7178 1951 6.8 2.8 2.0 0.23
7001 1955 7.4 3.0 2.1 0.23
7079 1954 4.3 3.4 0.6 0.18 0.2
7049 1968 7.7 2.4 1.5 0.16 0.25Zr+Ti
7475 1969 5.6 2.5 1.6 0.23 Highly Pure
7050 1971 6.2 2.3 2.3 0.12 Highly Pure
7055 1991 8.0 2.0 2.3 0.12 Highly Pure
ESD 1936 8.0 1.5 2.0 0.25 0.5
{Cross Section) (‘Thickness Distribution) (inch)
1117, 1.05" ,~ Tape start 395" 100"
547",6.38 15 21 377 59 65" 81 8_7.1 96.68"
14" 050" "
[ ) to=.070 145"
PR T =y e B e 7
T ’ N\ 145 o 2038 1] |
ti (typ.) l 7685 6 16" ] ] 145 61 16" 6" ] 157 |
_f ] 55" 177 (3496 %)
! 12.38" 22" > 22 22" p 27
(.19” at Crush Joggle) (314.5%)

(Fabrication process]

[&lutlomzmim Taper ollng J-~{Soutoizing }— Roll forming |-~ Joggling }-—dl Contouw ralling F——= Artificial aging |

Roll alH F'k’Roll
“TH @ >g,\ (&J-—Movable roll
Nc control Nc control
“\‘ﬁ,
\

Fig.4 Manufacturing process of a taper-rolled stringer 2
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Fig.5 &, (k7o 2 EBR 7 0+ 21k 245N L
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300 c tional ]
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Cold rolling reduction

Fig.5 Effect of the cold rolling reduction on the grain size
of stringer produced by developed and conventional
process 2229

BT O R MY v #H—IcHWA I EMTET, Fig.6 (3
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FY A= EBRI LT L — A EARD Y Xy F THLA
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Fig. TWCRd & 51T, BIEHITK LaaEt)sir L (i
L) 20 L, T ORERELES O UL &
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D, Fig.81T/R L7/ 2 UV TIE, WERAFETIE 45 H
=, 400D Y Xy b TINLE N 2T LT,
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FT30%, HETIBXWFEINL I EAbh T,
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L Esks h, (KEETEMtko AlLLigesiEH s
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Fig. 6 B767 and its fuselage constructed with frames, skins and taper-rolled stringers
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Solution Heat Treatment

v

Precipitation
(Over Aging)

..1 l.t j S 4 t'
l (a) Solution heat treatment of hot rolled plate (b) Precipitation at high temperature

Warm or Cold Rolling

'

Recrystallization

(c) Cold rolling at heavy reduction (d) Recrystallization 50um

Grain Refining Process

Fig.7 Grain Refining Process and its microstructures of a 7475 alloy sheet in each step for superpasticity 2.

Conventional Structure s, SPF Structure
(45 Parts, 400 Rivets) (3 Parts, 80 Rivets)
Cost Saving 30%
Weight Reduction 15%

New design;Integrated door model
with SPF beam and
stiffener

Conventional
design

Fig.8 Door panel model formed superplastically using a 7475 alloy sheet with fine grains compared
with a conventional structure®.
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Pressure deck beam
7075-T6511 extrusion

2024-T42 extrusion
7075-T6 sheet

Fig.9 Application of new alloy 2013 extrusions to integrated structures in a pressure deck beam and a window frame
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foDid, 1945 4F, KEEROYIEALED SMZERHKD ¥ =
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d> - 4.19 =
Integration of
three parts
2024-T3511 extrusion
70.0 5.59
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Integration of *
six parts
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34)~36)

Integral skin panel wing structure

L %Plate

<

(1) Coventional

o v i

Extrusion

(2) New % é}é é

FSW

Machining

Fig. 10 Concept of a large integral wing panel for

an airplane 3%,
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TN = AGEBHEAROHE DA E% Table 3 1T F
LBV, FE 2.5 A, KERE Vb BHE®
FREE] (200, 300, 700 %) OEAHEEOZE% Fig. 11
R0, (LEEFESL 2000 TEEHICRFE SN 25 1 AL
T, HY), WMEEAOHROBERAITIEE - 7chs, =
D, BRHTEENEDE B 6061 G4 EH VY, 7
oy JEICEESN, oy 7HlHERY) Xy b THA
SNFCHE L -7, F2HRTE, 60 FERPHICHE
Pehsalfigts Al-Zn-Mg RO &L TNO1 S4B s
BHLA, AME s E XD EREED I ATEERED TV
3=y AAEBIHIKE TS 5 1o, BHA, BHROEDICE
MM P ZH S, EkogiflEAoREE Itk LT
1/2 VIR &5 5729,

Cu OFIE LW Al-Zn-Mg & & T S5 5
NTVT, B0 SEE&ENPHD &S (FvFvas
VY v, Al-5.47Zn-2.0Mg-0.55Mn-0.25Cr) 73 &% b,
ESD & 0 @ RV asHliticEnTw s ewic, £
MELTRAash T, BEIBL T, HRETEE
BEHiORISEHD Y Ny MEGDBERTD - 1255,
L, MR IICKE CEiE S R EES T E
XA o fER, 7T YT — U IREEEDSTIE S N,
TIG, MIG EnBF s L, ChicfE-1T, WeKkT
13 Al-Zn-Mg Ria G MBI O RSB A IS D,
AlZnMgl, AlZnMg2, 7005, 7004 75 EWBIFRE S i,

B téﬁﬂéfp i L7, Fig. 12 138 ANz
B L OTEHEINIC KT T HRIRNDCE OB A R34,
Zri&uﬁ“fﬁkhﬁﬁﬁ@ﬁﬁf,itﬁﬁﬁ
It LT hENIIGIOMEDORE VW EBbr 5,
Fig. 13 (3 AR LALER R o fLRR 1< K i3 9 Zr TRI0E & 85
O E B LRE OB AR W, D 7291 Cr N
DBEHIT> VT HRT, Zr i3 0.1% 2L ERinL, e
B A KR Th NS, AL b kSRR %
RY o THITH L, Cr N IR E D P4 0D,
N3 Fig. 14 1R T & 91T Zr & Cr O HUREEDE W
ik Bb0T, Zr FHELEME LML, f
R ghzimfi L, mEEEE 2R LTIk L,
Cr FZEME LT L, RABHCHL, Zrid&éo
SIS RR T, BB LN E AN
DA CITK K, Zr iRING @ D5 DA IR I o i I
NFEHNHEICENTV S, £/, Zr R L
WiET, 7=y Ao RAEIFESHEERO DKL,
Cr Bz 7wy =y s fHE BB TV,
Z ORINT MgZn, 5 EDOH IR L9 <, HEA
NSRRI IS 0 2T WY, 51, 29 LAE
WS &, 19654, Cr 3iRine 4 Zr 2400 E T 54
LA LI, TOBRNCKTS Zr 20470ET 5 K91
1o 2B, Cofeld, %L ESTHRENE SN,
Wk 2B D THREES L VI, S bBEF

CORDERE, Bk S BRI THRESIEML,
FlEERE BRI W E T A E TEIET B 720,
FRREE VDS D 5

HARIZBOVWTSH, BEGSIEIWERE L Mn, Cr, Zr DR
oA TH N, Cr iINH R & BEA VSV % Ui

L, 1970 4E JIS ATNO1 WHIE & e Lip Lo,
BEERICK - T, HEEELICEE RN EEZAEL
BT EMD B, FIROERHILEES HERINTTR
et & i, Hric, WIESE T DIBIIE &SI
LT, Fig.151c:9 & 212 0.15%HiZOMED Cu

Table 3 Trend and its characteristics of body structure in aluminum railway cars*®.

generation period characteristics main aluminum product
» Welded structure of skin and frame .
) . skin : 5083 sheet
* Underframe welded with extrusions .
1 1962—63 ) underframe : 6061, 5083 extrusion
* MIG and MIG spot welding )
o . ) frame : 5083 extrusion
« Joining with rivet and bolt
« TNO1 weldable alloy skin : 5083 sheet
2 1964 —80 « Al-Mg sheet for outer skin underframe : 7NO1 extrusions
« Resistance spot welding frame : 5083 extrusion
skin : 5083 sheet
95 1069—93 « 7003 alloy with high extrudability skin : 7003, TNOlextrusion
’ » Large and wide extrusions to Shinkansen underframe : TNO1
frame : 5083 extrusion
+ 6N01 weldable alloy skin : 6NO1 extrusion
3 1981— » Large and wide extrusion with hollow and thin section frame : 6NO1 extrusion
« Fabrication with only extrusions underframe : 6NO1, TNO1
* Double skin type structure
next 1992— « Fabrication with only 6NO01 alloy extrusions large and hollow 6N01 extrusion
« FSW (Friction Stirr Welding)
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(¢) JR Central & West 300series (generation 3)

Fig. 11 Body structures of aluminum railway cars?,

(d) JR Central & West 700series (next generation)
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Fig. 12 Effects of additional elements on quench sensitivity and weld cracks by fish-bone cracking test in Al-Zn-Mg alloys 2%,
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Fig. 13 Effect of the contents of additional elements (Zr, Cr) and homogenizing conditions of ingots
on the microstructures of Al-Zn-Mg-T6 alloy sheets

I.rLLJH

(a) Cr, Zr free

(b) 0.22%Cr

44)

(c) 0.20%Zr 0.5um

Fig. 14 Precipitation of additional elements in Al-Zn-Mg alloy sheets quenched into water *¥.

7003 413, ghEHEBRbELD, TVvFF—, NV
BLUML—5—500E A vN—, FhhZEREH G ]
FETA — FNA PHIEHED Y A, ABHED /N v /¥ —15 &
WKHILLFHEN TV B0,

TV GBI IR IR T, = v v T R
ARV ICY, S O, AR WEEEN
BEMPRD SN TV, BINTIE Al-Mg-Si %D 6005A
MBS N, HEicffibh Tz, TOEEE,
Mn+Cr % 0.12-0.5% &T 05, BINEL I HEERE T
FEERIOSH A L L7z 0, Mg & Si ombbanf <3,

108

VNS 510, BETI 77 4 v M EDENLR
LR TN Enbh o 1o, KRS O R#EIL%
XY, 1980 4E, Zh o254 LT JIS 6NOL &4l
FEANT?, Fig 171 2 DAL DA FEP & 5]k S
DFEERT . T OERBEN THZED MM iRl
AIRET, MEHAD T NTHIHEM THERRE N B L 51278 -
720050 = s SRR O EEH A TH B, R
WHLE XN BEMEORIZ « #5130 I\ TiE TNOL
MEARE L TR & 7z, 1990 FERITA - TH S (3,
RAAHEIRE R E Wb 5, HhZE b 5 Wi M i



109

Vol.46 No.1 TrkE g O R 7 v 3 =9 A58 ORFEDOLS
Cu 0.01%Cu 0.15%Cu
Applied Stress
(MPa) 100 150 200 100 150 200

~ &
i
§
]

'y

C-ring Test

Microstructure

Applied Stress
100MPa

Fig. 15 Effect of copper addition on stress corrosion resistance in a shot transverse direction of Al-Zn-Mg alloys *®.
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Fig. 16 Development of Al-Zn-Mg alloys (Sumitomo alloy ZK60, ZK61) with high extrudability **.
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Fig. 17 Composition range of JIS 6NO1 and its specification of tensile properties compared with other 6000 series alloys
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Fig. 18 Motor cycle parts using high strength wrought
aluminum alloys in a motocrosser.
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Fig.19 Wheel rims of motor cycle using a 7003 alloy (Sumitomo alloy ZK60) and microstructures in flash butt welds ™.
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Fig. 20 Effect of homogenizing and extruding conditions on the microstructure of 7003 alloy extrusions®”.

111



112 F K

B & B & W

2005

ERITiE TNOL, 7003 fRIHEM AV S, ~y KA T
RTIy +EROSHE MG M L IEE TG S
F DT L RAKIE ¥ 1 7 T i3iEE o BiT7s 5083
BEWRMPERRA s i,

7oy b7 =27 3HEREKETO Y NS4 VY ERSH R
Ry Ve vT, BEEREB X OBRROEEND D,
BATING 570 “EHE TSN, Fig 21 1087 X
A vF —F a—TICEERNED, 7Y 5 —F a—
TR T =Y AGEHEYMPHAV SN TE 2, 1990
FUE, TEh 7o BEDA 70 -FL—9—-—TR Y+~
THEMERICR & WEBE b 5709, ML bE
BTSSP E SN, fiZEEH Al-Zn-Mg-Cu
ReensFEHs N, CothTd, Zrivmaaeld, M
PR % o Rk b AR L2 il T &, £ AN
ZUEDPURIT 18 B 120, KIBITEDbY R) T vd L vy
)a—vERVICHBEREANE (Fig.22) 205
& TR RN 2R T X 705299, BIfETIE TV
I =9 AEE TR ETWEEHMED, 7oy T s —
77948 —Fa—7 (Fig.21) ICERfLbahTWw 3,
Fig. 23 &t S iR (ZG62-T76) &85k (ACAC

Quter tube :
High strength aluminum alloy

Inner Tubu : High tensile steel

Fig. 21 Front fork of motor cycle using a high strength
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(b) Charpy impact test

Fig. 23 Comparison of tensile property and absorbed energy in Charpy impact test between a high strength
aluminum alloy (Sumitomo alloy ZG62) and a cast alloy (AC4C)®.
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Table4 Mechanical properties and formability of Al-Mg body sheets for automobiles
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Fig. 24 Aluminum hood in MAZDA RX-7 (1986), a first car
with an aluminum body sheet (30-30 alloy) in Japan.
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Tensile Yield ) work Erichsen Minimum
Elongation o Lankford ) )
Alloy Strength | Strength hardenability LDR Height | Bend Radius*
(%) (r-value) .
(MPa) (MPa) (n-value) (mm) (180%)
Al-4.5%Mg-1.5%Zn-Cu 300 150 30 0.29 0.68 2.14 9.8 0-0.5t
5022 (Al-4.5%Mg-Cu) 275 140 30 0.30 0.72 2.07 10.5 0-0.5t
5023 (Al-5.5%Mg-Cu) 280 120 35 0.35 0.75 2.10 10.9 0-0.5t
5182 2170 130 28 0.30 0.80 2.08 10.2 0-0.5t
Steel 305 160 46 0.24 2.00 2.23 13.1 0t
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9 LChIFs &z 6000 Bicbr A3, 1996 LEFETES 1
ok v oA =7 I ENSX I &N, £D,
BRIV 2 0] | & & 2 oo sl 2R L 72 Al-Mg-Si-Cu
REEBHFES N, —MRIT, 6000 REERIFHIE
D IOAIITTIR, IRNTTHR PG DB A2,
BRI T 1 5000 A& 4T b B A3, P~ Al
FINTHA2ER LR SBIF ST W5, £/, FK
DRFEP R =7 = KR LSS 2709, SriitE
THEMEBIFER N— 27 "= FDF / &+ — 5 —TOWREIC
SWTNEDO ®+ v a+ 7w Y=y b THIAENIEE
%B/@ L—(L\58O),81)O

Conventional Developed process
process
B Pre—aging
Solid solution
treatment
. Peint Bakin
Pre-aging aking
Paint Baking
(170C-30min} —
B Reversion
Press .
Reversion
Paint Baking

Fig. 25 New processes containing pre-aging or reversion
developed for enhancement of bake hardening at

a low temperature, 170°C %,

T =Y AAEORIEESII NS B
7w, v FEERTEVIEEOS SN 5 HBEES &
HEHOFAROBIZICHH L, & v 53 d Tic s
oKLy v o T, Al-d5%Mg REEAEHWT I O
P B 7 e -5 2R L TlIET 2Bl 2 i L
TV, PR T3 Lo T S2000 D v — 7 1T5E
Lic®, Bl 7 e —lEo 2 V) v bid, HERSHERO W
Thh—T TEMZIROIE A T &, »o, W UeEH
SEHMOEREMENG ZETH D, —F4, FAY vk
3, 7o —JEERSEE O 7 L I HE L TE WY,
HEEWNH B ETH B, 2004 FFes ek v 7L
YV Rt 7zzvy—&+r35v27 Yy~ (Fig. 26)
b 7o —liEREH SN, WInbHiflkTHEEL

Drawing out

Plunging Stirring

Fig. 27 Spot welding by FSW applied to MAZDA RX-887.80,

High speed blow forming
Step 1 Pre-heating of aluminum sheets
e T

Step 2 High speed blow formi

Aluminum

Hitartrey
Uy

i

= Holding dies continuously at high temperatung

=Three imes of forming pressure comparned
wilh conventional o

= Parallel arangemen] of several dies

Step 3 Taking out

Fig. 26 Fender and trunk-lid of Honda Legend produced by high speed blow forming .
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‘85 | BT | 88 | B | 90 | 91 | 62 | 93 | 94 | 9SS | 96 | BT | 98 | 'e@ | W00 | ‘01 | 02 | ‘03 | 0«4 | 0S5
5022 (Al-4.5Mg-Cu)

Mo natural

5023 (Al-5.5Mg-Cu)
High formability

Al-4.5Mg alloy
Superpl

Fig. 28 Development of aluminum body sheet for automobiles in Japan®”.

WIZIK 2B 7 o — BB Tl Lk 7o, E/c7 2 Y v
PTH o HIEERE S, WEEETUEL TV S, 4
% oL, HHSERATE 5 L TEFTOHHA
FEMHER T 720, WAWARIFICEHE N THWL b
DEEZOLND, £1, Fig. 2712 d & 5 IcHHE
DTS, FSWEiSHEHIC S Ahsh, R
OIEPUAHEIC L B 2 F » MEFICEDD, FSWIicXL 5
2Ry MEESRAE N, SHEN DL, FiokdE
DOFESIBLBREIELVIY, SRILE->TV (D
EEZ N B9, Fig. 28 ICHARIZB T 2 HEHEFR 7 4
D 7V IALE)E] & MEBFE O & b HE TIRT Y,

7. 8 b U [

HOEHIX I, TR © %] ox{bo 3T, Mz,
PG H, TEREHL,  EB) O MpE IR B R O fEZE & R
SETEI, T CRBHORMEENPEE>TET, H
AEBOEFEREBTER SN, TV =9 LbZD—
DT, L—HF—D=—XGA B THEDBEFES T
XL, ABRELIOHENBEDLLSBVTH A, Mk
T IE 2 —F — == X E DR T A A FIVRITHEE L
TV bDEEZEZAONEY, ARTRIERBREBICE T
BIEIBEFE A ThbicibxTE 20T, Binbb A o0&
B, TEBIEV IO,
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Sumitomo Light Metal Technical Reports, Vol. 46 No. 1 (2005), pp. 117-125
Aluminum Technology for
Next Generation Airframe

Hideo Sano

Japanese aluminum industry for airframe is small, but it is important to come up to the stan-

dard in the world. In case of rolled sheet, it is important to increase the competitiveness of thin

sheet up to 4mm (0.16 inch) thick. And then, it is important to concentrate the management re-

sources on specific field and increase its competitiveness in quality and cost. In case of extrusion,

the technology to decrease distortion and residual stress of complex shapes can increase its com-

petitiveness in the world. And also, connection of shapes by Friction Stir Welding is useful to

Japanese extrusion companies which have not large presses. In order to develop Japanese original

technology, it is important to develop new alloys and achieve the registration in US specifications.

2013 is the first Japanese alloy that has been registered as AMS4326 and will be registered in

MMPDS in October 2006.

1. MEEA7ILI=YLAEEDOBERLRA
R UM #BFE"
fZEp o BRI, Bk - 13 - B3 - SRS REL
OEM KBS NS, DT, ZDIREIHIZEEDL
STBE B M 2 — KIS R SR, 2SOk I
RRSTEIR E0E3Y, Fig. 11, MiZemo ¥ 5Em & o gk
SN DM EMEEOBEE 2R 40, AR (R v #)
&, SHEO#ER LT & 2557 S attsEkans
DT, 2024 5407 5 v FMBHVLNS, kO FE
A% T 27 L —2o (HHEM) X b Y v — (it
W) 13, SRESERE NS DT 7000 RE4HHL
SN be ¥ LMHEHOE ) TERIAZ R LT 5 7o D A
I8 %5213 5 0 7000 REenHvohn, Koo
THEFIER 250 5 78 2000 2E4E&BHVL 5T
Wh, &SI EEEIDIY, SHE « Stk
W oM E 7L —2n« 2 Y v E—KTHID Hd—
HBHR (77457 FRFY) b—HTRASH
TW5, TOD& D RSB O BRI A 723 72,
ZHE D 2000 % - 7000 RF GBI NT & 72,
Fig. 212, 2024 2 ~X—=2 &9 % 2000 %, 7075 2 ~X—2

LRSS A, BPEENT, 46-537 (2005), 949 4K,
o WITEBHFER v 4 — B
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L4 57000 2TV = AEEREBOMEERTY,
FLZERepA el 13, 1930 HEAR F TRFEMEE S TR S 1,
1930 — 1960 AR FF BRI N A T A Bk & 11
720 1960—1970 FEARIE ¥ = v M RE R DB & &t
MOFGZEIC X b, WHTRIE, BIGTFAEET, BIEHE,
LR 1S E SR E Nt 1980 AR, EE o0&
2= B (ALLL &8 L) OBFEiiThh
D, MEMEHEE LTT I I x—va vORERAEE T 2
k%2000 % « 7000 ZA4 L b EVE EORMBEIC LD K
RIMSICH R S N tsds - 72, [BIFRC, T8 EMao /3
v 2O MRS (T77 WP s &), —I&InT oM
VLTI RO KL D oLt (BEHFalkiny) »

Vertical empennage:
CYS, E, FAT, FT

orizontal empennage
Upper side (Tension):
E, FAT, FCG, FT, TS
Lower side(Compression):
= CYS, E, FAT, FT

Wing front rim:

FAT, FT, TS
Fuselage outer plate”
COR, CYS, FAT, FCG, FT, $8. TS

Sheet track:

2 Floor beam:E, TS

Wing upper side[Compression]
Upper panel:
CYS, E, FAT, FT
Stringer:CYS, E, FAT, FT

Fuselage frame:
CYS, E, FAT, FT, TS
Fuselage stringer®
CYS, E, FAT, FT, TS

Wing lower sitie[Tension]
lower panel:FAT, FCG, FT, TS

Stringer FAT, FT, TS

Upper spar:COR, CYEE
Lower spat :FAT, FCG, FT, TS

FCG:Fatigue crack growth SS:Shear strength
FT:Fracture toghness TS:Tension strength
FAT:Fatigue strength

COR:Corrosion resistance
CYS:Compression yield strength
E:Elastic modulus

Fig.1 Requirements for main parts of aircrafts.
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BAFED Hlal & 15 - foo BITREL <BNB K 5T, BITT
T3 2024-T3 OBk & L T 2524-T3 MRS 1< £%
Mt &7 7075-T6 D#EMkk & LT 7150-T77 #43
Z MY YH—RF— L E— &I T055-TTT M3 X2 [
WP EREGMICERA STV 5, 1980 41, BEE
DElEI X 0 EEME S ERBM oS EINL, 7V
=Y AGEOMEHILEOK T PABREI N, oMl
FIHEHEIMET L 72 & 0 ORZERHEEM O FiRiE 7V 3 =
v LBETH B, L L, P BT8T T, HEEMED
KigICHRA SN E5IETHD, TV =9 LE5EOMA
RO F BTSN B,

2. BAOMZEERB7ZIVI=9LEE (\—FE)"

FTIN—FEIIBVT, HAOMZEKRHT VI =y A
BAWRA « MM O A RE I LB S B B & OB &, M
ZE Rttt I & PRl L RIS %o

2.1 i

2.1.1 MEEA7ILI=Y9LASSRMEETE

WA 1 Z ORIFIT & » TER & @RI XS h, —fi%
HIZ 6mm LI EA2ENR EFRL, 6mm il 2 @ EFR L
TWa, MIZEEA 7V =9 & &R is L Otk i
fre sk th O BE TIEOMKIZLI N Tdh %o B OV
JERETRRITR LT, AL « AN « A b Ly F ¢ —
KEIE « FEhLE s SHEAELIRE D TR %, 1B TREML
TWa, DI, HRETREEEETRICX S Lk - £
WD AT o

Sheet:Damage tolerance resistance

2524
Plate:Good SCC resistance & toughness
2124-T851
High strength &
2024 toughness 2224-T3511
Reduce Fe, Si
2324-739 |
Good corrosion resitance Good corrosion resitance

20% Strength 6013-T6511 IEqual strength _2013—T6511

reduction to 2024

Good elevated — pojuo e, i, Add Ni

temp. strength
2618-T61

Reduce Fe, Si, Increase Cu

2219-T3, 76, T8

W

2014 | 160od weldabilit

Improved Reduce Fe, Si Increase Mg
strength | 2419 2519

Plate:Good SCC
resistance &
toughness

7049-T652

Reduce Fe,Si, Increase Zn for improved SCC resistance

i 7049-T73 |
Reduce Fe, Si_for improved toughness
7149-T73

7050-T73, T74, T76)0ptimize element amount

Reduce Fe, Si, Add Zr

7075

Plate/Forging:

High strength &

toughness Reduce Fe,Si, Add Zr Good SCC resistance
7150-T7751

Forging:

High Reduce Fe, Si,

toughness Coarse Cr dispersed participatesHigh strength

7475-T74 7055-T7751

Reduce Fe, Si, Coarse Cr dispersed participates

7475-T6, 176, T73

Fig.2 Development outline of 2000 series alloys and 7000
series alloys?.
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M BB =AM LI « BEAN—Z b Loy FEBIE
GRRIEFI:22) — Beh L EE (T6, T73,T77)
MR ¢ BN A — S T A — A AR UL « BEA N — Z b
Loy FREIE RIS 1B 5D — IR AL IR (T6,T73,
T77)
2.1.2 EEIFRR
FRicHize s Ao < i3, HRIE 200mm 1 WIERR P 2 +
VRIS ERRNE 2,500mm % #E A B IAIERM 32 v, A
JEAETRR G, JEMEERE 2 MU A0 & BB IE4E o 1 v
AEET (L LHEH, SRk s N 5, Fig.31c, T
37 OIZEARMER T Th 2 5N vE— s
KO 2 A A DI THOBAELES 1~ 2RdY,
Table 1 1, HROEMWELEZfHE~2 + 10 2 ik L T
RTV, TIHATDYNYE— b TIBICIERKIE
5,588mm O Bl K D BT B AR E S TV b,
Az Mo 13, BN TR 3 A ETREE &, f
SIS D BRI B K O R A A OfEHIC IZ RS D
BN FEALRE S 3 S, WIS O AR FE Ic T4y 8%
%G L TW5, Table2 12, 1981—1993 fEic 31T 5
Ro7 vy =9 & FERMEA DRI ZRTY, 1980 4
DIFg, EWNims & & EEREOZADNIEIICIS - 1208, i
TERM TR <, o0 FERTARKE LTIV

Furukawa-Sky Fukul plant

|65 19.6 222M 128 3M
137. 5M A42. 5
b h 170" (4320
38SH 1505H
112" (2850)
Aleoa Davenport Works 540
155M 115M 210M %
11 ¢ g g
=3 : TS
108" 144° 160" 220"

Fig.3 Hot rolling line of Alcoa Davenport Works
and Furukawa-Sky Fukui plant":

Table 1 New mill plant for aluminum in the world V.

Hot Rougher Mill Hot Rolling Mill
Country Company, Plant - -
Width Ranking Width Tandem |Ranking
(mm) (mm)
Alcoa, Davenport 5,588 1 2,640 5 5
Alcoa, Tennessee 3,048 8 2,248 5 8
USA
Alcoa, Warrick 1,676 10 1,828 6 10
Kiser, Trentwood 3,315 5 2,032 5 9
Germany VAW, Norf 3,300 6 3,050 3 1
Pechiney, Nourbrithack| 2,840 9 2,300 4 6
France
Pechiney, Isoarl 3,400 4 2,845 3 4
Sumitomo Light Metal, 3,300 6 2,286 4 7
Nagoya
Japan | g obe Stecl, Moka | 4,000 | 3 | 2900 | 4 | 2
Furukawa Sky, Fukui | 4,320 2 2,850 4 3

Referance : Japan Aluminum Association, Research report of strategical
plan for nonferrous metal industrial technology, (1998). (in Japanese)
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Table 2 Installation history of aluminum mill in the world V.

Table 3 Comparison of aluminum rolling technologies .

Hot rolling mill Cold rolling mill
Coun- .
Year| "y | Company | Plant | spocifi. | Width| Specifi-  |Width| HUne
cation | (mm)| cation |(mm) |, SPe
(m/min)
1981 | Japan | Kobe steel | Moka New 2240 | 1650
New R | 4320
Japan [FUTUEEE ] Py New | 2750
sy F.3-T | 2850
1983
Reynolds | McCook New 2240
USA
Conalco |Hannibal New
. Renovate Expanding
1984 | USA Kaiser |Trentwood F.5.T width, 5-T 1730
Alean | 'O8% | NewR | 4320 | New
1986 | USA ol
Pechiney | Rhenalu New 1850 | 1800
France| Alcoa Warrick Expggding 2060
1987 width
USA Alcoa  |Tennessee] New 2030
Furukawa-| gy New | 1760 | 1800
sky
1988 | Japan F.3-T—
Kobe steel | Moka [Renovate|
—F.4-T
1990 | Japan Fu‘”i‘jwa’ Fukaya New | 2240 | 1800
Sumitomo
1991 Japan| Light Nagoya New 2240 | 2000
Metal
Ix[l‘tsu.b“hl Fuji New | 1930 | 1000
uminum
1992 Japan Sumitomo F.3-T—
Light Nagoya |Renovate|
Metal —FA4-T
1993 i?fgg KAAL | Moka New | 2200 | 1650

R : Rougher mill, F : Finisher mill, -T : Tandem

3 IORHME A D HEFED LT 5 B4 BB DU IR
DB B VT S EPN 3 3T AES 1< B L T EBRAIC
AN AN

2.1.3 7ZIVI =9 LEERM

Table 3 (T, WEREEITICRET 2 stlmikiliicowvw Tk
& HARZ SR L CORT?Y HARTIRIES IR
MWiEATE D, KETIE BT4T O ERM L EM 18 EE
WERERM D = — X3 b 5 - OfZEEAGE KR 5
TEGERIN A TV B, MUZERETIMRM 2T 5 7o
DR, AEIEE B & OB RITE SO Hik T,
HARRBE TR, B, MiZEitodmEcicE
G RRLILIE « 2 b Loy F v —RBIE - RN &0
HEITREICH, DTREZTONETDH 5,

2.1.4 BEIRE

(D BRI - AN

FLZERM 7 v 3 =0 A BSRMAESTREAM OAFEIC
BRI LU - BEA NS O ENAEEEFES )1, BIAE
#600ton/HEEbN TV, fiE->T, MZEHEMLISD
—fEEA NS (S - BRI (R - Bk - 2% - 7RIS
&) DHEFEEITOITMAERABRM O A ZEE LIz E LT
HAERIREST13# 7,000ton TdH 0, Mo FiEHEST D Hi il
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Comparison
Process Techonology Purpose
Japan | USA
Melt treatment . Degassmg & © O
inclusion removal
Electromagnetio Improvement of % 0
casting suraface structure,
Casting Low metal Redgctlon n % o
head casting scalping depth
Edge Scalper |Reduction in edge crack
Scale up of slab Reduction in
o . O
for airframe airframe cost
Hydraulic Thichness control O O
gap control
Hot Work roll Control of flatness o 0
rolling bending & shape
Coolant
distribution Shape control O O
Tandem high | b, ctivity, Yield X O
speed rolling
6-high }rolling o O
mill
Flatness control
CVC‘ (Cont}nuous o o
variable crown)
Co}d Hydraulic Thichness control O O
rolling gap control
Coolant
distribution Flatness control O O
Water based . .
X
coolant High speed rolling O
Innovative
Inner stress control X X
flatness control
Finisher| Optical focus Automatic detection o o
rolling | surface detection of surface defect

© : Advanced in particular, O : Advanced, X : Impeded

Referance : Japan Aluminum Association, Research report of strate-
gical plan for nonferrous metal industrial technology, (1998). (in
Japanese)

WD 75 < TH, Table4 128 L 72 ENFRE TG
TEBV, B, MZEEM LA O —BIEANM 2L
KITH B 7w, MIZERM O A FERETT 13 7,000ton & D K
IFICIRES N %,

(2 ZrL oy F v —tHES

JEHRIENE DAL ZE R DFRE G 1 2 BT 5 fod D K
Z Ly F v —0RENE LTHIESITIR, WS it
KHE L TAREL TV A, Ta 7 @nEsno 7L ik
A —# — (3 73.5MN(=7,500tonf) » & K 133MN (=
13,600tonf) 7 I AD A L v F v+ —AHFH LTS
EDVHIGN TV S, ZHTKHFL, HEADOKEZ MLy F v —
$ KT 55MN(=5,600tonf) A3 1 4, K& 12MN(=
1,200tonf) THLZEMEFHIEMULIEM O HEFEICITE - 72 R
T Th b, Fig. 413, EROREL ZD55R 0 FEIEIC
MBI Z MLy F v —REORAGRERT Y BRIE/IH
343MPa(=35kg/mm? @ 7000 A& 41T, WHATER
@ 914mm (=36inch) & % & 1,981mm (=T78inch) D
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Table4 Consumption of aluminum sheets in Japanese
aerospace industries .

Table 5 Consumption of aluminum extrusions in Japanese
aerospace industries V.

Fiscal year | 1991|1992 1993 1994|1995 | 1996|1997| 1998 |1999|2000| Ave. Fiscal year | 1991|1992 (1993 | 19941995 | 1996 | 1997 | 1998 | 1999 | 2000 | Ave
Domestic | gsol osal 580| 56| 888|L015| 850 1973 928| 46| 75 Domestic| 27| 55| 28| 27 27| 19| 29| 44| 25 21| 30
products (ton) Pipe
(o[ Imports| 29| 38| 33| 24] 40| 44| 51 51 36| 34 38
Imports (ton) |1,792|2,251|1,783|1,673|2,546|6,409|7,384| 8,686|7,725/5,383|4,563 °
Subtotal| 56| 93| 62| 50| 67| 63 8| 95 61| 54 68
Polished - _
skin (tony | 369| 625 870 591 648/1,481|1,356| 1,481|1,392| 85| 919 Domestid 40 571 40l 48 34 28 31 28] 261 1| 35
Others (ton) |1,422(1,625/1,412|1,081|1,898|4,928|6,028| 7,204(6,333|4,5093,644 (]Sjrf) Imports| 71| 96| 68 67| 166| 325/ 307| 560| 338 277| 227
Total of Subtotal| 111| 153| 108| 115 200| 352/ 338 588 363 207| 263
domestic & |2,645|3,204|2,372|2,329(3,434|7,424|8,234| 10,058(8,653|6,029| 5,438 :
imports (ton) Domestic| 351 516| 298| 312| 409| 580 777| 815 337| 308 470
Percentage of ?Egg Imports| 245 368| 337| 466| 641|1,956|1,805| 2,148|1,662(1,084|1,071
pr‘ggﬁf(ﬁ%} 68 1 70 To | T2 | T4 ) 86 1 90 | 86 ) 89 | 89 ) 84 Subtotal| 596| 884 634| 779|1,050(2,536|2,582| 2,963(1,999|1,392|1,541
Domestic| 419| 628 366| 387| 470 627| 837| 887 387 349| 536
(Tt‘gt;‘)l Imports| 345 502 438 557) 847]2,324|2,163| 2,759|2,035|1,394|1,336
160 Subtotal| 763(1,130| 803| 944|1,318(2,9513,000| 3,646|2,422|1,743|1,872

Overseas maximun

—
'S
<

—0—914mm wide
—{1-1981mm wide

—
Do
<

—_
(=
(=)

| Domestic maximun

(=21
[l

e
(=)

Required strecher force (MN)
W
f==]

Do
<
T

[=

0 20 40 60 80 100 120 140 160 180 200 220 240
Plate thickness (mm)

Fig.4 Relationship between thickness of regular aluminum
plate and required stretcher force .

2 1.5% DKAV I A 25 585G, ENRERAKD 58MN
(=5,600tonf) 2 b L v F ¥+ =AW T Fig. 4 » 5
& 914mm (=36inch) T (I HWIZ 165mm (=6.5inch) F£FE,
M s 1,981mm (=78inch) T 3 /E 76.4mm (=3inch) £

EMIRATH 50 MZERAEROMPA TS TR, ERNO
HEHERROSN 5,

—75, EWNMEEMSES 2R b b 5, iz
& i (S 4mm =0.16inch) £ TD 2 4 L% 7075-0
Mo BT67 % BT7T OFIHE « 2 Y v A — F#i i,
WO A — /1 =D A IZ ¥ L EbhTV5, T0D
AR A —H —T O — LT 4+ — LB T NSNS,
ENTRV—=Xa A DNy FHETREWEL, 7o
7 T3 CALGEFLESF) TS 2, HL 2O
ZEN T AR 30ton &/ 750,

2.2 BELH
2.2.1 MEEA7INI=vLGSEE LMD
2ETIE

MR 7 v 3 = 2 &2 H LI, Tableb i
R EHITHE ¥ oM H 29, MHLMIER—TET
EEOWHERE S h, D T TR % fimg{b T &,
FZE ORI 3T ORMAEIEATE 5, LEh-T,
fLZE b AR L SR o th TIEM @ LR A3 80% & =\,
Pz, R Y v H = I3 ERKE 75mm, 5 &
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Percentage of
imports to 45 | 44 | 55 | 59 | 64 | 79 | T2 76 84 | 8 | 71
products (%)

1~20mm D EHEZWEIZIROMH LMAHV &, F
FZ2 MY vF =i THI 2 EOWHRIZIRAH OV 5
%o i LM o8LE TROBIE ZLI T o@D Th %,
BN U —A AR LU« BEAN— R b Loy FRBIE (K
RIS 1R —Rh LB (T6,T73,T7)
i UM M 0 & 5 BR300 & s T
M - S ARNESEN S C EBEET, B
EalBRIT 2000 28 LT 7000 Reert N—R & L£L
DOHEEMEFESN TS, TNODIZERT TV =
U AGad, BRTOREIIAYE W O A EFEGE
EREWD T, Table6 iZ/Rd & 512>, —fd 7 L3
=Y AL S LIRS Z, 2O, W LK
FEME L CEBL, EI X POKFRFIZE > TV 5,

2.2.2 {HRO\E LEE

Table 7 IctHFH O KA L 7 L 2 2 g4 57, K
EBEFENICZ  ORBH L 7L A Z2FE G LTV 5,
RIZEMN TH 0, HAI 93MN(=9,500tonf) % 1 Kk
BT 20HTHB, FicMH RO 7V a 7 133MN(=
13,600tonf) 7 L 2 & H AR K D 93MN (=9,500tonf) 7°
L 2 OBIER[RE[RLZ Table 8V 1Z/Rk 9, HAIZ AR
UIEM oBhi&ie 18 L CEERICIRAN S v, RHEE
Bl s &Iz, HARDHZEA 7V =9 LAREEDERE
el i FoREO—>ThH B, L LEAS,
B767, B177 7 5 2 o REMZERAH T LM T, ©%7
LKL L7 L 2203 & H9 93MN(=9,500
tonf) 7 L A THEEREE EbNT VWD, Fi, WM&
FRRICERADSEIE L TV 2208, AR T VI 7 30
LA=H = oOBEFEMADALL LY, KEVGHRREOH
EWMEFIDOF 4 Z M) Ea—F —hOoDHALZ V&
BELN TV S, KEITIE, MZEHMEEM S 7 4
ZAMVE2—F=DZHbb, BT LK —A
VIR A — h — DREEIE LTV B, S
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Table 6 Extrudability and flow stress of aluminum alloys®®.

All Alloy |Melting temp.| Extruda Flow stress
(0]
Y| number range bility (MPa)
1050 650~660°C 150 24 | (400°C)
Soft 1100 646~657°C 150 24 | (400°0)
alloys 3003 640~655°C 100 28.4 | (430°C)
6063 600~650°C 100 27.4 | (430°C)
2011 535~643°C 30 39 | (420°C)
5052 593~649°C 60 44 | (470°C)
Middle 5 .
6061 582~652°C 70 36 | (510°C)
alloys
7003 615~650°C 70 41 (500°C)
7NO01 615~650°C 60 43 | (500°C)
2014 510~640°C 20 57 | (430°C)
Hard 2024 500~640°C 15 77.6 | (430°C)
alloys 5083 570~640°C 25 55 | (460°C)
7075 475~640°C 10 80 | (400°C)
Al-high . .
. 4032 532~571°C — 59 | (450°C)
1
IM | Al-20Si- — 113 | (450°C)
2Cu-1Mg-
PM  |5Fe-1Mn — 108 | (450°C)

%, ERBINICEVILET « B2 TV, i T H A
QHMRETmATEZ2EEbNTWS, £/, 1oy
b 20kg FREICHNINT S5 EEDNTV S, 20kg O
HUMEENA =57 — AT 258, 1aESHE « it -
ELEE < BIE - RAB ETIMAT TIZLI~2 » HAET
BEEZBE, KEFT 4 A M) Ea—5—h5 AN
Wind 22 L3+0db0B25ThAS5, Bbfictiil T,
BYLIE « JGIESIC KB E 2 2 LI Wifth LT ig,
FElpE b 2 B & 1 2 iR ms LIS T & HAS IR o Hfi H3
HEEEZEZ LN D,

3. BADOMZEERA7ZII=9LEE (V7 MED"

v 7 M, TRbLEEHTE, A - DRy
7 EDREH, BERA —h —OMEREER SOV THR
AEL, ENOMZERT 7V =9 AFEEOIRILE T4
%o

3.1. BRALLZDOERRKR

FZEH 7 vy =9 A58 0B%I13, Fig. 21Tk
K 9122024, 7075 OXEAEPLICHED SN TV D, i
ZERIT TV Y = AS4IE, — RIS RS OTRINE
BT PR W ETRE S SN 208, BEEIE B & Ot
BERIANENET T 5, GEHFIE, S & vk
BLUMBHEEINED NS v 22 HEEE LTE 1,
AHT~EHEM & LT, Fig.51c7 v a7 2BE% L 72
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Table 7 Large scale extrusion presses for aluminum in the

world V.
Press Container Press
Country Company Plant | force X |
(MN) diameter number
133 | 780mm (3linch) 1
Alcoa Lafyette | 123 |780mm (3linch) 1
98 | 560mm (22inch) 1
98 1
Baltimore| 71 1
Kaiser
USA 9 !
Ohio 59 1
Spectrulite Tllinois | 124 |710mm(28inch) 1
International Light 129 | 760mm (30inch) 1
Metals 71 1
. . Square, Width
Taber Metals, Inc 76 710mm (28inch) 1
Brasil Termomechanica |San Paulo| 69 1
VAW Bonn | 70 | Sauare 1
G 230675 (mm)
ermany
Alusingen Singen 83 1
France Pechiney Issoire 59 1
Switzer- . . Square,
land Alusuisse Chipps 1 240 % 660 (mm) 1
China National
China Nonferrous Metals Jukei 98 1
Industry
Corporation
Japan KOK Yokkaichi| 93 |610mm(24inch) 1

Table 8 Size limit of aluminum extrusions .

Company, Plant Alcoa, Lafyette | KOK, Yokkaichi
Press force (MN) 133 93
Container diameter
) 780, 31 610, 24
(mm, in)
Outer diameter
) 300 260
of pipe (mm)
Bar diameter (mm) 300 260
Circumscribed circle
800 600
of shape (mm)

PR TR A /RS, TTTIHHE E Kidh, v —2imiEEil-
7o T6 MY O FREE & & b ic#@ishic L it g adin
Mam sz T3 HYOBMETH 5, T6 ULEE &
200°C I BTN EA EI 4 2 (En U A fLA & D E T,
SEEL ] FACEF 59 A AT Y & IS TS & i & )
e R et s 2 BT H B, O
Feifrid, 7o 7B EITE LT\ T & & E T
EEOE ERREAWED -0, ENTREGEhTYL
W otz, Table9ic, X—A v 7 A& LELHAD
Ry 73 v b 57 ORI ERT?, 5B, HAD
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Solid solution(~480°C)

Water quench
Retrogression (~200°C)
Reaging (~120°C)

Temp.

Aging (~120°C)

v

Time

Fig.5 T77 heat treatment process".

Wik x —5—13, BI6TETIIH7a v +52785—Tho
72, BTTT 0 o BEBEILFERFEICSH LYy 73 v+ 5
74 =TI /N— b F =&t -t, BIAT I3 1/ AR
B & AR D s K MRHER R & D8 5 fo 8
B777T TRAFEMENEZ L 7 v =9 254852 KEIE
ALTWwa, BT TIIEEEE Y 2R ko KF%2H
KMHE L TW5, Table 10 12 B747 725 BTTT ICE 5
REEMRIOZE L 2R d Vs BTT7 1213 2000 5%, 7000 5% &
b EAEHIEAS (s - B PERAs Y,
B777 13 1990 4Rz sbfit L, 1980 AEARICBEFE S N7z &
ESh, ieebroiEsEk L i b, ENEA
A= — ZEBEILEBFCER L, BFHYE N R -1 v
JHo vy boviclila Licss, ENO 7V 2 =5 —1F
BTTT ~o#i&eRHEREcEh ot L lbh 5,
B777 ICHH & N &4 s 2 5l E N RS
SNTDIF 1990 HERITA>THhETH -7, THD,
B77T OHEFEIC B W T T IV Y =9 258Dl ANEIE L
TTHERNEEZ 5N B,
3.2. BATEMEROME LTk SRE
Al-Mg-Si-Cu &% 2013 DBAZF®
o, WUZERSEEZEIC BIEREM L& & BT a =z M KR
kbonTw b, REMISHZEEMEITH 5 2024 135
SR TR IR BN B o o — SRR E L TH
Won a0, MEWEPEIEHNRETHh 5, TV T
WEHES 6013 ZBH%E L 7245, 6013-T6 H D55k & (3
2024-T3 M DR E L 2EED» - 72, £ TTEHIT
6013 2B L, 2024-T3 L NP EDOT IV = &4
42013 BAF S Nc, TOBEFRIE, Frk 5 ~ 8 FEED
HARRTZE S T3S ORFEMIA R AR LT 510719,
Table 11 IC & & @ O LEK S & KT 5V, 2013 T
136013 & b A a2 Cu ZHE L 7,
(LB FHIIT MeeSi 3 1.58% Th b, ThLb b Cu
MLTE% EZ Vi 2000 Zo5aE LTSN
BHFE DAL 6013 D g L Th 5, F /M Ltk
o) E&¥ 2 O RS L, Z ofsRh 2 #im
%723 Mn Ob iz Cr Z2iRIIMLTW5, itEME» S
b Cri3HEMTH B, 2013 (I LA BRI 75 72,
2024 TIETEMICATFER K — PR — L ¥ A 2FHL
fod o~ LasalfEcdh 2, CORMAEITHL,
Fig. 6 [O/ R I G — R LA 2 325 L 72, MiEpkicid
WD 7 7 2 F —ffEPZHI N TWE D, —IK(Ldh
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Table 9 Sub-constructed parts of main commercial aircrafts”.

Aircrafts Parts Manufacturer
Pylon
B717 ShinMaywa
Horizontal stabilizer
Inboard flap
MHI
Nose wheel steering system
B737
Main wing rib KHI
Elevator FHI
Inboard flap MHI, FHI
Main landing gear door NIPPI
Equlpmer'lt to operate main MHI, FHI
landing gear door
B747 Outboard flap KHI
Fuselage frame NIPPI
Trailing edge of horizontal or .
vertical stabilizer ShinMaywa
Aileron « Spoiler FHI
Equlpmer_lt to operate main MHI, FHI
landing gear door
Elevator NIPPI
Fuselage stringer MHI, FHI
B757
Tailing edge of empennage
ShinMaywa
Pressure bulkhead (Pressure Bulb)
Outboard flap FHI
Boeing Equipmer}t to operate main MHI
landing gear door
Tailing edge of empennage ShinMaywa
Aft fuselage * fuselage door MHI
. Forward fuselage *
B767 Middle fuselage * Cargo door KHI
Wing-Body fairing * FHI
Main landing gear door
Main wing rib NIPPI
Fuselage structural parts ¢ .
Horizontal stabilizer tailing edge ShinMaywa
Nose landing gear door NIPPI
Aft fuselage * afterbody * MHI
fuselage door
Forward fuselage « Middle
fuselage + Cargo d Kl
B77T uselage * Cargo door
Center wing * Main landing gear FHI
door « Wing-Body fairing
Rib between main wing spar NIPPI
Wing-Body fairing ShinMaywa
Outboard aileron FHI
MD11 Fuselage skin under wing NIPPI
Pylon ShinMaywa
Fairing cover of flap drive KHI
MD80
Thrust reverser door ShinMaywa
MD90 Pylon ShinMaywa
A319/320 Shroud box MHI
AirBus | A321 Aft fuselage skin panel KHI
A330,/340 Aft cargo door MHI
ShinMaywa : ShinMaywa Industries, Ltd., MHI : Mitubishi Heavy

Industires, Ltd. KHI : Kawasaki Heavy Industires, Ltd. FHI : Fuji Heavy
Industries, Ltd. NIPPI : NIPPI Corporation
Referance : Japan Aircraft Development Corporation, Data sheet related
commercial aircrafts, (2001). (in Japanese)
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Table 10 Transition of aluminum alloys for main commercial Table 11 Chemical composition of aluminum alloys
aircrafts V. (mass%) 9.
Alrcraft B747 B757 B767 B777 Alloy Si Fe Cu Mn Mg Cr Zn | Al
Parts  Commission year | 1969 | 1978 | 1978 | 1990 2013 | 0.6-1.0 | 0.4 | 1.5-2.0 | 0.25 |0.8-1.2]0.04-0.35/0.25| Bal
. 2524-
Skin 2024-T351 T8 M. 6013 | 0.6-1.0 | 0.5 | 0.6-1.1 |0.20-0.8/0.8-1.2| 0.1  |0.25|Bal
Main cireular | 7q75.p73 7055 6061 [0.40-0.8| 0.7 |0.15-0.40| 0.15 |0.8-1.2|0.04-0.35|0.25| Bal
rame T77511
Cireular frame | 7075.76 T77715>5{)i‘5> 2024 | 05 |04 3.8-4.9 |0.30-0.9/1.2-1.8] 0.01 |0.25|Bal
. 7150~
Stringer 7075-T6 TT75116 '=+-|
.18
Fuselage 7075-T6 T150-
Keel beam 7055 075611 extrusion Tooo oo !
T77511% o S 419§
Main wing CFRP/ Z
Fuselage fairing GFRP
Main landing - 2024-T3511 extrusion J ___*,_5_39
Nose landing
gear door CFRP
Upper skin (70751651 | 1200, | Too- | TP
2024-T42 extrusion, g
Lowerskin  |2024-T651| oot | 202 | 22 7075-T6 thin plate s
(mm)
. . 2224- 7055-
Main wing spar | 7075-T651 = @
T361% | T7751 Fig. 6 Design of integral structures'.
. GFRP .
Leading edge honeycomb GFRP
Wing sdge GFRP 5o E—2sdax MERIZH 0% LR oN, B
honeycomb ~ ~ -
Main wing G:RP‘“ Pl 2024 I L LIE & Y 46 £ O 7075 JERER @ 6
Aileron honeycomb 5‘:1%%%%3_ % %ﬂj*%iﬂb{zkf »H 5 7b§, 2013 D& o — ﬂ?ﬂq
Flap ﬁluminun{) CFRP ZHHT A&, 1S TEHIDB ARSI D a2 MK
oneycom N . S s
BRI E—2 kD bESITKEV, 2013 DHE
Fl. k 4340M N
ap trac 272 TH Y 2024 D 2764 L D/NE L, Fh, REE—IEK
Pylon/Fairing GFRP {bic & © H kRS O WIS 25 SR & [Ekk i Ll L
S P - TE5, INLICKYEEHXN G, Fig. TISulfEL
ngine cowling - P — 5 2 -
72 2013 #H LM 27R 49, BN ol BIFS mE O
Horizontal o - " .
stable | 0756 HAt U513 57z, Table12 12, 7AW « #6575 10 B v
Elevator GFRP M SERELL 7cn=100 ® 7 — ¥ AL L ko
: honeycomb .
oneycom 2013-T6511 1 L Mo D A % /R4 Y, 2013 D55k
Empennage | Vertical stabilizer | 7075-T6 R, EHEREE, N7 ) v URE, SANEELWIND,
veim?l sLa(li)ilizer }ll%luminurrll) 2024-T3511 fith LM o BISED A X 0 &<, M/
eading edge oneycom L N
D BRSSP -7, = bR — UL LM TR, £0MH
Rudder honeycomb g& L ’Ci‘%é%ﬁ@@é\ﬁf)‘iﬁfﬁ 55 Flg 8 ﬂCZI_:\"d‘

(1) Altopia, 10 (2000)

(2)Sumitomo Light Metal Technical Report, 21 (1980)

(3)Mitsubishi Heavy Industries Technical Report, 35-5 (1998)

(4)2324 & 2524 were developed by Alcoa. Similar alloy was developed in
1995 Japan®.

(5)7055 & 7150 were developed by Alcoa. TT7XX heat treatment was pat-
ent registered by Alcoa.

ERIEICHN BB TE B, — LR ELTT Ly
Ve =Ty F B = LB LU OBMEE S

E— 4032024 & 7075 #H L TIEH £ U 2024 HAEH D
3 WA MR B M SR T H B8, 2013 TIEE—IK1L
RN O UASAIBEE 18 5, - T, 77 AF —IT&
B RS TE T VRIS HIR S N, 7B ORI T &
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2013-T6511 &+ v —#ifith LM 0 5[sREE» &, &
SIERMEIE Y ) v FEOEEEETH Y, HAEHBTA ¥
HSERENICHE S L oo Fig. 9 12189 2013 P LA
D7 vl T3, HEEROKRARNECTH D, BEN
BiFch-7- ExHH LTS, 7, 2013 D&
P13 2024 k0 BIREHCEN 2, 336h 2O HIHEE AR
BrfERcid, Fig. 10 1I0Rd & 91T, 2013 1CE47s i
DEZE SN H, 2024 1T L WRIBENEZE S e, C
NS ORIFRFEIC X b, B2 T s — Ak
X A B DHIE, FEEHMOERICXZ 2 v 5 F v
2B OKFAREE 72 %, 2013 #HH L F1E 2024 5
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Table 12 Static properties of 2013-T6511 extrusion”.

Strength Tension |Compre-|Shear Bearing

ssion e/D=2.0 e/D=1.5
Value Fty | Ftu | Fey | Fsu |Fbry|Fbru|Fbry |Fbru
Average (MPa) | 390 | 411 | 389 | 293 | 711 | 950 | 607 | 745
A basis (MPa) | 365 | 400 | 365 | 283 | 662 | 910 | 565 | 717
202 ﬁrg’?fif (?\5[133) 290 | 393 | 234 | 200 | 490 | 745 | 421 | 579
Average (ksi) | 57 | 60 56 42 | 103 | 138 | 88 | 108

A basis (ksi) 53 | 58 53 41 | 96 | 132 | 82 | 104
g %isi) 42 | 57| 34 |20 | 7 |108| 61 | 84
Ratio to 2024-T3511| 1.3 [Equal| 1.6 | 14 | 14 | 1.2 | 1.3 | 1.2

Window frame

Pressure deck beam

Fig.7 Integrated 2013 extrusions'®.

500 500 30,
[ oce g
E 400k e E  400F 6 e —
5 ---N’t—--- o 2
® 0 T g . S 20 e
£ 00k durd of | o 300 Lemeogcrinnne © 8 g
2 e TR\ 5
e [ ET I I S LN S
& hef Standard of % 10k
@ vy g
= 100} o ook 2024811 [ 2
< &
& e
0 U T 0 L1 i) M T |
L T 1J L T TJ L T 1J

L:longitudinal direction
T:Transverse direction
TJ;Tranverse direction joint part

Fig.8 Tensile properties of 2013-T6511 hollow extrusion”.

[ b3 L OHHAZ 2 = MMERERIREE L THIRE T & 5, %2
PR O R Ic LB K E T o Bk ST, Bhic
The Aluminum Association i€ & 0 2004 4F 4 H i &
L -V "2013-T6511" MBS hic, ZRIEE R
(NES) ~oH I, KE Society of Automotive
Engineering N Aerospace Material Specification
(AMS) OBgEBHETH D, 2004 4F 11 H I HIMRE
AMS4326 235811 S 1o, WIE Smm LU~ T O RAEAE 13
55k & 400MPa(58ksi), it /7 365MPa(53ksi), fHTF
8RB THs, SoIC—KWEHRETHRHEINGITE
MIL-Handbook #» 5 # 47 L 7z Metallic Materials
Properties Development & Standardization ~ @ & %

DUETH Y, 2005 4 4 HIYEE kS & O FRI Rt
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Joint part
=1l

I,-'f r-: Port o L
P :‘I:-\\\.- -1 ; -I - h
ort | Joint part F

X | T 1]
“Joint part”  Orifice of die
| T o
Port

Omm

Joint par-t B r

Joint line
- = 9 Joint part C

Joint line

1 mm
Fig.9 Microstructures of 2013 hollow extrusion for

window frame”.

(2013-T6511)

Plate(2013-T3511) :
Very Severe exfoliation

Fig. 10 Exfoliation test results of aluminum alloy extrusion

after 336h exposure'®.

DIREMTAG RARZ S 11, 2006 4F 10 A 34T D Versiond
NOFHATRIE L 2o

4., MEBATIVI=ULEEDMIT LOFRE

A E TIT, HRDOHZERA 7V =9 2 5RHEED
BURZHRE L, Wb« I LM ok, Hiln, &4b%
DIFEEMGE L 72, T 0 LISNT, BR A — 5 — D38
TN 2850 5, BRMLBOBEANICL 28
PHREISNCHET 2EIER SN TV S, FEANICE S
E13, Fig 1LITRITHIFICL > THBDRES N S,
IV, HEIRE & ST, BENC RAKRER A < —
B (EERs=vFry ) ZRALTOVEY, KEEA
NIRRT KGRI UM A USRI &2 A —1cd 5
EFEZON, R < —3BEANRICEE AR LisELE
ERE—A2EMT 2 EEZ 5N TVS, TOBEANME,
FEOBIE & ITHHED I S > X EEIC S ED D B,
Fig. 121 7075 BEANM O E & A O [5RIEE A 7R 723,
Fl5E5R & 590N /mm? 12X L3 5 > %13 20N/mm? A
LTV BEY, T, BHEIEHBKIEANDFESFITT
X2, — ), ¥IEA —H =0, MHLMAEMITT 55
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. @Water tank
Heating —
| Dry tank
Water - O Ty tan
tank Polymer
Circulatory fan / liquid tank

Turnable
pee= 11
S |

Material
installation

Material

Turnable

==
Air drying
(Drying tank)

Charge Mild quench Water

(Waiting (Polymer quench/

tank) liquid tank)[|Wash (Water
tank)
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Physical Properties and Mechanical Properties
of 2013-T6511 Extrusion

Hideo Sano and Katsuya Kato

2013 alloy has been developed as an alternative of 2024-T3 for airframe can be extruded to com-
plex shape including hollow shape, which can achieve integrated structure contributed to cost re-
duction. The application of 2013 to main structure of airframe requires registration in Metallic
Materials Properties Development & Standardization. Data analysis by Battelle laboratories is in-
dispensable for MMPDS registration. Analysis results of 2013-T6511 extrusion properties up to
5mm thick by Battelle have been shown in this technical report. Density of 2013 is 1.6% lower than
that of 2024. Specific heat and thermal conductivity of 2013 are almost same as those of 2024. A
basis of tension strength Ftu, tension yield strength Fty, compression strength Fcy, shear
strength Fsu, bearing strength Fbru and bearing yield strength Fby have been analyzed, and
those of 2013-T6511 extrusion are higher than those of 2024-T3511 extrusion. Tension strength is
400MPa, tension yield strength is 365 MPa and tension elongation is 8% as A basis. Tension
strength of 2013 up to 200°C (392°F) is higher than that of 2024-T62, and tension yield strength of

2013 is much higher than that of 2024-T62.

1. @ C & I

REN 7S LB B T H 2 2024 &4 13 =S TR ST
SREEMEN B T D —IREEE AR ELE L TRV S0,
MaEtelkElErfEchd 2, 7 TRAEES
6013 ZBAFE L 7ch, T6 M D5 [akim S 13 2024-T3 M 5|
RS LD 2HKA 57, T TH0I3 A EWEL,
2024-T3 ML XL ED 7V 3 = A454 2013 3BA%E
SNz, Tablel i, (LTS Z MO &SRS L TR
T, 2013 44£TIH601354L0 bmEAN L€ sk
» Cu 288 L 7o MgeSi 22T 5 L id Mg 1 %ic
XL S10.58%Thy, MgsSiid 1.58% L5, TNk
Db Cunl75%EL Vi, The Aluminum Asso-
clation 12T 2000 254 & L BRI, BAFOIH

& %3 R MEHDSTRETH 5,
MESPMZERAME L LTRSS, KET
DB RN NLETH 5, The Aluminum Associa-
tion 12T 2013 & AEEHRE, 51T T6511 & ASLHE
FrE o, OREER (WS ~OfAIE, KE
Society of Automotive Engineering N Aerospace
Material Specification (AMS) O&E&ENBMLETH D,
2004 4F 11 HIcHIRE AMS4326 Rfra N, I i,
—IRFEEARE TIRFEPRICRA SN %12 1d, Metallic
Materials Properties Development & Standardiza-
tion (IH Military handbook) ~DO&EEEBNETH %,

Table1 Chemical composition of aluminum alloys (mass%).

I3 6013 B4 0 EmELTH B, £, MHHER L Alloy| 8i |Fe| Cu | Mn | Mg | Cr |ZnAl
SH SO HEEHBEE L, T oSS A M4 5 7 2013 | 0.6-1.0 |0.4| 1.5-2.0 | 0.25 [0.8-1.2]0.04-0.35|0.25|Bal
» Mn OFDDITCr ZFMLTV 2, &51T, Crit 6013 | 0.6-1.0 |0.5| 0.6-1.1 0.20-0.8/0.8-1.2| 0.1 |0.25/Bal
PAN I S | A=A AN
AP Mn (L&Y &0 b RIS BN 2. 201?’ sEat 6061 0.40-0.8(0.7]0.15-0.40| 0.15 [0.8-1.2|0.04-0.35 |0.25|Bal
h2gikz S OEEIRciicE 20T, Sk

— 2024 | 05 |04| 3849 [0.30-09]1.2-1.8] 001 |0.25 Bal
 WgERER R v s — B
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Fig.1 Working curve for effect of temperature on specific heat
of 2013-T6511 extrusion analyzed by Battelle.

Table 2 Specific heat and thermal conductivity measurements of 2013-T6511 extrusion.

Specific Heat Thermal conductivity
Temperature
J/ (kg + °C) W/(m + °C)
°C °F Lot 1 Lot 2 Average 2024* Lot 1 Lot 2 Average | 2024-T3*
29 84 9.43E+02 | 9.46E+02 | 9.45E+02 | 9.04E+02 | 1.60E+02 | 1.68E+02 | 1.64E+02 | 1.24E+02
100 212 | 9.69E+02 | 9.64E+02 | 9.67E+02 | 9.48E+02 | 1.77E+02 | 1.79E+02 | 1.78E+02 | 1.35E+02
200 392 9.88E+02 | 9.93E+02 | 9.91E+02 | 9.84E+02 | 1.77E+02 | 1.74E+02 | 1.756E+02 | 1.64E+02
300 572 1.03E+03 | 1.03E+03 | 1.03E+03 | 1.02E+03 | 1.88E+02 | 1.83E+02 | 1.86E+02 | 1.84E+02
400 752 1.08E+03 | 1.07E+03 | 1.08E+03 | 1.09E+03 | 1.90E+02 | 1.83E+02 | 1.87E+02 | 1.77E+02
Temperature Btu/(b+° F) Btu - ft/(hr « ft>«° )
°C °F Lot 1 Lot 2 Average 2024* Lot 1 Lot 2 Average | 2024-T3*
29 84 0.225 0.226 0.226 0.216 92.2 97.1 94.6 94.6
100 212 0.231 0.230 0.231 0.226 102 103 103 103
200 392 0.236 0.237 0.237 0.235 102 101 101 101
300 572 0.246 0.246 0.246 0.242 109 106 107 107
400 752 0.258 0.256 0.257 0.260 110 106 108 108

= Reference to Figure 3.2.3.0 in MMPDS Version 1
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Fig.2 Working curve for effect of temperature on thermal

conductivity of 2013-T6511 extrusion analyzed by
Battelle.

Table 3 Coefficient of thermal expansion of 2013-T6511
extrusion

Temperature
Lot1 | Lot2 | Lot3 |Average| 2024*
°C °F

mm/mm/° C

30~100 | 86~212 |2.33E-05]2.33E-05{2.33E-05|2.33E-05 | 2.26 E-05

30~200 | 86~392 |2.41E-05|2.41E-05|2.41E-05| 2.41E-05 | 2.32E-05

30~300 | 86~572 | 2.48E-05|2.49E-05|2.50E-05| 2.49E-05 | 2.47E-05

30~400 | 86~752 | 2.53E-05|2.64E-05|2.55E-05]2.54E-05 | 2.56 E-05

in./in./° F

30~100 | 86~212 [1.29E-05|1.29E-05{1.29E-05|1.29E-05|1.26E-05

30~200 | 86~392 |1.34E-05|1.34E-05{1.34E-05| 1.34E-05|1.29E-05

30~300 | 86~572 |1.38E-05|1.38E-05|1.39E-05|1.38E-05 | 1.37E-05

30~400 | 86~T752 [1.40E-05|1.41E-05{1.42E-05|1.41E-05|1.42E-05

* Reference to Figure 3.2.3.0 in MMPDS Version 1
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Fig.3 Working curve for CTE of 2013-T6511 extrusion
analyzed by Battelle.
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Fig.4 Specimen for tension test at room temperature.
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extrusion at room temperature analyzed by
Battelle.
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Fig. 10 Specimen for tension test at high temperature.
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Table4 Design mechanical and physical properties of
2013 and 2024 extrusions (SI unit).

Table 5 Design mechanical and physical properties of 2013
and 2024 extrusions (American unit).

Materials 2013-T6511 Extrusion* | 2024-T3511 Extrusion™| Ratio to
Properties Basis A B A B 2024 A basis

Materials 2013-T6511 Extrusion® |2024-T3511 Extrusion™| Ratio to
Properties Basis A B A B 2024 A basis

Mechanical Properties

Mechanical Properties

Tension strength Fy, (MPa)

Tension strength Fy, (ksi)

L 400 407 393 421 1.0 L o8 59 a7 61 1.0
LT 393 400 372 400 1.1 LT o7 28 o4 o8 1.1
Tension yield strength Fi, (MPa) Tension yield strength Fyy, (ksi)
L 365 379 290 324 1.3 L 53 59 42 47 1.3
LT 338 352 255 283 1.3 LT 49 51 37 41 1.3
Compression strength F., (MPa) Compression strength Fe; (ksi)
L 365 379 234 262 1.6 L 53 59 34 38 1.6
LT 372 386 283 310 1.3 LT o4 56 41 45 1.3
Shear strength F,, (MPa) Shear strength Fg, (ksi)
L 283 290 200 214 14 L 41 42 29 31 1.4
LT 283 290 LT 41 42
Bearing strength Fy,.,*** at e/D = 1.5 (MPa) Bearing strength Fp,*** at e/D = 1.5 (ksi)
L 724 731 579 621 1.3 L 105 106 84 90 1.3
LT v 724 LT 104 105
Bearing strength Fy,,*** at e/D = 2.0 (MPa) Bearing strength Fy,.,*** at e/D = 2.0 (ksi)
L 917 931 745 786 1.2 L 133 135 108 114 1.2
LT 910 924 LT 132 134
Bearing yield strength Fy,,*** at e/D = 1.5 (MPa) Bearing yield strength Fy,.,** at e/D = 1.5 (ksi)
L 272 993 421 469 1.4 L 83 86 61 68 1.4
LT 565 586 LT 82 85
Bearing yield strength Fy,,*** at e/D = 2.0 (MPa) Bearing yield strength Fy,,** at e/D = 2.0 (ksi)
L 662 689 490 545 1.4 L 96 100 It 79 1.4
LT 683 710 LT 99 103
Elongation e of S-Basis (percent) Elongation e of S-Basis (percent)
L 8 12 L 8 12
LT LT
Tension modulus E (10° MPa) Tension modulus E (10° ksi)
L 68 T4 L 9.9 10.8
LT 70 LT 10.1
Compression modulus E. (10° MPa) Compression modulus E. (10° ksi)
L 69 76 L 10 11
LT 72 LT 10.4
Poisson ratio u 0.33 0.33 Poisson ratio u 0.33 0.33
Physical Properties Physical Properties
w, g/cm? 2.720 2.764 0.985 w, 0.098 0.1 0.98
C,K,and a | See Figs.1,2&3 | See Tables2 &3 C,K,and @ | See Tables2&3 | See Tables2 & 3

= Thickness range covers up to 0.omm. These were analyzed by
Battelle Memorial Institute.

= Reference to thickness range up to 6.3mm of Table 3. 2.3.0
(G in MMPDS Version 1.

#x+ Bearing values are “dry pin” values per Section 1.4.7. 1. in
MMPDS Version 1.

*  Thickness range covers up to 0.omm. These were analyzed by
Battelle Memorial Institute.

# Reference to thickness range up to 6.3mm of Table 3. 2. 3.0
(1) in MMPDS Version 1.

w+ Bearing values are “dry pin” values per Section 1.4. 7. 1. in
MMPDS Version 1.
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Fig. 11 Effect of temperature on the tensile ultimate
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analyzed by Battelle.
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Fig. 16 Effect of temperature on the tensile elongation (e) of
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Light-weighting Trend of Aluminum D&I Cans
in Japan, USA and EU

Hiroshi Yokoi, Shingo Ikawa, and Seiichi Hirano

The weight of the aluminum drawn and ironed beverage can (D&I can) has not decreased since

the early 1990's in Japan. This paper presents the trend of light-weighting of aluminum D&I cans

through the Japanese, USA, and EU markets in 2004, and comments on the light-weighting in the

near future in Japan. Japanese aluminum D&I cans are heavier than USA cans by 13.5% (2.1g)
and EU cans by 10.5% (1.6g). The difference in the weight is due to the demand for the quality of
the cans according to the countries. It is not easy to achieve the further light-weighting with the

high demand on quality in Japan. An increase in the strength of the can itself, while maintaining

the high-formability and quality of the appearance, is one of the ways for light-weighting. For

this, changes in total can production design including can stock properties, can production process,

appropriate can specifications and so on are suggested.

. @ C & I

EWNicsF 570 =24 DI{E (Drawn and
Ironed Can) (&, 1971 FIZHEFES NIED TH OEBEFEIC
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3d 5 bDD, 2004 F 3 LRk E D 183.6 R 2 #
anrz,

T =9 4 DIEE, BFELPICIERICERLS
n72H3, 1990 FEAREFE» S BEER/LIZHEA TV IR L O
BRTH 5V, Thid, HIRMEREDHEENREEIC - T

W5 &, TRAMAY y bHDIOT EENFHKNEEZ
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EEZIoND,
—75, IETRIRRICRERESEER SN TE T
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2. AEXNRESLUVABER

AR & Table 1 12/R9 £ — V38 K O IRIEREEH
T =9 A DIET, 2004 i AT L 2 EANTHRE
(350mD) 9 #7#H, KETMRTE (1202) 6 841H, 3 X UKk
INTIIRGE (330ml) 384 Tdh %,

EANEE, E—vHO—ic 204 (2+4/16 1~ F)
BOT Y RPRHEHN, BFEAEN26XTD S, KETE
& B — VA 204 12T hH 0 RIBAEL A 202 £, BRI
TR E—VH, REBEEIH & 1T 202 R Td 0 fiFE
ATV D, BN NER 330ml B EHETH O e S
PEOWC EDRRHTH 5, HENRD 18D S 5, K
1z (LOE : Large Open End) i Udz (MOE :
Middle Open End) 28 12d D, MRASSIEZERE L
Fitob oz v, TN STHEWNRIEITDWT Table 2
WORTIHEZFA L 7o

3.
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Table 1 Details of cans investigated.

No. Country Beverage Can End size Neck type End/Tab type
(Area) D manufacturer (*2) *3) End (*4) Tab
1 A 206 Quad Stolle
T B 206 Quad MOE Stolle
T C 204 SFN LOE Stolle
T b D 206 Quad Stolle
T Japan E 206 Quad MOE Stolle
T F 204 SDN LOE Stolle
T C 206 Quad Stolle
T C D 206 Quad Stolle
T E 206 Quad Stolle
10 G 204 SNF LOE Stolle
T ° H 204 SDN LOE Stolle
7 G 202 SNF LOE Stolle
— USA
13 H 202 SDN LOE DRT
T ¢ I 202 SDN LOE Stolle
175 J 202 SDN LOE Stolle
16 B J 202 SDN LOE DRT
T EU H 202 SDN Stolle
? ¢ J 202 SDN LOE Stolle

(*1) B : Beer C : Carbonated drink
(*2) e.g. 206 : 2+6/16inch

(*3) SDN : Smooth Die Neck
(*4) LOE : Large Open End

Table 2 Investigation items.

Part
Item
Body ‘ End ‘ Tab

Can characteristics

Weight O O O

Thickness OC¢1,2) O3 o4

Buckle strength O O -

Chime wrinkling O — -

Piercing resistance O¢D - -
Stock characteristics

Chemical composition O O -

Hardness o2 O3) -

Manufacturing process O - -

(*1) Thinwall (*2) Dome center
(*3) End panel  (*4) Flat area of tab

SNF : Spin Neck and Flange
MOE : Middle Open End
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SFN : Spinflow Neck

B N5 A8 15.00~16.24g TdH 2 DIzt L, KEIE R
13.04~13.99g & T 2.1g (135%) #BETH 5, W
M S &S DKW 330ml B FHRTH 545, 350ml
HE S HMICHIET 2 & 13.74~14.24g & 120, ENE
AT T 1.6g (105%) BETH 5, NEWHIIC
s 5 &, ENTRREBHEATX D & & — VAT,
KETEHE - VHEL D bRBIEHITEO A RETH
5, INSOWEBILORA Y MIHOVLTHERF &y
FIZH 0 CTHEET %,

3.2 HART 4+ DB={biLii

HEHREED S L 15~80% %2 5w 2 HER 7« OHE
(Table3) &, 73 =w a4 (BERER) ClES
3 &, EWNEA 11.49~11.99g TH B DIk LT, KEH
13 10.14~10.89g, ERINIE 1% 10.70~11.26g TdH 0,
WINORETH B, FHICKRETR ZEMNE T TR
TI10.5XBETH 5, BEALITIE, FEMOITHEH <
LER T« (RKEOK 30% 1Y 3 2 BFIRE 2 ks
H2hEFE, BOOKT0%ICHY T2 L& LEOE
BE AW 32 50 d %, Fig. 1 Il EIE Ak
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Table 3 Can weight. (&)
Country Beverage Total Body End Tab
Y e D '2) *3) (*2,3) (-4)

1 15.76 12.15 11.88 3.20 0.40
T 15.60 12.00 11.73 3.18 0.42
T 15.21 11.99 11.75 2.84 0.38
T " 15.97 12.26 11.99 3.28 0.43
T Japan 15.43 11.83 11.54 3.20 0.40
T 15.00 11.78 11.49 2.86 0.36
T 16.24 12.43 11.82 3.44 0.37
T C 16.18 12.34 11.84 3.43 0.41
T 15.75 11.93 11.59 3.41 0.41

10 13.69 10.70 10.36 2.68 0.31
T ° 13.75 10.79 10.56 2.66 0.30
7 13.37 10.65 10.44 2.40 0.32
— USA

13 13.99 11.26 10.89 2.39 0.34
T ¢ 13.04 10.35 10.14 2.42 0.27
? 13.54 10.85 10.66 241 0.29

16 B 13.36 13.74 10.57 10.33 10.70 2.46 0.33
T EU 13.71 14.13 10.87 10.61 11.01 2.54 0.30
178 ¢ 13.85 14.24 11.07 10.88 11.26 2.48 0.30

() B:Beer  C: Carbonated drink

(*2) Calculated weight equivalent to 350ml can's height.
(*3) Delaquered
(*4) Calculation : End=Total—Body —Tab

OOA :Beer @M A : Carbonated drinkl
0.115
E "N
E 0.110 A ©
PR T 5 o
2 0.105 O Japan...Cg
% 0.100 w -------------- g -‘I
'::: 00 g B v ' v
, H 1
= 0.095 ‘ My
E ( -i USA :
= 0.090 = =
=
0.085
0.22 0.24 0.26 0.28 0.30

Dome center thickness (mm)

Fig.1 Relation between thinwall thickness and
dome center thickness.

RIS & RERIE DBAfR 2 7R, IR R RS
3, K=Y 7INLRORD 1 LERIC X D ol 5
0.0lmm < 75308, BUEX —H —IlckB2EFIEEAL
mnicd, JTTiRIZOHHENFIETH 5, wiFmDK
FElT E, ERE I THER I, HREEpE E &
L, FRICR BRI E N I A THY 0.01mm 7
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VOB TH B, — 4, BRMNEE, HEEERE OIS
FENTG & ZEEETDH 25, HIERPREHIKET X 0
bHEVWONRKEHMTH 5, ENTHRSHE VLK 0.280m
m, KM T 0.245mm H 5 W iF 0.250mm 23EH &1
TV EHEET %,

TV =9 A DIHOERME E L CRE TEICE T
MO, T, WS, HEE TOWD %
WITT A 2551, EETORKAENERETH 5,
Zohcia(b L CRER SN2 00, FEERH» 2
TEHTT B~ O S ZFISHE A 3 72 O PEIE R, FH%
DFEPRERE O LRI & 3 NTEE(ICif A % 729
DILIRMIE, AMEAETH 2LEF + 1 &8 (R b o8
AR OLbisEnd s, &oIKkIETIE, TET
DIEREABIEIC X 2 Il IC 4 2 IR o Ze X ol L
WMER SR onsY, iz, EINCRINTIE, Fl)
WEAMLNZEELH D, THITIFEE TR O
2T OB AL EHIRE T IT 282355 120, (GRS
AHbEEHIN TV S,

JFERRSRIE 13, BB b s UAIc X 0 iRk T 3
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%1, HlE CIRIEME S ESE S WO TAR T
PHE L TV WS, —RRIIT (b EE A B L 22 IRR S,
TERE S < 75 % EERE T8 < F v 1 25BN
WG 2 7w, LT 28 RIEESPLETDH B,
FEI PN O —fi% ) 75 B 58 13 1275N (130kgf) VI E?TH
305, KEELHMNETIE, ENOBKEE R E-TV5

bobdh, ENLD SHENEKVWESTH S,

IR EDOEN O — iy s g, - VvHT
539kPa  (5.5kgf/cm?) , K M 8K KL H < 1 617TkPa
(6.3kgf/cm?), & % Wi 686kPa (7.0kgf/cm?) VI LT
b BV, ENOE—VIF/NR Y T4 XA X 50
[HEE—=I] 24 7BE20d, E—LDIFEAEITN
A G 5 A ZUEE A g R E S RN LT I < 3%
EIN T b, T O FHIEME & HIERIEORMGR %
Fig. 2 1T/R 9, HIEME & HERE O I IFHE 72 B 5% 1%
D 5NV, HIKME G HEREOMIC, PO,
HIRIZIRIK T L BRAS B 02, HRL L T KA
THEHICHIERHTIREN TV S, KT, #H
fb& & bIET T 2MEREZE, F a7 s — sz
LCHi-TOWAEABE L, Fig.3ICR ML Y 7 4 —£4
SNIRENBEIRBIRE RS, O, SUEOK
BIETHLX v VB TKT LIRS, 4 vF—T 5 —
WEAIC T 4 R 7 2 LY TTIL LNy 7 ) v 7 L#EL
T56DOTHY, EATEEAINTVLRVLWELSTH S,
TN, BWRENNETH D&, #ERF XL EDR
EBFERNEZZ ON S,

F v A LAERICHEST D LD, AV EoBEE LT
h EFenz, fEGEsHEclELcE A, BNG
TRF+ A4 s lbRe{BEshRVDOIKHLT, KK
ED No.10, 18122 DF + 4 & LbAH, %7 No.ll,
M IR b ORED SN, RENBF v+ A4 6 1LD
DODABIER%Z Fig. 4 107, 7+ 1 & LHOIEFRKD K
ETETT v 1 2% 2 Hiftmo ks 2Bl
A ENCEER S 2 AR TH B, TOREHEARR, TRE
PV EFRAL LT VO THRLT 2 BRI 3EES S
BTH B,

IODA : Beer o Carbonated drink|

800

760
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680

Dome reversal pressure (kPa)

640

0.22 0.24 0.26 0.28 0.30

Dome center thickness (mi)

Fig.2 Relation between dome reversal pressure and
dome center thickness.

TR 7« oKEmEEAICE, 2F0% 70%% 50
BIBES O A LS SE TH 205, Kb E LEVLILOMKR
WABEHOFEDO D TH b, Rb AR ATERERS
NTBLY, EEICH - 2RBGEORIT» ST H
LZO0BURTH B, TR, BBo—FlELT, NE
WaEb L%, 2SI X D HENEE 196kPa ISfREF L 72
%, ¢1.0mm, Z¢is R0.5mm @ $t% 50mm/min @&
FECHBEENIHANREE IS LY T & 2o AME (3
EHILstE) % Fig. 5 10/Rd, BEEOHOHETEEH

(a) Typical domestic can (Sample No.1)

< Bottom reform (Inner wall)

(b) Bottom reformed can (Sample No.11)

Fig.3 Typical can bottom profile.

Chime wrinkling

Fig.4 Typical chime wrinkling (Sample No.18).

(Beer)

.50 -
Zz OOA : as received
g [ |@ M A : Delacquered
2 45 I
s 5
2
240 |
S Lo
2 [ ey
E .1l @ _---"7 A [
935 | _.--7 v
R R T
-» ~eT

30 ) ) . ) . ) . !

0.090 0.095 0.100 0.105 0.110 0.115

Thinwall thickness (mm)

Fig.5 Relation between piercing resistance at thinwall
and thinwall thickness.
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UBESMR VRN H 5, T, BIEASTEHEOHH
KEH LA E SV, BEEO @O KEOE I, ENPRK
M DI HARTIE &R LA 3RV, FEEORR RIS,
Pk D M A R & OF - CTHREE D SR LAk 5 5,
RITT IV =9 LFHMICBT 2 EFER BB, it
WO+ 7« Mo, [bEpksy, #HESLE TR

Tabled 2R, HAET MBIV INS 1%D Mn &
1% D Mg BEBSD D 3004 G4 &, Mn=DDE W0
3104 54 TH - 1o KREEGPRUNT IE, BRI~
T Mg @02 WA DEED SN i,

HARF « MoBlE T, KB4 sE2/EbD,
Fig. 6 IC/R I HE AL SN L7, TR T4 MDD &

Table4 Can body stock characteristics.

Country | Beverage Can Hardness Chemical composition (mass%) Estimatefi
No. (HV0.1) Alloy manufacturing
(Area) (@Y manufacturer 2 Si | Fe | Cu |Mn|Mg|Cr|Zn | Ti| Al| [rocess(*3)

1 A 96.7 3004 0.25{0.360.21| 1.0 | 1.0 | 0.01]0.18 [ 0.03 | bal.
7 B 92.2 3104 0.28{0.4410.25| 0.8 | 1.1 |0.02]0.17 [ 0.03 | bal. A
T C 98.7 (3104) 10.31]0.43/0.29| 0.9 | 1.3 |0.02]0.10|0.04 | bal. B
T ° D 93.3 3004 0.26{0.39]0.22 | 1.0 | 0.9 {0.01]0.18 [ 0.03 | bal. A
T Japan E 95.6 3004 0.2810.400.25| 1.0 | 1.3 {0.03]0.03 [ 0.03 | bal. B
T F 95.3 3004 0.28{0.44]0.24| 1.0 | 1.3 |0.02]0.17 [ 0.03 | bal. A
T C 99.6 (3104) ]0.33(0.460.31| 1.0 | 1.3 10.02|0.12 | 0.05 | bal. B
T C D 92.8 3004 0.2910.42]0.25| 1.0 | 1.1 {0.02 | 0.17 [ 0.03 | bal. B
T E 99.3 (3004) 0.28|0.40/0.26| 1.0 | 1.3 |0.02{0.030.03 | bal. A

10 G 96.2 3104 0.1710.561]0.21] 0.9 | 1.3 |0.00{0.02|0.01 | bal. A
T ? H 95.3 3104 0.17{0.45]0.19| 0.9 | 1.3 |0.01]0.04 [ 0.01 | bal. A
7 G 95.3 3104 0.17{0.48]0.21| 0.9 | 1.3 |0.00 | 0.02 | 0.01 | bal. A
T vsA H 94.1 3104 0.17{0.44]0.19| 0.9 | 1.3 |0.01]0.04 [ 0.02 | bal. A
T ¢ I 94.5 3104 0.19{0.41]0.19| 0.8 | 1.3 |0.02]0.05 | 0.01 | bal. A
175 J 90.4 3004 0.20{0.43]0.19| 1.0 | 1.2 | 0.02 ] 0.05 [ 0.01 | bal. A

16 B J 98.4 3004 0.22{0.43]0.19| 1.0 | 1.3 |0.00 | 0.00 [ 0.01 | bal. A
T EU H 101.3 3104 0.18{0.4410.23| 0.9 | 1.2 |0.01]0.02 | 0.02 | bal. A
? ¢ J 98.1 3004 0.22]0.41]0.18| 1.0 | 1.3 |0.00 | 0.00 [ 0.01 | bal. A

(*1) B:Beer  C: Carbonated drink (*2) Dome center

(*3) A 1 HR-(IA)-CR

(HR : Hot Rolling

B : HR-CR-TA-CR
CR : Cold Rolling

(a) Process A (HR-(IA)-CR)

IA : Intermediate Annealing)
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Fig. 6 Photomicrographs showing typical grain structure of can body stocks.
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Fig.9 Relation between buckling pressure and end thickness.
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Table 5 Can end stock characteristics.

No. Country | Beverage Can Hardness Alloy Chemical composition (mass%)
(Area) D manufacturer | (HV0.1) S Fe Cu | Mn | Mg | Cr 7n Ti Al
1 A 113.9 5182 0.12 | 0.24 | 0.10 | 0.36 | 4.5 | 0.03 | 0.03 | 0.02 | bal.
T B 111.3 5182 0.13 | 0.26 | 0.09 | 0.31 | 4.7 | 0.03 | 0.04 | 0.02 | bal.
T C 110.6 5182 0.13 | 0.24 | 0.05 | 0.44 | 49 | 0.03 | 0.05 | 0.01 | bal
T ° D 113.4 5182 0.09 | 0.22 | 0.09 | 0.37 | 46 | 0.04 | 0.02 | 0.01 | bal
T Japan E 112.5 5182 0.13 | 0.29 | 0.09 | 0.38 | 4.5 0.07 | 0.04 | 0.02 | bal.
T F 115.3 5182 0.08 | 0.19 | 0.05 | 0.44 | 4.7 | 0.02 | 0.03 | 0.01 | bal.
T C 111.3 5182 0.13 | 0.24 | 0.06 | 0.44 | 4.7 | 0.03 | 0.05 | 0.02 | bal
T C D 1121 5182 0.09 | 0.23 | 0.09 | 0.35 | 4.5 | 0.04 | 0.02 | 0.01 | bal
T E 112.9 5182 0.12 | 0.24 | 0.09 | 0.33 | 4.7 | 0.03 | 0.05 | 0.02 | bal.
10 G 122.3 5182 0.08 | 0.25 | 0.03 | 0.36 | 46 | 0.00 | 0.00 | 0.01 | bal
T ’ H 114.0 5182 0.08 | 0.22 | 0.04 | 0.33 4.8 0.00 | 0.01 | 0.01 | bal.
7 G 128.8 5182 0.08 | 0.22 | 0.04 | 0.37 | 48 | 0.00 | 0.00 | 0.01 | bal.
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T ¢ I 119.5 5182 0.09 | 0.23 | 0.05 | 0.34 | 4.7 | 0.01 | 0.03 | 0.02 | bal.
175 J 115.5 5182 0.09 | 0.26 | 0.04 | 0.35 | 48 | 0.00 | 0.01 | 0.00 | bal.
16 B J 122.9 5182 0.12 | 0.25 | 0.03 | 0.37 | 5.0 | 0.01 | 0.02 | 0.02 | bal.
T EU H 125.0 5182 0.12 | 0.30 | 0.07 | 0.39 4.9 0.06 | 0.01 | 0.01 | bal.
? ¢ J 121.6 5182 0.11 | 0.20 | 0.06 | 0.38 | 4.7 | 0.03 | 0.00 | 0.01 | bal.

(*1) B : Beer C : Carbonated drink
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Fig. 10 History of can body and end weight.
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New Manufactured Goods and New Technique

Friction Stir Welded Products
in the Aluminium Mill Shop”

Masaki Kumagai*

*

and Sunao Tanaka

k ok ok

Friction stir welding has been successfully applied the production of wide aluminium alloy pan-

els. Wide extrusion panel for example the superexpress Series 700 Shinkansen have produced with

friction stir welding in our mill shop since 1997. In recent years, wide FSW extrusion panels have

used for bridges and decks from the viewpoint of reducing Life Cycle Cost (LCC) and satisfying

the requirement of Life Cycle Assessment (LCA). In this paper, the new whole aluminium bridge

constructions and some products with FSW in the mill shop are introduced.

1. Introduction

Recently, lightweight transportation and con-
struction are expected from the viewpoints of
ecology and economy, since aluminium alloys as
sheets, plates and extrusion shapes are increas-
ingly used for many kinds of structures. Large
material which is produced by joining standard
shapes to the width direction in the mill shop is
expected to reduce site welding operation. Large
aluminium structures have been produced by
such conventional fusion processes as metal in-
ert gas (MIG) or tungsten inert gas (TIG)
welding. In the welding of aluminium, large dis-
tortion occurs due to high thermal expansion
and large shrinkage of solidification. In addi-
tion, grazing oxide film and inert gas shielding
are necessary to prevent the defects due to re-
mained oxides. Skillful technique is required for
controlling the welding conditions and removing
the welding distortion.

To solve these problems, we took notice of a
new friction stir welding technology which was
developed by The Welding Institute”. We have
fabricated friction stir welded wide panels of
aluminium alloy which were impossible to be
produced only by extrusion or rolling. In Japan,
a heat treatable alloy JIS 6N01 is a representa-

* IIW Pre-Assembly Meeting on FSW in Nagoya 2004
(2004.7.9).
«+  No.l Department, Research & Development Center, Dr.

of Eng.
«#x No.l Department, Research & Development Center.
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tive constructive material for trains because of
high extrudability and less quench sensitivity.
We firstly manufactured friction stir welded ex-
trusion panels of 6NO01-T5 for the floor of the
commercial superexpress 700 Series Shinkansen
in 1997 (Fig. D?.

From 1950s to 1960s, many aluminium bridges
were constructed in North America, Europe and
Japan. However, the application of aluminium
alloy to bridges has decrease after that period
because the cost of material was expensive. In
recent years, aluminium alloys are reviewed to
be suitable for bridges and decks from the view-
points of reducing the Life Cycle Cost (LCC)
and satisfying the requirement of Life Cycle As-
sessment (LCA) because of excellent corrosion
resistance, recycability and weight saving.

Fig.1 Floor panel for the superexpress 700 Series
Shinkansen.
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2. Bridge Construction

The reasons why aluminium alloys are use for
overbridge are followings;

(1) Aluminium alloys have higher corrosion
resistance than steel, the maintenance is easy
and running cost of repainting is able to reduce.
Aluminium bridges do not need removing rust
with scattering the rust powder. LCC of
aluminium bridges is lower than that of steel
bridges only after first repaint.

(2) In case of aluminium railway overbridge,
shutdown of the electrical current for trains in
the corrosion inspection can be avoided.

(3) Because of lightweightization, site works
are easy and a short time. Aluminium bridges
are decreased shutdown time of the traffic.

(4) Aluminium bridges lighten the burden to
the under support construction.

(5) Aluminium alloys are suitable for LCA.
Recycle is possible with low energy.

(6) Manufacturing is possible as the same as
steel construction. Extrusion to proper shapes is
possible to decrease the weld lines.

Fig. 2 shows Nishikaratsu Station overbridge
of JR Kyushu?. Side and bottom panels of sim-
ple beam box girder and floor deck are consist of
friction stir welded 6NO1-TS extrusion shapes
with libs. Corner of box girder and diaphragm
consist of 5083-O sheets. Roof and shelter con-
sist of 6063-T5 extrusion shapes. Mechanical
properties of those materials and joints are
in Table 1.
Nishikaratsu Station overbridge is shown in
Table 2.

Fig. 3 i1s manufacturing process of the box

shown Design specification of

girder. Extrusion of the thickness of 10mm and
width of 250mm with stiffener libs made the ef-

Fig.2 Nishikaratsu Station overbridge of JR Kyushu.
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fective use of aluminium (Fig.3a). Those ex-
trusions joined by friction stir welding (Fig. 3b)
to wide panels of 1 or 1.25m width and 6m length
(Fig. 3¢). Those panels joined with metal inert
gas (MIG) and tungsten inert gas (TIG) arc
welding to 18 box girder units (Fig. 3d). In the
mill shop, those units were arc welded to the
blocks with the maximum length for transpor-
tation (Fig. 3e). Those blocks were transported
to the site after preassembly in the mill shop.
Camber of the bridge was measured in no load
condition at the preassembly in the mill shop
(Fig. 3f). In a site yard, couples of a box girder
were arc welded and diaphragms were bolted to
a girder. The girder was hung up only at once
and built to an overbridge in a night.

Friction stir welding of the extrusions was op-
erated in a number of lines in parallel. No pre-
treatment needed before FSW. Welding condi-
tion was a rotation speed of 1000rpm and a weld-
ing speed of 300mm/min. A number of extru-
sions were clumped with gap less than 2mm in
length of 6m. All of the weld of FSW were butt
joint. No tunnel pores and kissing bonds oc-
curred in all panels.

Table 1 shows mechanical properties of the
joints. Strength of FSW joint is higher than
that of MIG welded joint. Fig. 4 shows a macro-
structure in the transverse section of the FSW

Table 1 Mechanical properties of material and joint.

. Tensile strength| Yield stress| Elongation
Material , ]
(N/mm?) (N/mm?) (%)
Base metal 306 281 18
6NO01-T5 FSW 210 127 8.4
MIG 201 123 12.8

Table 2 Design specification of Nishikaratsu Station

overbridge.
Type Simple beam box girder
Bridge
Quantity 1
Bridge length 49.7m
Span 39.7Tm
Effective width 4.0m
Steps
Quantity 2
Effective width 4.0 m
Shelter Aluminium panel
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=49N

Vickers hardness (Hv:

(a) Deck extrusion. (b) Friction stir welding (FSW). (c) Welded panels by FSW.

(d) Fabrication of girder units. (e) Fabrication of girder block. (f) Field assembly near the site.

Fig.3 Manufacturing process of the box girder.

Fig.4 Macrostructure of transverse section of the FSW

butt joint.
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Fig. 6 Fatigue properties of the welds.

butt joint of 10mm thickness. Fig. 5 shows hard-
ness distribution of the FSW joint. Heat affected
zone of FSW was narrower than that of MIG
welding. Fig.6 shows fatigue properties of
welds. The butt weld of FSW 1is suited for bridge
construction.

Inspections of friction stir welds were done as
shown as Table 3. A tunnel pore was detected
by an ultrasonic test and a radiograph test. A
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large kissing bond was detected by a dye
penetrant test and an ultrasonic test. An initial
product test means the first product welded in a
selected condition with small pieces as the same
machine, material, welding speed, and rotation
speed. Inspections of MIG welds were done by a
radiograph and a dye penetrant test. In a site
operation, the main girder with 41.7 tons was
hung up at a time by a 360 tons truck crane in
operation area of a 26m radius.

Fig. 7 shows public works of extension of the

Shin-Kakogawa Bridge”. To ease up a traffic
jam on a bridge, the number of driveways is in-
creased by changing a sidewalk into a driveway.
In increasing a new sidewalk, lightweight
aluminium decks don't need to reinforce under
construction. A pedestrian deck of 4m width and
500m length was made from 60 tons of friction
stir welded 6NO1-T5 extrusions of 400mm width
with two hollow holes (Fig.7a). Some extru-
sions welded by FSW and lib plates welded to
cross direction of extrusion by MIG welding

Table 3 Inspection of friction stir welds.

Item Tensile Macroscope Ultrasonic Radiograph | Dye penetrant

All welds - - Every 100mm - All welds
Initial Start point of welds 1piece 1piece - 1piece -
product Center point of welds - - - 1piece -
End point of welds 1piece 1piece — 1piece —

All welds - - - - All welds
Current Start point of welds — — Every 100mm - -
products Center point of welds — — - - —
End point of welds - - Every 100mm - -

Fig.7 The Shin-Kakogawa Bridge.
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(Fig. Tb). Large welded panels were set up on
the side of the bridge (Fig.7¢). The deck floor
before pavement was very smooth (Fig.7d).
Many aluminium overbridges and decks like
those had manufactured by friction stir welding
in Japan.

3. Heat Exchanger

With high accumulation of electronic control
parts, wide comb-type heat-sinks with thin, tall
and narrow pitch fin are required. It is possible
to produce by joining precise small extrusion
shapes, but fins and base plate are softened and
deformed by a conventional welding. Fig.8
shows a large FSWed comb-type heat-sink made
from 6063 extrusion with three fins®. Because of
small softening and deformation due to little
heat affection, fin pitch near the weld was the
same as base metal. The weld region could not
recognize after machining of the base plate for
installation of electronic control parts. Many
kinds of such heat-sinks have been produced as
long FSWed extrusions in our mill shop. Fig. 9
shows a pin-fin heat-sink. A forged pin-fin heat-
sink was difficult to to
expensiveness of a mold. Joining such a heat-
sink by arc or laser welding caused softening

enlarge due

pin-fins and defomation during handling. FSW
solved the problem and acted up to a large high

as FSWed

performance heat-sink.

4. Parabola Antenna

Width of rolled plate is limited by a mill ma-
chine. A large blank is realized by friction stir
welding with a small change of the weld. Fig. 10
shows a 3.3m square sheets butt weld from three
rolled 1100-O plate of 4mm thickness®. After
cutting to a circle, the blank rolls on a spherical
die to a bowl plate of about 3mm thickness as a
parabola antenna. In producing many hundreds
of the blanks in a year since 1999, no cracks oc-

Fig.8 FSWed comb-type heat-sink.

Macrostructure of FSW Joint

Fig.9 FSWed pin-fin heat-sink.
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Fig. 10 Butt welded 3.3m square panel for parabola antenna.

curred in rolling to the bowl. FSW realized a
sharp decreasing in rejected articles in compari-
son with MIG welding. FSW is suited for press
forming of aluminium sheets.

5. Conclusion

Friction stir welded large extrusions of
aluminium alloys are supplied without welding
distortions and reinforcements. Those panels
are suitable for many kinds of aluminium

146

bridge constructions. FSW realizes large com-
plex shapes made from presise extrusions or
forged shapes of aluminium alloys. Also, large
FSWed sheets for forming are a good applica-
tion. Friction stir welded materials are extended
for the various uses in the mill shop.
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