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Effect of Solid Solution and Precipitation States on Recrystallization
Behavior of Al-Mg-Si Alloys*

Akifumi Hasegawa**, Hidetaka Nakanishi** and Mineo Asano***

The effect of the solid solution and precipitation states on the recrystallization of Al-Mg-Si alloys was
investigated. Hot-rolled sheets were heated at 823 K, and then they were treated with or without the
precipitation treatment at 623 K. Both samples were rolled at room temperature up to 87.5% and annealed
finally at 623 K. The sheets with the precipitation treatment (sample P) showed recrystallized grains
elongated to the rolling direction. The sheets without the precipitation treatment (sample N) consisted of
small equiaxial recrystallized grains. Cube(j001}<100>) texture density of the sample P was higher than
that of the sample N. In the sample P, f-phase precipitates and the precipitate free zone (PFZ) were formed
by the precipitation treatment. The PFZ was likely to be elongated with rolling and become a preferential
recrystallization zone. Therefore, the recrystallized grains grew along the elongated PFZ and the formation
of the long cube orientation grains caused high density of the cube texture. On the other hand, in the
sample N, shear bands were formed by rolling. They were speculated to work as recrystallization sites.
Because of origination of randomly oriented grains from shear bands, it was assumed that the small
equiaxial recrystallized grains were formed and the density of the cube texture was decreased.

Keywords: AI-Mg-Si, texture, recrystallization, solid solution, shear bands
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Table 1 Chemical composition of the alloy used in this

study.
(mass%)
Si Fe Mn Mg Zn Al
1.00 0.18 0.08 0.49 0.20 Bal.

Electrical conductivity
1 54.8%IACS
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Fig. 1 Optical micrographs after the precipitation treatment and the solution heat treatment.
(a) sample P, (b) sample N (after the solution heat treatment).
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Fig. 2 TEM images after the precipitation treatment and the solution heat treatment. (a)-1 sample P (inside of a grain),

(a)-2 sample P (a grain boundary), (b) sample N.

Low High

Fig. 3 The distributions of Si after the precipitation
treatment and the solution heat treatment
obtained by EPMA. (a) sample P, (b) sample N
(after the solution heat treatment).
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Fig. 4 DSC curves of samples after the precipitation
treatment and the solution heat treatment.
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Average grain size: 43 um

Average grain size: 14 um

Fig. 7 Optical micrographs after the final annealing at 623 K for 600 s. (a) sample P, (b) sample N.
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Fig. 8 Orientation density of the final annealed samples
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Fig. 9 Crystal orientation maps after the final annealing at 623 K for 5 s. (a) sample P, (b) sample N.
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Fig. 10 Image quality and inverse pole figure maps after the final annealing at 623 K for 5 s
(a) sample P, (b) sample N.
[ On boundaries of the band-like grains
Around second-phase particles at boundaries of the band-like grains
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B Around second-phase particles in the band-like grains
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100 200 300 400 500 600
Numbers of recrystallized grains, numbers/mm?
Fig. 11 Numbers of recrystallized grains after the final annealing at 623 K for 5 s.
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Fig. 12 Pole figures of the recrystallized grains around the second-phase particles after the final
annealing at 623 K for 5 s. (a) sample P, (b) sample N
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Fig. 13 Formation of the recrystallized grains of the cube
orientation in sample P after the final aennaling at
623 K for 20 s.
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Fig. 14 Schematic diagrams for microstructural changes in the cold-rolling and the recrystallization process. (a) sample P,

(b) sample N.
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Effects of Mn and Zr Addition in 6000 Series Aluminum Alloys on
Substructure Formation during Hot Deformation *

Hiroki Tanaka™* and Yasunori Nagai***

Thermal stability of substructures in 6000 series aluminum alloys containing Mn and Zr elements was

investigated by a plain strain compression test. In order to form thermal stabilized substructures, it was

found that the deformation conditions should be arranged to correlate with a kinetic precipitation during

the deformation. The substructures of the alloys containing Mn and Zr elements, the substructures were
stable in the heat treatment at 540°C when the alloys were deformed at over 350C . The sheets rolled at
over 350C in the strain rate of under 3/s per pass showed the fibrous structure after the heat treatment

at 580°C . The sheets with the fibrous structure had the average Lankford value over 1.

Keywords: 6000 series aluminum alloys, plain strain compression, substructure, thermal stability, fibrous

Structure
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BOFTINE v FEAD» STES HFIMO O Az il E
L7zo Wlih & L CRERB TS S 725083 & 4%
MEIEAR 2 5E 10 mm, TH20 mm, & 50 mm ¥
A ZA07Tay 7 e f#8 L7z, ¥72, ¢4 mmTE v F
2505 mmdO A YHERL, Tuy s FHICA YRR
A72 (Fig. 1)o TYENZFT VT ATV H—N A M#l
THRERH & OFAIZNE30 mm, £ X 10 mm OFHER
#H L, RBR % ETICHRACTEMT 5. MR
BRRIE LB TR — Xy 7225 —Z% L
770 JEMEILE % 300, 4008 £ UN500C & L, A %
JE & T 50% Al L7z 7 ¥ EVZ01/s D@ O3
HIPET, —aH B TRB & A L7, 3B o
L RN # T T, SR I T SR & L
DA CIREZME L7z, BAENIEIRFBIVES )
FOIZITHR IR 15720 7 > B &l ot
TR AR & L7z,

|
I
|
|
|
|
20 mm

20 mm
<& Lefthand ' Righthand
Q@
> 0.5 mm
g
g
screw =
y
Zi—» X
10 mm e -
4 mm
(a) Anvil (b) Specimen

Fig. 1 Shape of an anvil (a) and a specimen with a screw
embedded in the center (b).

22 BHEIREHAZE

Table 1IR3 HIK DG % Ptk THERL
720 SEBLOWIIHINE —32A%175 mm D IE IR THEBl
L7z ZO8HHIZ480TC T6 hD X EALAE % 47 - 72
%, AR FNTERRE THA L7z, BWEALAEEZIC
S 2420 mmHIBEL, EdL7zH A X7y s
AR L 720 JEAABRIREE 13 200C A2 5 500C D #fipH %
50CE v F Tk L7ze KL b A kM X4
1 min, PREFEEMIIZ] min & L CHEMEZ G Lz 7 ¥
CiE—EdEL L, IO AaEELZ01, 1, 5850
10/s122 b 387z B 13 t10 mm A5 t5 mm F T
JEAE OINTEES0%) L7z RN T2 TR A 5 10 stk
Ny AR & WS LS E T L7z, SIS EIRR 10
C/sTHo7ze TD%540TC T2 min O HEARLULHE %
VIV RS ZTIT W, @K E L7z (BT, 540
CHLER) o AL 7% o I T E W I % G B s ©
A L7z (DT, Rtk . —&f, TiHfkoREz
AT 5 72 SEM-EBSP il % b 17 - 72,

3. FEER

3.1 FEHOT HEMEABRAAEBOVT HEFHER

BT L, BRBRA O IX = 1°C 85 < il
T &7z, Fig. 2 12500C T50% T #ii L 723l o, £
WYy FEADLSHEAN S IO T ARG ERT, B
BB ORSALE AR L, 025HULER Tl 2555k
FERMOMEZRT, MiIEGTATERLLTW
%o Fig. 1 TR L 72 EM ® % ¥ 11Z 1t % Lefthand
strain, £l % Righthand strain & L C/R$ . 7 ¥ E
LT 2B R IZ E A EERET, LRI
EDLIZONTEHICOTAENHR 5, HLHOIE
MM LT 2% 50% L3 % 2 & THRIT5% (BT &
F-14) IEL TV S, OMRETH T AGTMITKE
BEVITFRO DN o Toe RLTIE, RERF O
TERE & LR T D IRTE THIBT %6

32 BRESEHREERER
Fig. 312K TOT AHEEDSS/s D5 TIEAMif4,

Table 1 Chemical compositions of 6000 series aluminum
alloys. (mass%)
alloy | Si Fe Cu Mn | Mg 7n Zr Al
S 101 | 022 | <0.01|<0.01| 059 |<0.01 |<0.01]| bal
M 1.04 | 020 | <0.01| 062 | 059 |<0.01|<0.01]| bal

MZ | 095 | 020 |<0.01| 062 | 059 |<0.01| 014 | bal
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Fig. 2 True strain in the y-direction obtained from
experimental measurement after 50% compression
at 500C and strain rate 0.1/s.
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Fig. 3 Optical microstructures of the samples after 50% compression: strain rate = 5/s.
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Table 2 Microstructure of compression test pieces on S, M and MZ alloys after 540C treatment.

strain rate 0.5/s 1/s 5/s 10/s
alloy S alloy | M alloy |MZ alloy| S alloy | M alloy |MZ alloy| S alloy | M alloy |[MZ alloy| S alloy | M alloy |[MZ alloy
500C R F F - - - R F F - - -
450C R F F R F F R F F R F F
400C R F F R F F R F F R F F
350C R F F R F F R GG F R GG F
300C R GG F R GG F R GG F+R R GG R
250C R GG R - - - R GG R - - -
200C R R R - - - R R R - - -

Symbol / R : recrystallization, F : fibrous structure,

(a) Strain rate 1/s (b) Strain rate 5/s

Fig. 4 Optical microstructures of M alloy compressed at
350C after 540C treatment.

FERAELCRNLTRZDREZ L 72 FWEH
ik CHLOR. & #ERE S 72 5/s I TAFIE, EBSD#HTTH

r .

color image

Grain color image

GG : grain growth

H—OHKTH D Z LWnhrb. —Ji, 1/sILIM I
MZMEREREZ R L CTwbo Vs O 25 %
Fig. 6 127730 1/s A OMiHERRIRBUE 15 EELL T
IRR DR EG L, 7704 Yz R L Tw
B LD B o MO TG THEHEIRHLIR 2 HERF <
NTW2YES, 15T O/MMIR RO LRI -

(e}

P bEoZ &5, MR Zr @i & w8 2 m T4 (i
EBLOOTARE) 2HAGDELZ LT, 540TCHR
B S MM AT 77 L A4 2 MR HER S5 T B
DT 5 Z LR L7z KETIE, ZOBILE

Compression
direction
B B

A5k

MR

(b) Strain rate 5/s

Fig. 5 SEM-EBSD analyses of M alloy compressed at 350C in strain rate (a) 1/s and (b) 5/s after 540C treatment.
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Fig. 6 Misorientation angle histograms of M alloy
deformed at 350C in strain rate 1/s after 540C
treatment.
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Fig. 7 TEM microstructures of (a) S alloy and (b) M alloy
after the homogenization at 480C for 6 h.
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Fig. 8 C-curves for decomposition of the solid solution in
castings of alloys Al-0.62% Mn (&) and Al-0.31% Zr
(H)"
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Fig. 9 The results of sample temperature and strain rate
on the controlled rolling.

(a) After 540 treatment (b) After 580C treatment

Fig. 10 Optical microstructures of the worm rolled sheets
on MZ alloy after the solution heat treatment.
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Table 3 Mechanical properties of the sheets by control rolling and conventional process.

Alloy o T4 (540°C90 s) BH (170°C-30 min)
Direction

process YS (MPa) | TS (MPa) EI (%) 7 value Ave. r Ar YS (MPa) | TS (MPa) EI (%)
MZ alloy 0° 167 273 21 047 184 279 22
control 45° 150 253 20 1.94 1.32 125 162 240 17
rolling 90° 164 257 21 092 185 268 20
MZ alloy 0° 127 244 2% 0.60 155 262 21
conventional | 45° 123 239 24 091 0.73 034 151 258 19
process 90° 128 244 25 052 149 255 20
S alloy 0° 99 214 30 0.77 186 275 22
conventional | 45° 98 210 31 0.62 068 0.12 181 267 23
process 90° 96 208 28 0.70 180 268 23

ALTR % O BTET O A 1 A S VERE U 72545 & 5 A 73 A B 5%
(Crystallite Orientation Distribution Function; ODF)
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Fig. 11 Misorientation angle histograms of the sheets after
the solution heat treatment at 540 .
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Fig. 12 ODFs of control rolling sheet (CR) and conventional process sheet (STD) after the solution heat treatment at 540C .
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Effects of Si Content on Recrystallization of 3003 Aluminum Alloy *
Makoto Ando**, Atsushi Fukumoto*** and Hirokazu Tanaka****

The effects of the Si content on the recrystallization of the 3003 aluminum alloys were investigated to
obtain fundamental knowledge to control the mechanical properties of heat exchanger materials. The
3003 aluminum alloys containing various amounts of Si were cast, hot-rolled, cold-rolled and annealed at
various temperatures. The recrystallization temperature became higher, and the amount of solid solute
Mn content became larger with the decrease in the Si content. When the annealing temperature was
lower than the recrystallization temperature, minute dispersoids with the size of around 10 nm were
observed in the alloy without Si addition, whereas they were not observed in the Si-added alloys.
However, since these minute dispersoids didn’ t seem to be pinning the grain boundary, it would be
reasonable to consider that the solid solute Mn inhibited the recrystallization. On the other hand, since
the solid solute Mn was considered to be drastically decreased by the precipitation of Al-Mn-Si
compounds during the hot-rolling process, the inhibition of the recrystallization by the solid solute Mn

was thought to be quite small under the high Si content.

Keywords: recrystallization; precipitation; Si content; solid solute Mn; heat exchanger
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Table 1 Chemical composition in mass % of the alloy

specimens used in this study. (mass%)
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0.3Si 0.28 0.10 0.14 1.19 Bal.
0.5Si 0.48 0.12 0.16 1.19 Bal.
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Fig. 1 Relationship between 0.2% yield strength and
annealing temperature obtained through the
tensile testing at room temperature.
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Fig. 2 Polarization micrographs on cross sections of the annealed specimens. Each temperature indicates the
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Fig. 7 Scanning transmission electron micrographs of the annealed specimens. Each temperature indicates the annealing
temperature. The white or black square indicates the area of the higher magnification micrographs.
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Precipitation Behavior and Mechanical Properties of Cu-Ni-P Alloy*
Hirokazu Tamagawa®*, Takeshi Nagai*** and Mineo Asano***

Since 2000, development of high-strength copper for reducing the wall thickness of heat exchanger tube
has been carried out due to the price increase of copper metal. Characteristics required for high-strength
copper includes mechanical strength, workability and corrosive durability. Most of all, strength after the
heating for brazing is the major factor on which wall thickness of a copper tube depends. Heating a
copper tube with temperature exceeding 1050 K for brazing using a hard solder typically causes
significant reduction of the strength due to larger crystal grains and re-formation of solid solution of
precipitate. Development of the copper alloy with high strength after heating for brazing is demanded
since the wall thickness of copper tube is determined by the material strength after this significant
strength reduction. This literature describes about the research of the mechanical property of Cu-Ni-P
alloy after the heating for brazing. Cu-Ni-P alloy shows great increase in strength during the cooling
process after the heating for brazing due to Ni,P precipitation in size of 5 to 10 nm. While the tensile
strength after typical aging treatment is 295 MPa, it increased to 357 MPa after further treatment of
brazing heating, which means that the increase of 62 MPa is caused by the brazing heating. This
significant increase of the strength can be achieved by holding temperature at vicinity of 773 K for
around 100 seconds in the process of cooling after brazing. Therefore, sufficient strength can be achieved
in a typical radiative cooling in the manufacturing of thermal exchangers. It can be expected that Cu-Ni-P
alloy contributes to drastic reduction of the wall thickness of copper tubes.

Keywords: Cu-Ni-P alloy, high strength copper tubes, brazing, NP precipitation
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Production of inner grooved cupper tube

| Process annealing |
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Forming of rolling
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Production of heat exchanger
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Stack Al fin
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Fig. 1 The manufacturing process of the heat exchanger.
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Fig. 2 Softening characteristics of the samples.
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Fig. 6 TEM images of Cu-Ni-P alloy after the finish
annealing at 923 K. (a) bright field image, (b) dark-
field image of fine precipitates and (c) dark-field
image of coarse precipitates.

Fig. 7 TEM images of Cu-Ni-P alloy after the heat
treatment which simulated the brazing at 1123 K.
(a) bright field image and (b) dark-field image of
fine precipitates.
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Numerical Simulations on Solute Distribution and Microstructure of
Macro Segregation in DC Casting Slab of Aluminum Alloys

Nobuhito Ishikawa* Tatsuya Yamada**, Takashi Kubo*** and Koichi Takahashi****

In DC casting of 5000 series aluminum alloys, negative and positive macro segregations can be seen at the
center of slab thickness corresponding to eutectic and peritectic chemical elements respectively. It is very
important to investigate the generating mechanism because these macro segregations have an influence on
material and chemical properties of wrought products. Authors have carried out two-dimensional
measurements of the macro segregations under the optical emission spectrometry, and significant
characteristic features of them were obtained definitely. They are explained physically and quantitatively by
our proposed hypothesis on a partially swept solute model, in which it assumes that a sump melt flow
penetrating into a mushy zone pushes out an enriched or diluted liquid solute within a critical solid fraction,
then the ordinary solidification process resumes. The reason why granular crystals exist in the region of the
remarkable macro segregation may be revealed as a texture transformation from an equiaxed dendrite growth
due to an advection of latent heat and liquid solute by using the phase field model with a melt convection.

Keywords: macro segregation, microstructure, critical solid fraction, solute diffusion model, phase field model
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Table 1 Comparison between the measured macro
segregations and the predicted ones using the
partially swept solute model.

Chemical element Fe Si Mg Mn Ti

Partition coefficient | 0.034 | 0.11 045 093 7.8

Measured value (%) | 61.1 733 825 96.1 | 3065
Predicted value (%) | 710 733 835 979 | 304.0
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Fig. 2 Measured negative macro segregation of Mg
element which is normalized by the averaged
solute concentration in the whole slab slice
obtained from the large DC casting of 5000 series
aluminum alloys.
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Fig. 3 Measured positive macro segregation of Ti
element which is normalized by the averaged
solute concentration in the whole slab slice
obtained from the large DC casting of 5000 series
aluminum alloys.
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Fig. 4 EPMA images of Mg and Ti elements.
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Fig. 6 Comparison of the predicted Mg macro
segregation between the partially swept solute
model (PSS model) at critical solid fraction 0.3 and
the equilibrium solidification model (EQ model).
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Fig. 7 Comparison of the predicted Ti macro segregation
between the partially swept solute model (PSS
model) at critical solid fraction 0.3 and the
equilibrium solidification model (EQ model).
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Table 2 Relationship between the measured macro
segregations and the predicted ones using
the partially swept solute model concerning
several casting conditions shown in Fig.8.

. . Casting conditionts shown
Chemical | Partition in Fig. 8
element |coefficient
A B C D
Mg - 806 | 825 | 839 | 89.1
Measured ™5 - 562 | 6L1 | 683 | 747
value (%)
Ti - 314.6 | 3065 | 2445 | 195.2
Critical solid fraction 035 | 032 0.29 0.20
] Mg 0.45 806 | 825 | 839 | 89.1
Predicted 0031 | 659 | 693 | 717 | 809
value (%)
Ti 73 339.9 | 3164 | 299.1 | 2348
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Table 3 Thermo-physical data for A1-Mg alloys used
both in the solute diffusion model and in the
thermo-hydraulic model.

Property Value Unit
Slab thickness 0.5 m
Slab width 1.6 m
Slab length 1 m
Casting speed - m/s
Mesh size 0.01 m
Time step 0.01 S
Density (liquid) 2300 kg/m?
Density (solid) 2700 kg/m?®
Heat capacitance (liquid) 1146 J/kg-K
Heat capacitance (solid) 949 J/kg-K
Heat conductance (liquid) 218 W/m-K
Heat conductance (solid) 240 W/m-K
Latent heat 339x10° J/kg
Viscosity 0.001 Ns/m?
Gravitational acceleration 9.8 m/s?
Pouring temperature 983 K
Liquidus temperature - K
Solidus temperature - K
Initial solute concentration - wt%
Solute diffusivity 50x10° m%/s
Equilibrium partition coefficient 0.45 -
Critical solid fraction 0.2 -
Primary dendrite arm spacing 300x10° m
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Fig. 9 Predicted Mg macro segregation at the casting condition corresponding to Fig. 2 using the 3-dimensional
numerical solute diffusion model coupled with the thermo-hydraulic model.
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Table 4 Thermo-physical data for A1-Mg alloys used in
the phase field model.

Property Value Unit
Universal gas constant 8.318 J/K-mol
Melting point 933 K
Liquidus temperature - K
Solidus temperature - K
Undercooling - K
Equilibrium partition coefficient 0.45 -
Slope of liquidus line 567.5 K
Density 2300 kg/m?®
Heat conductivity 218 W/m-K
Heat capacitance per volume 2.63x10° J/K-m®
Latent heat per volume 9.1x10% J/m?
Dynamic viscosity 4.35%107 m?%/s
Solute diffusivity (solid) 1.0x10™ m*/s
Solute diffusivity (liquid) 1.0x107 m?%/s
Molar volume 1.0x10° m?*/mol
Kinetic coefficient 0.1 K-s/m
Interface energy 05 J/m?
Anisotropy parameter 3.0x10? -
Time step 2.17x10"2 S
Mesh size 30x10° m
System size 15%10% m
Interface width 90x10* m
Initial solid nucleus 135%x10° m
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Fig. 10 Predicted figure of the dendrite growth, temperature and Mg concentration using the 2-dimensional phase field

model without melt convection (after 10® seconds).
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Fig. 11 Predicted figure of the dendrite growth, temperature and Mg concentration using the 2-dimensional phase field

model with melt convection (after 10® seconds).
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Effect of Anodizing on Direct Joining Property of Aluminum Alloy and

Plastic Sheets by Friction Lap Joining *

Toshiya Okada**, Shouhei Uchida*** and Kazuhiro Nakata****

We have proposed a novel joining process, friction lap joining (FL]) to join a metallic material sheet directly to

a polymer sheet and have investigated mechanical and metallurgical properties of these dissimilar joints. In

this paper, the joining mechanism was discussed with the evaluation of TEM microstructure at the joint

interface between 2017 aluminum alloy and 2 kinds of polymers, the ethylene-acrylic acid copolymer (EAA),

and the high density polyethylene (PE). EAA sheet was easily joined to an as-received aluminum alloy sheet by

FL]J, because EAA had a polar functional group, -COOH. On the contrary, PE was not able to be joined to an

as- received aluminum alloy, because PE had no polar functional group. However, anodizing of aluminum alloy

was effective to join these materials by the assistance of the anchor effect.

Keywords: friction lap joining, aluminum alloy, plastics, dissimilar materials joint
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ZOREGEEL R L DTH S,

2. KBFHE

b0 Flo, HAEWIIKIITTVIZY AGE8OKML
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(DU, RUBM) ERBRT IV~ A LB (Bl
ML), BLUOY w7V~ A MLEA GEfLLE
L) EOREEIT5 720 THOEEDOIEAIZH 10 um
TH Y, Fig. 1IZZDOXKMIRED SEMBISEEHZ/RT,
BHEM RN IR E R O I R ) =7 L v (BUF,
PE) L EhEd (A VARF VI 1 -CCOH) %24 LIEH
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EAA) @285 % 7z gl o~ #id w3 d wibo
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Fig. 2ICFL] oA %2R § o MFIRRITBE M EL
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Table 2 Properties of the plastics used.

2.1  fEskHt Plasti Structural |Softening| Melting |Elastic limit
asties formula point/K | point/K N/mm
T I =T AEEIIEERERM & LT—HKMICH -[-CH,CHy-1,-
WHN TV 2017P-T4 %2 3% L 7zo Table 1IZHEEFS EAA '['CH2|CH']"" 355 371 12
DAL % /R T o B IR L5 mm, & COOH
EBLVIEIZZNZRLT5 mmB L Owl50 mm T PE | [CHCHy], | 3% | 405 )
Table 1 Chemical composition of the aluminum alloy. (mass%)
Si Fe Cu Mn Mg Cr Zn Ti Al
2017P-T4 0.55 0.21 413 0.70 0.56 0.03 0.06 0.02 re.

0, 00 1.0 e Blo ot (LY,

As-received

Anodizing with sulfuric acid

Anodizing with oxalic acid

Fig. 1 Surface appearance of 2017P-T4.
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Joining
direction
Tool ‘ Heat
rotation conduction
Plastic Al alloy —| vy vy \
Plastic — NMelted layet of plastic

Fig. 2 Schematic Illustration of the Joining process, FL].

BASM Ty —vHiEf 2378 L, v — U LA 3
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15 15 15
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7o, A L7 oA IS T 2 354 5 W
MZY )WL BRI BEMEETBigE L, EAR
WTSEMGE (SEM) B X O IR O T 3 L 3 — 5508 X 8 Fig. 3 Sampling position and configuration of tensile

Dimension of tensile shear TP : L100 x W15

shear TP.
STl (EDX) ICX 2 E o 2ir-72. 72, 856
WA TR 0% T T BAMMEE (TEM) 12 X 2 (i &
TN 21T 5 720 15
_ _
24 BEAMFOIEYANRRE 0 prc
astic

AT ORMIPER 2 3FI S 5 720 125 132 AW —
RBREAT > 720 WRBRIT ORIUERT, B IRS & O
BRI L% Fig. 31089 B G I L _
THREIZIFK 15 mm OFHHRICEI D L, —FpiZ> 100
E3ARTOMB|UI. T/, RBR 2 RINGE, &b '
Fr oW E Lze S SIHBIRMEI 2 & 8% L TR
il L 7 MEHR 23 02 AL o 72 A & R RE L 720

FlRABR X Fig, 412RT X I ICRBFOF v v 73 Al alloy J 10
WCEX 15 mmDAR—F =2 Y, A 2 EE —| k-
WZHlokN A L 9 IZHE L7z FIEME XS5 mm/min 15 (mm)
& L TIRRGIIRA AW & BRI TR L 722l CRF Fig. 4 Schematic diagram during the tensile shear test.
fili L 720
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3. ERERBLUVEE

31 V-ILROEE

3.1.1 EEMFIHENRE

2017 RAWLEEH E EAA L OMAEFIZBWT, Vv —

%5~ 20 mm & 4 KEIZEALERETY =V EHW
Eﬁ%?@ﬂﬁ&%%ﬁg5-mToéf®7—wﬁ
THAEWTFZMDL LN TE, T2, HFHEETIE
V= VARG L7 EAARIETE, ST VI =
2G4 LRI O AT ORI TRT L)1
I NE DS ILA A% 5 7285 \‘:75* 2ol £ v—
WRRIZHREIG L2y — Vil Ccld Yy — Vo LIARIC
IDTNI=ZT AHEEPDLTNIER L TEAAMIZH
LffreshTsy, ﬂ%%ﬁf%%htﬁﬁ@ﬂ%u
OV —)VilBIICIZITHYLT 5 2 LR S N7,
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3.1.2 MFSIREAMEE

v — V%5, 10, 158 X 0720 mmIiZTHE SN2 HT
DB RE AWRERRE R % Fig. 612737, R E TR
L7z KRS ARMEILY —VEICX S5 FIRIE—

Tool
diameter

Bottom view
(plastic side)

Surface view
(Al alloy side)

5
(mm)
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(mm)

15
(mm)

20
(mm)

Fig. 5 Joint appearance of EAA and as-received 2017 Al
alloy with different tool diameters.
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Z’ 5t O Fractured at EAA base material |
ﬁ A Fractured at joint interface
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0 ‘ ‘ ‘ ‘
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Tool diameter /mm

Fig. 6 Effect of tool diameter on the tensile shear load
of the lap joint of as-received Al alloy and EAA
plastic.

DIz R L7z Y= VS mmOFETIIETORE
FOSEEREmR E 20, —J), Y —VEI0 mmblE
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272

B, INLOMRIEDE, KPTIE, DRI
WIIEELRRKIIEY) AT EDIIL XX EEL,
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Y — )V 15 mm 12 TEHMli 2475 720

3.2 2017 RELIEM & EAA EDEE
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EAA & 2017 RALEM B & ORI & O FD
HHBiB X OB~ 7 0 BB % Fig. 710873, EAAMIA
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Fig. 8125 REAMMERI R Z R¥. Wi bRk
Gl AW EIZ# 20 N-mm™' & 720, REFZEZR
L 720 BRI IEHEE SO M & EA A BIIEREAREET & ol
Ji DIEREDFED S 727, RIS O J7 A3 R AL B
(2 U T EAABHIRREM BT 2 /R 9 515 25K & WIS

Surface view
(Al alloy side)

Surface condition
of Al alloy

Bottom view
(plastic side)

Transverse cross section

As-received

H Al alloy

Anodizing with
the sulfuric acid

Al alloy

Anodizing with
the oxalic acid

Tool width
Al alloy

Fig. 7 Surface appearance and the cross section of 2017/EAA joints at different surface conditions (tool diameter 15 mm).
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Fig. 8 Effect of surface treatment for 2017 on tensile
shear load of the 2017/EAA joint.
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(2)

Tensile shear load /N-mm

(a) Fracture
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Elongation /%

A) Tensile shear load curve of as-received 2017/EAA joint

Melted EAA
spread zone

© (@

B) Appearance of the joint, (a) before and (g) after
tensile shear test for as-received 2017 and EAA joint

Fig. 9 Result of the tensile shear test on as-received Al
alloy and EAA plastic.
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Tool passed zone

(b) As-received

EDX:C Ka (Red), Al Ka(Blue)

(d) Anodizing with the oxalic acid

Fig. 10 Appearance of fractured surface of 2017 Al alloy (a), and SEM Image and C mapping with EDX for different surface
treatment of 2017/EAA ; (b) as-received (c), anodizing with the sulfuric acid and (d) anodizing with the oxalic acid.

Surface condition Surface view Bottom view T "
of Al alloy (Al alloy side) (plastic side) ransverse cross section

As-received

Anodizing with
the sulfuric acid

Anodizing with
the oxalic acid

Fig. 11 Surface appearances and the cross section views of the welded joints between each surface and PE (tool diameter 15 mm).
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A) Effect of surface treatment for 2017 on
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B) Appearance of the joint, (a) before and (b) after
the tensile shear test for anodizing 2017 and
PE joint with the oxalic acid

Fig. 12 Result of the tensile shear test of 2017/PE joints with different surface treatments.

(a)

m ]

(A) Anodizing with the sulfuric acid

Tool passed zone

e AN ST S A D
EDX:C Ka (Red), Al ka(Blue)

(B) Anodizing with the oxalic acid

Fig. 13 Appearance of the fractured surface (a); SEM image (b) and (e), C mapping with EDX (c) and (f), and higher
magnification SEM image (d) and (g) at the square area (a) for the anodizing 2017/PE joints.
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Al alloy

573 ‘ ‘ ‘
548 K 544 K
523 | b
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373 L I \I\ \\EAA M.P. 371 K|

0 | | |
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Time /s

Temperature /K
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Tool passing portion /mm

Fig. 14 Temperature measurement results at the joint interface during FL] with tool diameter of 15 mm.
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Fig. 16 Higher magnification TEM images at the joint
interface of the anodized oxide layer and PE.
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Fig. 4 Schematic diagrams and the equivalent circuits of galvanic corrosion occurrence between aluminum and stainless

steel.
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Fig. 2 L1129 Hindenburg and its frames under construction ™®
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Fig. 4 Japanese aircrafts using Sumitomo s Duralumin.
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4:17S (Cu 4.0%, Mg 05%, Mn 05%) % Emfbd 5 2 &
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19224 K2, S A S, 4R 25000 b >~ oA
AR L % o720 17S-T4135[55R S 430 MPa (44 kg/
mm?), Ti§7)1270 MPa (28 kg/mm?), {HUN22% % 4§
LHEETH -7

22 Y2730

221 KRETO®BZ 173 HEH

AEMAETISSICEBEI RO SN, HHEPTY
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Too BBY 2T NIV EW) LB ERDICHWIZOIE,
1927 4E Alcoa @ Jeffries AV K EIFE IR & CrRBRIES 42
OVWTHELZODWRMNE VWb TWh, Alcoald ¥
¥, O19284E, ¥ 2 Z )V 3 Y IZSiZE B L 72148
(Al-4.4%Cu-04%Mg-0.9%Si-08%Mn) % BI%E L7z, 14S
FBEANBER L (T6# E) Ty /7410 MPa (42 kg/
mm?) PS5 N2D, MOA13% LKW T, W&
LTED HEEMTE L HW SN, 19314, 24S (Cu
45%, Mg 1.5%, Mn 0.6%) »3[E U < Alcoall & - TR
ENFze V2TV VHFOMgm%E 15% F THIINS
725 0T, USHATKRhZLELT L0 L, 24S
BEIRENZT T 2TV VAR DMEEIET S
Db, COL)BEHEI2USHBY 25V v
LR, CRICHLIAREZEEHLLBY 2T
WIVRETAFERY 2T VI v ERLL, BIETIE
WY 25NV Iven) L2USEIRTI ENSL\V, 24S-T3
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HHVIIERE IS & R/NRICZT 57201215 ~ 3% D]
RMLET 52 L THMEDIA LT %, 24S- T33MMED
EW2DIZ T CIZ17S- T4 > T b o 720 & L THl
TV = A& E LG bE Alclad 24S-T3 131k
EROMAEOME L LTwEhBlibh T2, £
DA DRATHEA Fig. 512”79 DC3TH 5 Y,

Fig. 5 DC-3 fabricated with Alclad 24S-T3 sheet!.
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222 BEXTOBI 21703 FH%

HARIZBWTYH, 1931 ~ 324EEI2 74 ) RATHE OB
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Ll oo, 193544 HEE, EAIZ24SOAEITRATL
2USHHEY 25 )V 3 Y IESD, ZDOHbEMIZSDC & Fi
Xh, SDC DR 1 SA3(AL1.5%Mn-055%Mg) 44T,
Alcoa®24SC X ) EmHREDE LR E o 720 HELKD
Y 27 )V 3 v SDId AR BRI LR o Ju S
BRI IR I Stz R T CICHMEORm VI E %
72 24S RIS AN 2 0 o 72 BT, g,
THARLHEA» SR L ZEET VI =7 241
ERMI DL IEL H 72X ) THD Y,

223 +LtEEHDL S ARAEEE T

1932 4F (BAFI 74F) sAVEFSTE S /- L el kB (L
A, Fig. 6 (a) 913, =28 (19204E =28 PR ER R
75— 1921 4F = 28 YR B% — 1928 4F = ZE M 28 #% — 1934 4E
SEBERIFEEAMNEE, DT=FHLVIEEFEHL
¥ LFET) OB TR (1903-1982, Fig. 7/) »Si%at®E
Ba L LT TR 728w % £ 0 M 3% ik B b
Thotzo LEMLMEEERTED 57205, FHRIT
EERBE TR S EBREHEIRA 2o 2 PAERD &
W RPN TH oY, BEEFESL VT3
YOREGMPHEMBELIIAFTE R P o772,
FHIZERWICAEN R Y 290 3 Y oMM Tldk
{, BROERELETIRY NEOERY, WD
KERCTH2@mEL 2 L) L LTRED EOES
Eipo e ® 9 F - KEEO L #HEGZ X 2 % HAME
OMIEEENEE) A28y VB D0 5ICERILITO
KERDDE o720 WBIE, [HEKIEANBET, &9
DWEHICR TP EZ LRI ENRTY R
Moo ®WE LT, CoORMEEE[$iE L 7 v v | & HH
WP RLVOT ] EABIL7ZY 9, Z o fER ISR
FR, KT RK, KReEHE Vo222 IR
M RO 720, HEEE 172350 km/h O#EEIZ#
¥, FEREFROEI L TRMEE o 22D

G o BT
g 3

(a) 7-shi carrier-based fighter

(c) Type 96 carrier-based fighter

Fig. 6 Fighters designed by J. Horikoshi, Mitsubishi.

Fig. 7 Dr. Jiro Horikoshi (1903-1982) and Dr. Isamu
Igarashi (1892-1986).

s (R ERATE) b Lk Clde IR LE Lo
727z, 19344F (BFI94E) & 5 7280 THIEEAFETE S
N7z DI B H Ui, Fig. 6 (b)) ¥ T
%o LM DT NERBO KBS, JBIL LI R
oM 2 Z o R ERIC NI Y Az~
D, HECEEBERARD O ERIZHEIEM T T
eFEMiEROSSRBOBRICESBEZON, WD
INSHREFEOH L B MASDE T T LD
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EI3N, SAVEROTRLE LERZE LTERZ
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G A FY 290V 3 ¥ Al42%Cu-0.75%Mg-0.7%Mn-
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b RERK S A (BN RY) 253k S N 24ASHTRFE T
EL X912, HEKOBY 253 24513, 1936
AR 1) 72 D 4 4 I AR BESE AR 00 TN S R B AR LS R
Aah, EHABSEBROTENZDZ 7YY,

23 B4 153, ESDEEH?Y

231 BT 17 DHHA

M 5 IFREBI RO MERE 2 R S H 5 121E, WL

HIZEES, KRED24S X D b S 5T 251K D il
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VL W) T LR, ERICHERHLE SN {1
KDF b, SDESDCHLHENTE KR TH > 7275
HARE L (AR LOR &) 53740 MPa (75 kg/ mm?)
WETRE A4 % Thom (M A) & LML THERHICE
ELIfiOz720, FEH2r6RIEEL LN k
THR % (1892-1986, Fig. 74) (ZHBIDEN . -
770 BARAMEY L EROA TR, EBRoLT, It
JEHERE & HICH SO RKOBE M IERE N O
B EEI) 3R & OFLFT 193548 H A&k % [
U720 TRERMGOE S % L Fgeii3E % Fig. 812
R o TOIFLBEICE, UTOLHITEINTV S,
[, HABIL? kg/mm? BEEOENE WV, 1372
LT, ZNHMIPTH % 0 IEAREPELC Eﬁ'kk:bfr
THRDo W5, FBHORESEITH A ?ﬁ’i’ﬁé&b‘o &z
T, SCICHBEAEEOWREIILD LD, 55K, K
WAL FLERE DK AR 1 o IS AN FE T IS

F3z6 |

7 e

. B 3.7‘_1.&4.
s 'ﬁ"{"ﬂ— %,
FEpn.  Fw %= N BHEGIA L

AN o6
e R .2k & F s
¥4, |
NIV vy g T4 Fem b EE
FiE=n Q¥ - 7693 R

A AMD e Gy 2y P,
HARry o - hoTRA K/ HRE

o5. B2 2P B2

L] e d’i,_&j‘}_‘ti—k-___?ﬁ@p,au_iv/
B9 pn (s 54— 3 1% 20-22) BérEy
ta+ 1 g -39 b7 R e 1y B

IENE NTEEE A Y

Fig. 8 Sumitomo Research Report of Extra Super Duralumin
(1** Report of the study about high strength aluminum alloy).
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Table 1 Effect of mixed ratio of D (Super Duralumin), S (Sander alloy) and E (E alloy, Zinc Duralumin) on the strength
(Brinell hardness) and the hardenability (workability) ” of mixed alloys

23)~ 25)

Alloy | D S E Zn Mg Cu Mn | 400C/4hWQ 450C/4 h WQ 500C/4 h WQ |300°C/5 h| Hardenability
Number | (%) (%) (%) | (%) (%) (%) (%) |RT/7days 150C/24 h|RT/7 days 1500C/24 h|RT/7 days 150C/24h| WQ %)
39 80 20 0 16 15 32 05| 942 930 | 1160 1090 | 1070 1130 52.8 120
40 60 40 0 32 15 24 05| 968 992 | 1100 1062 964 1050 | 630 75
41 40 60 0 48 15 16 05| 1020 1324 | 1090 1312 950 1264 | 562 136
42 20 80 0 64 15 08 05| 1140 1400 | 101.0 1374 950 1472 | 626 136
43 80 0 20 4 13 37 05| 1058 1040 | 1210 1180 | 1080 1200 | 598 102
44 60 0 40 8 11 34 05| 1200 1388 | 1300 1532 | 1074 1458 | 836 74
45 40 0 60 | 12 09 31 05| 1300 1546 | 1402 1612 | 1200 1472 | 830 94
46 20 0 8 | 16 07 28 05| 1530 1564 | 1430 1532 | 1140 1312 | 954 64
47 0 8 20 | 104 13 05 05| 1160 1472 | 1252 1580 | 1100 1560 | 764 107
48 0 60 40 | 128 11 1 05| 1348 1627 | 1402 1612 | 1276 1580 | 636 89
49 0 40 60 | 152 09 15 05| 1348 1580 | 1400 1516 | 1300 1444 | 948 67
50 0 20 8 | 176 07 2 05| 1472 1612 | 1416 1596 | 1180 1388 | 954 69
51 80 10 10 28 14 345 05| 1020 976 | 1130 1160 | 1080 1130 | 574 102
52 10 8 10 84 14 065 05| 1190 1516 | 1100 1472 | 1090 1596 | 730 116
53 10 10 8 | 168 07 24 05| 1530 1658 | 1500 1532 | 1190 1312 | 976 116
54 60 20 20 56 13 29 05| 1090 1190 | 1150 1300 | 1170 1324 | 776 74
55 20 60 20 88 13 13 05| 1170 1500 | 1220 1548 | 1090 1532 | 676 129
56 20 20 60 | 136 09 23 05| 1458 1612 | 1444 1642 | 1276 1458 | 866 137
57 40 30 30 84 12 235 05| 1264 1564 | 1252 1612 | 1090 1230 | 650 148
58 30 40 30 92 12 195 05| 1240 1548 | 1288 1694 | 1200 1596 | 736 129
59 30 30 40 | 104 11 22 05| 1312 1564 | 1150 1500 | 1150 1458 | 740 112
60 20 40 40 | 112 11 18 05| 1276 1532 | 1312 1612 | 1030 1402 | 756 113
61 40 20 40 96 11 26 05| 1220 1500 | 1300 1676 | 1180 1516 | 676 148
62 40 40 20 72 13 21 05| 1130 1150 | 1160 1627 | 1160 1486 | 712 128
63 | 100 0 0 0 15 4 05| 942 936 | 1130 1050 | 1130 1170 | 536 118
64 0 100 0 8 15 0 05| 1082 1360 | 1120 1430 | 1110 1486 | 738 101
65 0 0 100 | 20 05 25 05| 1580 1610 | 1458 1444 | 1240 1240 | 898 79

*) Hardenability = (the maximum hardness - the annealed hardness)/the annealed hardness

HOT, RIUELEKITBF 2V Y ORRD Y (T
i) 7354 ~ 58 kg/mm?, 20 ~ 12%) . FLE HEHE (W
BEN) WL I, FrEl, BB 70 I v 0%
MAH 5. HBOIETH S o FTIEHE L N LD

BEERO VARG D72 SN, MIZIE Table 1R
T LI KA YD Sander S E 4 (Al-8%Zn-15%Mg-
05%Mn), KEODES (BT 2503 v, Al4%Cu-1.5
%Mg-05%Mn), % L TH[E D Rosenhain ® E &4 (Al-
20%7Zn-25%Cu-05%Mg-05%Mn, Hisha 20% F THrd
Zinc Duralumin & L CTHIBNTW72) &2 X—ATHS
DR SNz FOREE, Nob7, Nobl ? Hardenability
3 <, THB T SR8 K 10%, $H25% i Td 5
BB LT, Z0o0REMRESN, 6040
B, ¥, MLIEM B X OB ICO W TE MO DA
SNz TLRROBRFIHTH B0 EE 0T
L i, Fig. 91" F L9127 T 2 ORISR 12
HRHTHDLIEDNHLRL R YD, ZOME, HEso
RIS 1T Al-8%Zn-1.5%M g-2%Cu-0.5%Mn-0.25%Cr &
Tolee TOEWIZ19364E6 H [HEAMmRES] &

L CHREFFINBE S A, 194042 HHFRFICR o T b, Z
DEAL, 19364E5 ~6 A, X—RA &R o/EA4, S
HEEBLUODAEOHE LT % & - TESD (Extra-Super-
Duralumin), ®4 Y2 IV 3 v @ Shiz,

AT 27NV VHEORDT LR o727 10 AEN
b, ERTIZ19264EEHD S KM EGERTT TITHAADL

Time to Failure/day

0 10 20 30 40 50 60 70 80
T T T

I |—+x%-Al-7.5Zn-3Mg-0.5Mn ! !
‘ ‘ ‘ x crack

O No crack
I —+x%-Al-10Zn-1.5 Mg-25Cu-0.5Mn

M|—x-Al-9Zn-2Mg-1Cu-0.5Mn

v - Al-8Zn-1.5Mg-2Cu-0.5Mn-0.05Cr

V[ Al-84Zn-1.63Mg-1.94Cu-0.5Mn-0.17Cr
| | | | |

Alloy

—0

Fig. 9 Life time of stress corrosion cracking in several
high strength aluminum alloys %%
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NTwiz, BAY 25V VORBERELZERZD
19354210 5, Fit B TEAALALERLIRE (2 0bF 0 24S - i
W7 Ty FMOREM 7V I =2 A) IZE L Tl &
PEZ BHE LRERMOEZIRTEE5 L LT, B
AL LIC 570127 v 2 %03% 7ML 725
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PICHHRBAMEIC 22 5725 9 J LBRT W5, TIPHE
i, FAME LB ORBOKE N Tho 7o W
HRICIE, KITEBIREOBRICE L C, RROBEMIZE
HEBNEEEZZL, CORO—BTHomRERDOR

ELR, 77 2B CORRBERDIZDI, [HWEKEE L
ERRLT, BEIRHROLZVWEZAZLL DAL ED
fibhiz, EHICED L) BRMEZ RBINT 2 2258
Ll odz, WEHE®E Cikd EE L EROHIZONVT,
M oOIAXE D & X345 F 0By 2503 ¥ SDH
(RO 25 )V 3 v CTRANBE IR L 7248
VEFEI N, TOMBEMPEE STV 20T, #H
L, EREEBICRWICKRIL -7z, TR T
&, iR L D b FER BT EREES00 km B E
A, UL ke BisEAc R <, Rk Ic B
BE7 EER SN2 720, BAEPEHICKELL LY E
M T SN ol AN EFRUBY 2
TNV I TR, HHOMBEM 23R LeiFhuds
S5 ZOMBREERNCO 2D, HOWSIHIEL
GAHERBELEIDH 2R RY, WoZHELL
bLEZLN, bo b BREOEVHEIZZWES
AMERBEDEL T2 L 2AIELDESD & D
RV B o Tz, ERKEFMLTZORMZ BT,
ESD% & Ldh7zh) FEROMZZIFIHIMEM 25 & L
THEEZAHLTASLE, 30 kg3 252 ED%5H
D, ZOHLEEOMEH AR 72, i
FRIZL LABWEZEAT, FTRIOHESEMN
MoMH%Z#dz, Bk ZOFRERNT 7T ¥ VIHEM
EN7-ESD @ T 7HHHIEH % Fig. 1012751927,

Front and rear spar flanges (extrusion)

and spar web (sheet)

Fig. 10 Zero Fighter and its main wings fabricated with ESD extrusions

Cross section
of front spar

16), 27)
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233 #4135 JL3 & Alcoa 7075
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234 fREHEMOLERE
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WX TAEDOKIIC, HEAH4 )T R2 N2 72419
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BfE L 22 R8RS 7 o T 7ze 19414E9 H, BRiEE
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ATHo7e AR TIXESDDEREHS00 v/ HT
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235 FTEOI7ONXTY. P

ERMEFT AT a XS - 7L — FHEM % W) Tk
L72DF 1925 =205 DIKFIC L 55D TH D, Z
DTOARFZEREMZ TN~ —THHBEEL
FEAMZOPRD L HIZ, TL—F - KA~ koK
RELTHS, M7 L— FEERD, BLEBEY 72
L72b DT, ZOHRIZZ Y Yy OTaRTHHHLY
oz TO7aXTIZEEO /L RBERERIC
B SNz, 19284 EFEE v F « TuRT R OHE
ZIHEL72ONE SN THRIEEMOEEN G T -
720 19314F, W & & 47 #% 2 Hamilton Standard
Propellers Company (BLF, Hamilton) & FEArHEse L,
FEY v F - 77 OREZ GO, ZOT LV —
FFEM1E Hamilton 2> & DA HH > T 7z, EEIITR
TR D EEAL & BRI 2 LA, 1932444 S M 8 8 i
(bk) D3| 7T a X FEm e EET 5 2 L & oz,
ZoL x|, PERITHES Hamilton 2> & FE1E S N7z [
EY v F - T uT BEIC T SR &R i — X
ARG FT (R IE S 7z, 1933 4E i A 14 2 300 AR
TuXTTHEREEL, FRICIF0ALTTE 2K
fit % B458 U 720 1934 4FE Hamilton 5 WE Y v F - 7’1
R OBGEWEHEE AF L, 19384FA & 52 i i 7
ONT OEREICEIT LFRICRH SN, 78XT0
TU—Fd R TIE2RE 7, v v
7TaRZ ORE) & FEARE I LT, =YY om
B BIR R S Y DOIRENDSH 5 2 Lotz &
CCHEETIEIBUCE R T Z & TIRBNIE R L 721,
T a R TR 507 LT 7 a T 8k &
Rolze D%, Mk, B L OEICTONT R
TS T & oo S RMIIMIPT & 2l s pr <
HEINTze ZORROHEESESBIEDOUAC] L E
BLEFTOIEM ZBRETHCER ST 5 (Fig. 11,
s FEM & L Tid258 (2025) £ & LTS
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Fig. 11 Forging die of propellers for Zero Fighter stored
in UAC] Corporation, Nagoya.
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a) MU-2

b) MU-300

Fig. 13 Mitsubishi business aircrafts, MU-2%) and MU-300 *.
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a) 767-300 b) 777-200
Applications 767-300 777-200
Length 549 m 63.7 m
Wingspan 476 m 60.9 m
Height 158 m 185 m
Engine thrust 21,800 kgf x2 42,500 kgf x2
Standard seating capacity  [261 or 232 268 or 302
Cruising speed 862 km/h 905 km/h
Maximum take-off weight [133.8 t or 152.0 t 2132t
Range 3,280 km or 5,510 km 8,200 km or 12,600 km

Fig. 14 Boeing jet airliners, Boeing 767 and 777 and their specifications *".
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a) Boeing 767 s fuselage with stringers, frames and skins
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b) Manufacturing process of taper-rolled stringer

Fig. 15 Boeing 767's fuselage and taper-rolled stringer *.

Conventional structure SPF structure
(45 parts, 400 rivets) _} (3 parts, 80 rivets)

Cost saving 30%
Weight reduction 15%

7 New Design; Intergrated door model with

g SPF beam and stiffener

Conventional
design

Fig. 16 Integrated door model formed using a 7475
superplasic sheet compared with a conventional
structure *.
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Fig. 17 Comparison of superplasticity of Al-Li alloy
8090 sheet fabricated by between conventional
process and new one (Conventional process
consists of cold rolling and new one does of
warm rolling at 300C , L: Longitudinal, LT: Long
Transverse) 9~ ),

Conventional process

400 um

—_—

New process

Fig. 18 Microstrucures of 8090 alloy sheets after
solution heat treatment at 500C for 5 min in a
salt bath fabricated by conventional and new
processes 9799,
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Fig. 19 Boeing 767 air cargo using polished skins *®
(photo by Hideo Obayashi).
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Fig. 20 Integral wing panel made by FSW (friction stir
welding), (1531 mm wide, 2700 mm length), 7050
alloy extuded shapes before FSW are shown in

the picture of the left shoulder ™.
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Recent Trend of Aluminum Alloy Development for Aircrafts®
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Boeing 777 £ COMZEWETIVI Z) LESE
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Table 1IIMZZEEHT VI = A 58O O E
EFNDIHMICEH SN MO BRTH B,

Table 1 The first aircraft that adopted the new aluminum

alloy and temper

2),3)

First

flight Aircraft Alloy and temper
1903 |Wright Brothers Al-Cu casting

1919 |Junkers F13 2017-T4

1935 |DC-3 2024-T3

1939 |Zero Fighter ESD-T6

1945 |B-29D (B-50) 7075-T651

1957 |Boeing 707 7178-T651

1970 |DC-10 7075-T7351

1970 |L-1011 7075-T7651

1981 |Boeing 757, 767 2324-T39, 7150-T651
1994 |Boeing 777 7055-T7751, 2524-T3
2003 |Boeing 777-300ER 2324-T39 Type II (—2624-T39)

AR5E, BaE 65 (2015), 441454 123 S NA2NEITINEE, WIEL2bDTH %,
This paper is the revision of the paper published in Journal of The Japan Institute of Light Metals, 65 (2015) , 441-454.
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2.2 Boeing 787
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=
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Fig. 1 Development of higher strength and higher
toughness in aluminum alloys for aircrafts 2+ ¥.
upper surface
7055-T7751 skin skin
7055-T77511 stringers
7150-T77511 spar chords

7150-T77511 or 7055-T77511 keel beam
7150-T77511 body stringers, upper and lower lobe

Fig. 2 Usage of the new aluminum alloys on Boeing 777 ¥.
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Fig. 3 Material composition ratio of Boeing 787, Airbus A380 and A350XWB ©'.
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Table 2 Alcan advanced alloys and their main application
on the Airbus A380 airframe ¥.

Application Product |Alloy/Temper
plate 7449-T7951
panels plate 7056-T7951
Upper panels plate 7010-T7651 |integrally machined
wing spars plate 7040-T7651 _
ribs plate 7010-T7651 |heavier gauge
ribs plate 7449-T7651
stringers extrusion |7449-T79511 |lower gauge
panels plate 2024A-T351
Lower |panels plate 2027-T351
wing |reinforcement |plate 2050-T84 Al-Li alloy
stringers extrusion | 2027-T3511

maim frames,

cockpit window thickness up to

plate 7040-T7451

frames, beams, 220 mm
fittings
panels sheet 6156Clad-T6 [lower shell fuselage
stiffners extrusion |7349-T76511
frames extrusion | 2024HS-T432
Fuselage stiffners extrusion |6056-T78
stiffners extrusion |6056-T6
stiffners extrusion |2196-T8511 |Al-Li alloy

floor beams extrusion |2196-T8511 |Al-Li alloy

pressure :
bulkheads below |sheet 6056178 | L/5: 1GC-ree
sheet material

cockpit floor

---------------
D

--------------

Photo: Courtesy of Airbus

Fig. 4 Al-Li alloy and CFRP floor beams in Airbus A380.
Upper floor beam (solid line) is made of CFRP and
lower one (dashed line) is made of AL-Li alloy ?.

A350XWB DK & D —o7%, 787 & [MARIZHEAA
7512 53% DA E VW Tnwb 2 L ThH 2 (Fig. 3
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20K L, ETAEGIRORE ST VEREL, £
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WwWHNTW5D, CFRPOG, HEBIC X o Tk FHdhiE
DEHF AT VBHREE) SREEACT LCd4M8A 51
FERLICCWHE D 229, FLEEO D,
787 TIZCFRP IS X v ¥ 2 2 HA B A, A3B0XWB T
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DM O FEREA L, W25 IUINIBRIAE 20,
CFRPOHHEICIZIE - &Y & LIEEEATFE S 729
KD EWLL VOTREL SN TREEIEWI L%
ETHH2, TRIHLTLVIZI 2588 HVE &,
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ETRT DI LT5%DREHIMAE SNz & HiE S
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Fan) E WP o DUV V5 2 & THREEH16%
HERTE& - &SN TWwa, Fig. 6ICMR] D4 B L
ZOMEHRERIL AR 19, 585, REHIATS 512
BoRENB &, BHESTESESNTWSMR]J-100 Tl
BOTNI=y A5ENCFRPICR D HEMED 5 19,
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dt, HAXB XN7-HondaJetlZFHED TT74TE
DONIE I FRAT 2y T, J—=Ahas4FINT
1) — > AFRu (Greensboro) IZHAHE—=FEY b« bF
4 7 F (Piedmont Triad) FEIFEZ2#MN @ Honda Aircraft
Company® L¥ THENITHLNLTWDE, T D
HondaJetTld, =Y y2FREHICAREL, 22H1
WCHKREBRR AL R ME & TBIRE i 2 722 =
— 7 RFERLEAEBEBICLTVE, ZORETIIEE
DT YT VL FRE DA K THERA R — A & i KR
WHHTE 720, JKWEKERE RIGWENEBT
X 72, MKOMTTIZHWTIE, CERPBAHME %
WTNZH LT Y FAL v FNRFNVERAT 477 FI5A
VD2 DMK 2 M A G b TR R § 5 8k
HEMICEDHEEINTVE, TREITVIZ T A—1K
B LAF Y M) 2T MY/ LTw
LOWKHTH B,

27 P-1, C-2
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Fig. 6 Appearance of MR] and its material composition
ratio'®.
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Fig. 7 Maritime patrol aircraft P-1 (left) and military transport aircraft C-2 (right) 2.
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KT L CRREIRAERR IS5 2 &, XS IHR TN 5ICMR]DOR—AGE L SHBEH I N HHEEELR
LTREZEDDLELIICHE>TETWD I &P EI
Thbo BihT2ALLREETIIMEZRIML 72 DA
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AMHINAZTNIEZTWLIE, RTATTLB
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TV = AEEICER SN A 5% Table 412773,
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DMET— 5 2 BZIZCORBETLEDDY,
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(1) 2013

AE@IHA (UAC]) HFEL72E4T, 202454
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Table 3 Aerospace aluminum alloy registered in The Aluminum Association .

No Date By Si Fe Cu Mn Mg Cr 7n Ag Zr Ti

2013 2003  JAPAN | 06-1.0 040 1520 0.25 0812 004035 025 0.15

2014 1954 USA 0.50-1.2 0.7 3950 040-1.2 02008 010 0.25 020 Zr+Ti 015

2017 1954 USA 02008 070 3545 040-1.0 04008 0.10 0.25 0.15

2024 1954 USA 0.50 050 3849 03009 1218 0.10 0.25 020 Zr+Ti 015

2124 1970 USA 0.20 030 3849 03009 1218 0.10 0.25 020 Zr+Ti 015

2424 1994 USA 0.10 012 3844 03006 1216 0.20 0.10

2524 1995 USA 0.06 012 4045 04507 1216 0.05 0.15 0.10

2624 2009 USA 0.08 008 3843 04507 1218 0.05 0.15 0.10

2025 1954 USA 0.50-1.2 1.0 3950 040-12  0.05 0.10 0.25 0.15

2026 1996 USA 0.05 007 3643 03008 1.0-16 0.10 0.05-0.25 0.06

2027 2001 FRANCE | 012 015 3949 050-1.2 1.0-15 0.20 0.05-0.15 0.08

2040 2003 USA 0.08 010 4854 04508 0.7-1.1 0.25 0.40-0.7  0.08-0.15 0.06  0.0001 Be
2056 2003 FRANCE | 0.10 012 3343 0.10-050 0.6-14 0.40-0.8

2219 1954 USA 0.20 030 5868 020040 0.02 0.10 0.10-0.25 0.02-0.10 0.05-0.15V
2519 1985 USA 0.25 030 5364 0.10-0.50 0.05-0.40 0.10 0.10-0.25  0.02-0.10 0.05-0.15 V
2029 2013 USA 0.12 015 3240 020-040 081.1 0.30-0.50  0.08-0.15 0.10

2618 1954 USA  |010-025 0913 1927 1.3-18 0.10 0.04-0.10  0.9-1.2 Ni
7010 1975 UK 0.12 015 1520 0.10 2.1-26 0.05 5.7-6.7 0.10-0.16 0.06

7136 2004 USA 0.12 015 1925 0.05 1.8-25 0.05 84-94 0.10-0.20 0.10

7037 2006 GERMANY| 0.10 0.10  0.6-1.1 0.50 1.3-2.1 0.04 7880 0.06-0.25 0.10

7040 1996 FRANCE | 0.10 013 1523 0.04 1.7-24 0.04 5.7-6.7 0.05-0.12 0.06

7140 2005 FRANCE | 0.10 013 1523 0.04 1.7-24 0.04 6.2-7.0 0.05-0.12 0.06

7049 1968 USA 0.25 035  1.2-19 0.20 2029 010022 7.2-82 0.10

7149 1975 USA 0.15 020 1219 0.20 2029 0.10-022 7282 0.10

7249 1982 USA 0.10 012 1319 0.10 20-24 012018 7.2-82 0.06

7349 1994 FRANCE | 0.12 015  14-2.1 0.20 1827 010-022 7587 0.25 Zr+Ti

7449 1994 FRANCE | 012 015 14-21 0.20 1.8-2.7 75-8.7 0.25 Zr+Ti

7050 1971 USA 0.12 015  20-26 0.10 1.9-2.6 0.04 5.7-6.7 0.08-0.15 0.06

7150 1978 USA 0.12 015 1925 0.10 2.0-2.7 0.04 5.9-6.9 0.08-0.15 0.06

7055 1991 USA 0.10 015  20-26 0.05 1.8-2.3 0.04 7.6-84 0.08-0.25

7255 2009 USA 0.06 009 2026 0.05 1.8-2.3 0.04 7.6-84 0.08-0.15 0.06

7056 2004 FRANCE| 0.10 012 12-19 0.20 15-2.3 8597 0.05-0.15

7065 2012 USA 0.06 008  1.9-23 0.04 15-1.8 0.04 7183 0.05-0.15 0.06

7068 1996 USA 0.12 015  1.6-24 0.10 2.2-30 0.05 7383 0.05-0.15 01V
7075 1954 USA 0.40 050  1.2-20 0.30 2129 018028 5.1-6.1

7175 1957 USA 0.15 020  1.2-20 0.10 2129 018028 5.1-6.1

7475 1969 USA 0.10 012 1219 0.06 1926 018025 52-6.2

7181 2009 GERMANY| 0.08 010  1.2-19 0.15 1722 0.04 6.7-7.9 0.08-0.18 0.06

7085 2002 USA 0.06 008  1.3-20 0.04 1.2-1.8 0.04 7.0-80 0.08-0.15

7099 2011 USA 0.12 015  14-21 0.04 1.6-2.3 0.04 74-84 0.05-0.15 0.06

ESD 1936 JAPAN 1525 0310 1218 0104 6.090

o FRIEM L2246 XV ERTBY, HED
2024 54 £ 0 2%/ & v BIFEREEZ: K OFEMIL33 T
PUIANVAP
(2) 2519

&413 Alcoa & US. Army 283L[EBA%S U 7z Bh
DEBDBRE%R AILCufih & T, EHRTHEHA I NS,
2519 FEn AL 5083 & D BENA-Bhnitk 24 L, 70394
LML E AL, DB EHNE RS W
DTT0396 4L ENL P, 2519640 — itk
132219 & W& TH Do 2519-T87 Dt 1713 2219-T87 ¥4

£ 3 20% E\ o 2519-T87 M XA 2319 THZ (2
HTE L, BHEEOWNIMOBEETE264L0 D
o 2519 B SR IERRIER), H B VIR KREAN
WRh$ 2 2 & THES TOREL D WA N0
E¥ %,
(3) 2524

B a3 o> 2000 R HF & 0 b Y TS & 24
BIERPEN TS, BMIET3THEH SN L. GbYE
WFF D Alclad 2524-T3 o B AR VB %> — ki 2141
Alclad 2024-T3 LM% ThH b, TOHEDOEIZTI
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Table 4 Engineering property requirement for main
structural areas in a transport aircraft?.

Structural area Requirements
Lower skin (compression) |CYS, E, Corrosion
Upper skin (tension) DT, TS
Er“es:slﬁrg:/c iy |Stringer/frame CYS.E. DT, TS
Seat/cargo tracks TS, Corrosion
Floor beam E, TS
Upper wing Skin/stringer CYS, E, DT, TS
(compression) Spars CYS, E, Corrosion
{ower Wing|Skin/Spars/Stringers DT, TS
Horizontal Lower (compression) CYS, E, DT
stabilizer Upper (tension) DT, TS

CYS: compressive yield strength, E: elastic modulus,
TS: tensile strength,
DT: damage tolerance properties (fatigue, fatigue crack

growth, fracture toughness)

Fty/Ftu/MPa

Fty/Ftu/MPa

Alclad 2024-T3 & [i]45 i CHE 57 & 2R ICHIR
P& A B S 72 B AR ISV S b,

(4) 2624

B4 Alcoa RSB %E L 72 ik I TR A A T I8
NTWAEEET, T9B X UTBIOENTHIE S
o Wi BE TR A REL L7222 LT, 02000
REE L DHEFFAEICENS,

(5) 2026

B4 Alcoa2sPigE L 722024, 2224 8 & DY RE
EThY, #HHE EHTHWOLRTWEY, i
LHEROGHEZMZ, S /IMATYVa=r A
ERMLTWS, COGEOMMMIE, BHERIL
A, M TREIS SIS AE U R 3w B <2 ) 1 I L2 AR
IS EAR T WS, FRE CHGHRAEs LTS
AV SN, RETHRSE <, RIEH =
AR T & %o BIE TARC X o TSI i v 2 i
2% DY AH D 5o 2026-T3511 4 IFE £ 3254 ~ F
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Fig. 9 Tensile strength (Ftu) and yield strength (Fty) of 7000 series aluminum alloys for aircrafts published in

MMPDS 20,
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Table 5 Basic alloys (base line) and future candidate for MRJ .

Applications Base line Future candidate alloy
Skin 7075-T651 7075-T7351 7150-T7751
7055-T7751 (777) 7055-T7951 (A380)
wing Stringer 7075-T6511 7075-T73511 7150-T77511
7055-T77511 (777) 7055-T79511 (A380)
7349-T76511 7449-T79511
L Skin 2024-T351 2324-T39 2027-T351
r
wing |Stringer 2024-T3511 2224-T3511 2026-T3511
2027-T3511
Skin 2024-T3 2524-T3
Stringer 2024-T3511 2026-T3511
7075-T73511 7150-T77511 7349-T76
Frame 7075-T73 (sheet) 7055-T762 (sheet)
Fuselage 7075-T7351 7050-T7451 7040-T7451 2026-T3511
Seat track 7075-T73511 7150-T77511 7349-T76
Floor beam 7075-T7351 7050-T7451 7150-T7751 7055-T7751
Stanchion 7075-T73511 7150-T77511 7349-T76

VIR (826 mmbPLF) THwHI, HATEmIIALE
RGAIE TSI TH SRS, FR T HEMEEICET %,
(6) 2027

H4E Alcan 2SS R E CREE A 2 WL S &
LZHAMTHELLEGETH S, BHiEREZ TV, <
TARYTL, RV VEBICFIVN I =T LRGN
D EEGEAL L7270, EWRETES X O T
PERD2000RFE LD EN TS, KE 4132027
T351EM B &£ O°2027-T3511H# A THEH s LT w
%o 2027-T351VEMEL F R TS, 2027-T3511 4 Hi 41
(LB T C o~k M R i B C R R AR A M A
VL SNLYHEFBHICECH BN S,

(7) 2029

2029-T8 M 1x fe /it Alcoa D3B3 L 72 & 4 TH A¥0.30-
050% M SNTWC, &), EHEHEMS L O
B EEEA LTS, RIS RE L CRghLs
L7z T8# 1, M THIEIIRIFTH DA, M7 IV
IS LAREME LA bERMIEE SIS AT
3%, @EARICHE S NS 2X24-T3MOREL L
TSN, GRS IS TH 2 A0 11320% & <,
P57 & ZLE RGP Alclad 25244 £ RS TH 5o Mtk
BLUHEOHHHHIZHEL TV 5,

(8) 2040

2040-T6#F 1 Alcoa2SFFE L7254 T, ~ ¥ i2
ATINIA=ZTARR/ML, SHECHERMT L2 L
T, 2014-T6H & v b EN-EREE, HSCCHRS
CWEFBEFF SN, MERHAT VI =7 LK
A=V &N, ZTOFRA = VIEHMI o 7050-T74 5
W& N 2014-T6 M Z A GDLETIESNT
W5o 2040-T6SBEM 2 V6 2 & T, 4 —VoOkRE

L EBEHFHEONRERSL Z LD TE %,

(9)2056 7 5 v F

A4 Alcan 2SBA%E L 72 Al-Cu-Mg-Zn 54T, b
D 2X24AMM & FBE LT, i S7 & R, SR
B L OB BN TV 5, Alcdad T3 E L THW
SNTHY, B MY L Alclad 2024-T3 X D
BN TWw5, Wi, EHEAbEWD R (AA1050)
LoBMAEREILL, GbEBRMOFEHREED L7
DIZTMENT WA, Alclad 20561%, FIZHAREEIC
Hwbhs,

3.1.2 7000 %#FE&£
(1) 7136
A 4713 KE Universal Alloy Corporation 25BH%8 L
7o R L A A e 2 MG 48 THh B,
MMPDS 21 T76511 2585k S T B it FIBERS £
L eI EENE M 7000 % -T76 54 L % TH
%o
(2) 7037
E413 F A Y Otto Fuchs KG THigS s 72 88%EH
BE&T, HERDT000%E SO & MY A S
FTWEY, BEANKZHZSKICT 2 X9 AE
ZIEALERTWT, U7 Y I FTIEES 7
L—2A, A, A9 T4 T REDED HRRKELHE
AT HEMPKE REERICHARTH B, 7037654
(2100 mm A EOIE A A A3 2 H B <0 B 8B
C i R R 2 R T,
(3) 7040
A4 Alcan 25 A380 MU IZBASE L 72542, 7010
R 7050 A AT, FRIZ854 Y F LU T OEKTE

82 UACJ Technical Reports, Vol.3(1) (2016)



MZEBHT VI =y AEEMBOREOTH 83

SRS OND X)L EETH L, FRD
IR IZIEBE R 9 7010-T7651 #1 %2 7050-T7651 #4 12 At -
T, 7040-T7651 M A H WV SNz YV a=ya, <7
AT h, H, AR EZBIFLL TT05054 LD
LBEANBZHEZHM L, FEFIEOHT D FREEE
BIVEDE SN D 7040-T7451 EAR I i 5 15 s 0 1k wes
AVEDPER SN HBEEWITITE L T 5. YIHIINLT
—EI L L7228 (1), V7 UhE), Iik7 L —24
% EDOEHMITITAEHTH %, 704065451230 ~8514 ~
FOEMMIZHHHEINT WD, 2B, BRI %K
LLHIBLCTWEDT, b THELEEFR Y, &
D7-DYEHE OO T ARBIED LI L S5 EIEM R i
EMTIIINZRHIT A LTI A MERIZZR 5,

(4) 7140

B AT 7040 A A OIRER TIEF ITE VBRIV S
Nb, 704065 E 0 D EEETWELD 5. MHE, W
B T AYED NS A % FFE L7 T7451 & T7651
DZFEFOME CRESIN D, WIS L
F B AP X002 4 &0 2 07 5 A DT745],
T7651 M & % TH 5,

(5) 7349

BE&Z Alcan B LG4 TTI06 48 L MED
BRE & AT L, NS S RO A I ST b,
T76511 FE IE B IR S 244 L, MiH B A7k 3
D 7000 AR & [ L XV TH %,

(6) 7449

A& 4E Alcan Y A340-500/600 ERT I L2 &
£T, HEEROT00RAEL)BHBETH L. T4495 4
ER T R OFE (T7951 8 X OVT7651), i HiAF
TR OFE (T79511) THH S Twb, T7951
AR IEE WG R, P REOBEMES L O
WIRERIAE & 45 722 L~V O IS S £ ik 2 R 3
A380-800 Tl EHE LI H WS TWw D, T7651 #E
&, o 7000 %G440 TT6HE L KL T, BIRRS
(AR AS R BE D R R 2 A LS S Ak
BENTWV5D, AR0DFR Y 7 TIZEE 100 mm L FIZ
7449-T7651 & &M S Tw 5, iAo T79511
FEREBOKRBZ M) Y HIZHWSLNTWA,

(7) 7255

B&T AlcoanF3E L-&4 T, M oni
AT HHERDT000%E4 LD b IREE & JE 57D =
Vo RESIIERCTHEA SN D, T77134t0 7000 %5
LD TT6IZHARTHIIRE X O EMIEDTE . 7225
MEFICER ERI SR VIEH SR TWD,

(8) 7056

K413 Alcan 2% L7244 T, 7056-T7651 13 &

HEHO LX) 2P MOERICHH S TS, 7056 F
Sl EVGIRS X R & R EON EEZ A L,
MM 2 1 RS2 72D 74495 & D5 O #E IEAL
2o 72 GETH Do IS EEIAE & HER &
HIZF LX)V OTRE % A3 5 7000 %44 T7651 & [F4E
Thbo
(9) 7068
A 413 Kaiser Aluminum A% 1990 FA8H A ICHEE
W TT075 86eREME LTHRELZAETH S, 24
I 56254 2 F D 7068-T6511 1 HH4 A3 1995 48 5>
LAEIN TS, RIETIET Y A—T =2 T %
TA Y7y PO L) 2AFFBMHIZOFAH I AT
Ao T068-T6511IEX W1 Tl ~24 ¥ F % A5 57075
T6511 & ) & EFF DI /3 T100 MPaf &\ T
BALIZ A 5.3 5 75, 7068-T6511 iU )51 (ST Jiln))
TG ER SN D LB EFNOE T % W HetEA
BB I2DEEVULETH 5o
(10) 7085
G403 AlcoaSBFs L7244 T, W% D 700024
GIEAMOEE Lo L2 R 7258 THh 5, B
W ORI T7651 2 T7451 A%, T i %0 1 FHERE b
WX T2V S5 o REEIIRT % fedi b L ChE
ANEZMEZ AL X T WD, /ERDT000%E 4% U
RUZHR, R#EHPAOBRE CEWEFRFOmM) & L-T
M A LI EHMICEE 2B, T SRIER
T % 00 OBIEW L SN S 7085 4o & (i
M EPEDB X OIS k) 1 39Ek @ 7000524
GEFETH b, FINIRE & BBEREOMEEIZLD
7085 Al EIE VI O vk, A%, ) 7, — L LE
NG 2 EIRETH 5
(11) 7099
A4 I Kaiser 25p % L 72 A 4 T, 7099-T7651 %
T7451 TREM S, GREZ, BRBEMYVE, W EPEB X OB
ANEIZEN 254 TH 53, 7099-T7651 135 55
T7050-T7451 D 15%, Tt 77720 % I I+ Ui I £
B NPEICEN, 7099-T7451 1% 7] 558 & T 7050-T7451
D10%, WITI15%Im b LTS J7 88 frdl ik & i
BEAEVEICENL TV S, JER (25-152 mm) THFE S 1,
FERDY T, M, ZAF I, KD T L — AR RM 7%
El#ELTw5,

32 HE=HRKA-LIEEOHMA

V) F 7 A3 ERITTEFIR D BEHMK L 053g/cm® T,
DF A% TIVIZy A Imass% il 5 2 & THI
HEFK6% ESL, 20BEIIH3IBETTLEI L5
AT VI =y MBS 50 2 EbE HiwE
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L C 1980 4EAR IS A ZE R 8 72 & OV IS HR AR 0 38 AR S A
ﬁbhtoL#L&ﬁ% EHARE TN S 20
ALLIA&EIEY) F 7 A &8 =D 2mass% & 8 2 %13/
é<&ot%®0<nh§%ﬁé(mﬁwwﬁwr
(3) Vit &k, 2 & ORREND Y HEE~D
IR IR BN TH o 720 1990452270 & 45 = i
ROALLIEEE LTINS OMBEEZ ML L) &
I TN TB Y, BUED WOK & LIRS T D
NTW5, H—fh 5 =1 F To ALLi &4
ZEoWN % Fig. 1012779 %,

Table 612 AAIZEER SN T WA ALLIAE ORI %R
T2, ZORDTEIIIR L 7220944 4 DAY = AR
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Composites (Boeing 757, 767, 777, 787, ~
Airbus A380, A350XWB, ~)
—
1950 1960 1970 1980 1990 2000 2010
First generation >| Second Generation >| Third Generation>
2020 (Alcoa) 2090 (Alcoa) +2050, 2196 (Alcan,
-01420 (USSR) -2091 (Pechiney) now Constellium)
-8090 (Alcan, Pechiney) -2099, 2397 (Alcoa)
-8091 (Alcan) .
Less than 2% Li and
optimized composition
— Improved anisotropy,
2020 (Al-4.5Cu-1.1Li-0.5Mn Application to Boeing 777 and fracture toughness
-0.2Cd): fighter aircraft 30
US Navy RA-5C Vigilante, Limited use due to the low ’ Trend of Li content
Wing skin — The use of 2020 fracture toughness ©
ceased due to the low ductility Problem of second-generation 3 920 |
and the fracture toughness Al-Li alloy f ’
01420(A1-5.5M g-2Li-0.1Zr): Low fracture toughness -
Vertical-tgkeoff Aand landing Low resistance to exfoliation 2 0l
aircraft, Ak36, Ak38, welded corrosion 8" Decreasing of Li content
fuselage and cockpit of High anisotropy of strength — gotk
MIG29, liquid oxygen tank, (fiber structure) 0.0 ‘ ‘
low strength and limited use Low workability (edge crack) 1980 1990 2000 2010
Year of alloy registration
Fig. 10 Trend of Al-Li alloy development *.
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Table 6 Al-Li Alloys registered in The Aluminum Association 2.

No. Date By Si Fe Cu Mn Mg 7n Ag Li Zr Ti
8090 1984 EAA 0.2 0.3 1.0-1.6 0.1 0.6-1.3 0.25 2227  0.04-0.16 0.1
2090 1984 USA 0.1 0.12 24-30 0.05 0.25 0.1 1926  0.08-0.15 0.15
8091 1985 UK 0.3 0.5 1.6-2.2 0.1 0.50-1.2 0.25 2428  0.08-0.16 0.1
2091 1985 |FRANCE 0.2 0.3 1.8-25 0.1 1.1-19 0.25 1.7-23  0.04-0.16 0.1
8093 1990 |FRANCE 0.1 0.1 1.0-1.6 0.1 0.9-1.6 0.25 1926  0.04-0.14 0.1
2094 1990 USA 0.12 0.15 4452 0.25 0.25-0.8 0.25 0.25-0.6 07-14  0.04-0.18 0.1
2095 1990 USA 0.12 0.15 3.9-4.6 0.25 0.25-0.8 0.25 0.25-0.6 0.7-15  0.04-0.18 0.1
2195 1992 USA 0.12 0.15 3.7-4.3 0.25 0.25-0.8 0.25 0.25-0.6 08-1.2  0.08-0.16 0.1
2097 1993 USA 0.12 0.15 2531 0.10-0.6 0.35 0.35 1.2-1.8  0.08-0.16 0.15
2197 1993 USA 0.1 0.1 25-31  0.10-0.50 0.25 0.05 1.3-1.7  0.08-0.15 0.12
2297 1997 USA 0.1 0.1 25-31  0.10-0.50 0.25 0.05 1.1-1.7  0.08-0.15 0.12
2397 2002 USA 0.1 0.1 2531  0.10-0.50 0.25 0.05-0.15 1.1-1.7  0.08-0.15 0.12
2196 2000 USA 0.12 0.15 2533 0.35 0.25-0.8 0.35 0.25-0.6 14-21  0.04-0.18 0.1
2296 2010 France 0.12 0.15 2128  0.05-050 0.20-0.8 0.25 0.25-0.6 1319  0.04-0.18 0.1
2098 2000 USA 0.12 0.15 3.2-38 0.35 0.25-0.8 0.35 0.25-0.6 08-1.3  0.04-0.18 0.1
2198 2005 USA 0.08 0.1 29-35 0.5 0.25-0.8 0.35 0.10-050 08-1.1 0.04-0.18 0.1
2099 2003 USA 0.05 0.07 24-30  0.10-050 0.10-0.50 0.40-1.0 1.6-20  0.05-0.12 0.1
2199 2005 USA 0.05 0.07 2329  0.10-050 0.05-040 0.20-0.9 14-1.8  0.05-0.12 0.1
2050 2004 USA 0.08 0.1 3239  0.20-050 0.20-0.6 0.25 0.20-0.7 0.7-1.3  0.06-0.14 0.1
2055 2011 USA 0.07 0.1 3.2-42  0.10-050 0.20-06 03007 0.20-0.7 10-1.3  0.05-0.15 0.1
2060 2011 USA 0.07 0.07 34-45  0.10-050 06-1.1  0.30-050 0.05-050 0.6-09 0.05-0.15 0.1
2076 2012 France 0.1 0.1 20-27 015050 0.20-0.8 0.3 0.15-040 12-1.8  0.05-0.16 0.1
2065 2012 France 0.1 0.1 3847 015050 0.25-08 0.3 0.15-050 08-1.5  0.05-0.15 0.1
700
600
503 2L 503 ae a6 4% -
N B -
£ 400 H™—mm—m— o 427—.—441 g
% 379 379 393
2300 =
&
2o N M 1 — 1 —1 1 —1
=
100 H —
0 , , , , , , , ,
T83 | T8 | T8 | T8Il | T&2P | T8 T83 | T84 T6
2090 | 2297 | 2397 | 2196 | 2098 | 2198 | 2099 | 2050 | 7075
Alloy

Fig. 11 Tensile strength (Ftu) and yield strength (Fty) of Al-Li alloys for aircrafts published in MMPDS %"

VLo X HIEZ MR ALLIASIIA S HEKROHERE X
KEL BoTVEA, oM I X - TIHERER L]
PRI A ALLI G2 B R 2R STV,

H= ALLi A 4512, Martin Marietta & Reynolds
Metals Company %% Weldalite 52 2094, 2095 % B3¢ L

CZEDIRE Y Thole TOHR21BAHFE SN, R
R=ZATyx FVOBRE Y ¥ 7 IR SN, 5B BT
Huary by v 7 IR L7 AL S0 R0 —#l
EV)FIABEEIN R VIERESE L TTable 7

127”93, ReynoldsiZ AlcoalZWRINE ., A4p%I
AlcoallBl & kA NTz0 Z DFRDEEITIZEARM S
NTVLOPFHTH L, €Dk Alcan D HFE L 72
2098, 2198, 2050 b ZORMOEETH LY, Al-Lif
41X Airbus ® A380 7 B 7 ¥ — A R Bombardier ®
Global C-Series|Z#RH SN TBHBY, 4# D Airbusd
A320neo, A330neo, A380neo 7 &2 RIHE % & 8Tk
Kz LB TDR TS, EEMCALLIGE L
Z DB % Table 8127~ 3 7,
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Fig. 12 Li content (mass %) and density of third-
generation Al-Li alloys 2.

LAt B BE D Fo v RAIBE R P AU B 2 W0 IZ CFRP ISR
T 5 ALLIGEFHE I TW L, BIfE, R
ZERENOBPZ LT 2D T VI A —F Tk
ALLi 5 &8 oMm»zITbh T2 %%, AlLLiG
GEORERPEIIANTHY, BITHO2~ 445,
ShitTwb, 72U A 7 VI LT —OFE
WECRALLZWIHIEHT LI L2ROLN 5L,

DUF, MMPDSIZRERE N TV B =D ALLI&
SOMERLTY,

(1) 2195

A@13 ALCuLiMg-AgHETH 5, F120500-2.250
AV FOEBHICHONS, THRETEESR, 2
—HF— DRI - BRI X o TR TS2FAE & LT
WHND, HEE L TIETIE TRAEFHKEINT W 5,
IR EE, REE, SRGRFAE S i
Ex LB T HAUZEREER I ISR S iz,

(2) 2196
H413 Al-Cu-Li-Mg-Ag &4 T, KEE, =SimiE -
25 W PE U IR D TR 28 7 VE ASEER & 4 WL 220
HIZHFE S iz #HH I I T8Il 238k s T
Wb,
(3) 2098
41X ALCu-Li-Mg-Ag 54T, HEIL7075-T6 &
] 55 CHBGERF A R M) 57 & eI V1L 7475-T7351 & [F]
FEVFR SN D HEICHIE S NIz TATEEITHART
3% DEEMT L 5% OMPEAM ELTWwa, HHOE
BCTIEOM, HRTIETSWE CRESI NS, HHRLL
, BIIREGIEDS & ORERIALIE L TR %232 7 T82P
BHET5, ZORBOBIILCTHEMEICEN 2B
%%
(4) 2198
#4113 Al-Cu-Li-Mg-Ag A4 T, 2098 DiRAEG4ET
Hbo 218G EIEMEBEEMAL, Koo R#EL
ZIEN5H 2 LT, MEEMER Lo OB AENEE S0
7 WLZeRE TR ST BRI S 7z TEMUT T TS i A3 &4k
ENTwb,
(5) 2050
#4113 Al-Cu-Li-Mg-Ag &4 T050-5.00 4 > FIEH
M, HEELTETHUREHFRIN TS, AEEIE

200HEEDI YA Y, XTFRYIL, VFILLER
ML I-EETH LD, FmE, mtks & ORI EE
AL, $ERD2000% /7000 A M ZEBER 1S T
BLOREELZRT,

(6) 2297

F4a13 ALCu-Li-Mn-Zr 5 & TERAICHV 5,
HREBR B TR B X CHRIB AR ICER TV b,
FEI26 4~ F LUT OJEAR CTIIARE 7 10 O Bbk 19 45 7 B
LOWISEEEHNEICENS . 7245 M OMEIX
RS DDOGRFFRIITNSE T EEZ A L T,

Table 7 Typical properties of various Al-Li alloys *.

Density Modl.llus Tensile yield| Kic, "Kc Specific Specific
Alloy-Temper-Product tension | strength (L) (L-T) b p

Py GPa MPa MPa m!? strength | modulus
2090-T83 Sheet 2.59 79.3 517 *44 200 30.6
2195-T8R78 Plate 271 76.0 530 37 196 28.0
2099-T86 Plate 263 779 483 45 184 29.6
2055-T8EX Plate 2.70 76.6 655 28 243 284
2219-T851 Plate 284 731 352 36 124 25.7
5456-H116 Plate 2.66 71.0 255 — 96 26.7
7075-T651 Plate (**) 281 71.0 503 28.6 193 253
7050-T7451 Plate (**) 233 71.0 455 35.2 175 25.1

(**) Metals Handbook, Vol.2, Tenth Edition, ASM (1990) etc.
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Table 8 Third-generation Al-Li alloys to replace conventional alloy in aircrafts and their applications .

Alloy |Density| Manufacture Temper Property Substitute for Product Application
Martin Marietta/
2094 Reynolds
Martin Marietta/
2095 Reynolds
. 7150-T7751, 7055-T7751, .
yios | 271 Martin Marietta/ T82 high strength 7055-T7951. 7255-T7951 Plate Upper wing cover
: R 1d i i
eynoes T82/T84 |high strength  |2219-T87 Plate {Jaarﬁ?;h vehicle cryogenic
Fuselage/pressure cabin
LM/Reynolds/ . . N
2196 | 263 |McCook Metals/ |T8511 | MCIMM/MEN 715016511, 7055777511 |Extrusions |STn8Crs and frames, ubper
Pechiney strengt wing sFrmgers, oor beam an
seat rails
damage tolerant/ |2024-T3, 2524-T3, . .
2008 | 270 |Alcan T8&51 medium strength | 2524-T351 Sheet Fuselage/pressure cabin skins
T82P medium strength |2024-T62 Plate Fuselage panels
Reynolds /
2198 | 269 |McCook Metals/ |T8 damflge tolerant/\2024-T3, ~ 2524-T3, Sheet Fuselage/pressure cabin skins
Alean medium strength |2524-T351
2024-T351, 2324-T39, .
T84 damage tolerant 2624-T351. 2624-T39 Plate Lower wing cover
T84 high strength ;égg$;ggi Zggg$%gi Plate Upper wing cover
2050 | 270 |Pechiney/Alcan . S b her 1 0
T84 medium strength |7050-T7451 Plate pars, ribs, other interna
structures
T82 |high strength  |7175-T7352 7050-T7452 |Forgings | 'ing/fuselage attachment,
windows and crown frames
2207 | 265 ﬁfr&ff/ﬁef& 4 |T87  |medium strength [2124-T851, Plate Fuselage bulkheads
2397 | 265 |Alcoa T88 medium strength |2124-T852 Plate Fuselage bulkheads
T86 medium strength |7050-T7451 Plate Internal fuselage structures
Lower wing stringers,
T81 damage tolerant gggi%‘igg g(l)fgiggﬁ Extrusions fttls.elage/pressure cabin
2099 | 263 |Alcoa SUINSErs :
nmg medtumign OETELIBIION gy and rames wper
strength ) ’ ) | RXLIUSIONS | 0 o stringers, floorbeams and
7055-T77511, 7055-T79511 .
seat rails
damage tolerant/ |2024-T3, 2524-T3, . .
yioo | 261 |l T8E74 medium strength |2524-T351 Sheet Fuselage/pressure cabin skins
. coa
T86 damage tolerant 2024-T351, 2324-T39, Plat Lower win r
amage tolerant |peo, 1301 9eoy 139 ate ower wing cove
damage tolerant/ |2024-T3, 2524-T3, . .
2060 | 272 |Alcoa T8E30 medium strength | 2524-T351 Sheet Fuselage/pressure cabin skins
. 7150-T7751, 7055-T7751, .
T8X high strength 7055-T7951. 7255-T7951 Plate Upper wing cover
2085 | 270 | Aleoa medium/high 7075173511, 7075-T79511, ftlt{isrflgii/frfgsfsrl;ﬁecsa]ﬁgper
T8ER3 strength 7150-T6511, 7175-T79511,|Extrusions wing stringers, floorbeams and
7055-T77511, 7055-T79511 .
seat rails
s | 20 Comstiom1iony rediumtign WETEILABINA i s e
: onstetiiu strength ) ’ ) | BXLIUSIONS | i o stringers, floorbeams and
7055-T77511, 7055-T79511 .
seat rails
Lower wing stringers,
2076 | 264 |Constellium T8511 |damage tolerant 2024-T3511, 2026-T3511, Extrusions |fuselage/pressure cabin

2024-T4312, 6110-T6511

stringers

LiZLOG& L ZITRETH 5, T I HE ML ELE
BEAIL, GIRFGIEIC X 2GR E, NTHRIC X
DR L T h. MEHEIRERICSISINTHIE
EACIT L, 72720, HEIZERETIER M

(7) 2397

7 7 AT —DEDPHER SN TV D,

AE81E Al-Cu-Li-Mn-Zn-Zr &4 T 2297 &4 (2 High
ARMENTEBY, FFk22297 5amEE, hEHET
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Fundamental Manufacturing Technologies on Casting
and Rolling Processes*
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Table 1 Comparison of the physical properties 2.

Aluminum Iron Copper
It Unit Soft Hard
o M| e 1060118 | 3004138 | 7075-T6 | Pure iron | stainless | stainless | - bure | Gopper
steel steel
Atomic number - 13 26 29
Atomic weight - 26.982 55.847 63.546
Electron configuration - [Ne] 3s%3p! [Ar]) 3d%4s? [Ar] 3d'4s!
Crystal lattice - FCC BCC FCC
Lattice constant nm 0.404 0.286 0.361
Density  solid/liquid g/cm® | 2.70/2.35 2.70 272 230 7.87/7.01 7.90 790 8.93/7.90 8.90
Thermal capacitance
solid/liquid kJ/kg-K | 0.92/1.09 0.45/0.61 0.39/0.50
Thermal conductivity | v/ | 933/100 | 230 160 130 78/40 20 20 397/170 | 390
solid/liquid
Thermal diffusivity mm?/s 96 22 114
Melting point C 660 646-657 | 629-654 | 477-635 1536 1427-1471|1427-1471 1083 1065-1082
Latent heat kJ/mol 10.7 15 13
Necessary energy up to | 1y, ) 26.7 53.2 396
melting point
Electrical Cond““‘("zl(t)XC) IACS% | 65 61 42 33 24 21 100 100
Thermal expansion VK | 235x10° 121x10° 170x10°
coefficient
Young's modulus kN/mm? 70.6 2114 129.8
Shear modulus kN/mm? 26.2 81.6 48.3
Poisson's ratio - 0.33 0.29 0.34
Tensile strength N/mm? 130 285 570 618 1059 343
Yield stress N/mm? 12 250 505 275 858 309
Elongation % 6 5 11 55 15 6
Strength-to-weight ratio | kN-m/kg 48 105 204 78 134 39
Aluminum alloys used Hot working Cold working (H1n) Moderately softening (H2n)
’, for wrought products
Stabilization treatment (H3n)|
Non heat treatable alloys | | Heat treatable alloys |
—>| Annealing (0) Paint-baking (H4n)
Pure aluminum Al-Cu alloys
Non heat treatable all
(1000 series) (2000 series) (@ Non heat treatable alloys
Al-Mn alloys Al-Mg-Si al]oys Hot Working|——>| Cooling (T1) Cold working (T2) |—>| Artificial aging (T10)|
(3000 series) (6000 series)
ALSi alloys Al-Zn-Mg alloys Cold workmgl_ | Solution treatment (W) Cold working (T3) |
(4000 series) (7000 series) ‘|: - _
AL s o |
(5000 series)

Fig. 1 Series of aluminum alloys ?.
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Artificial overaging (T7)
Cold working (T9)

Fig. 2 Relationship between the matufacturing condition
and the temper designation system, whose
metallurgical definition is described in Table 2, for
the wrought aluminum and aluminum alloys *.

(b) Heat treatable alloys
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Table 2 Temper designation system for wrought aluminum and aluminum alloys .

Temper Description
F As fabricated
(6] Annealed to obtain the lowest strength condition
Hln Strain hardened only
H2n Strain hardened more than desired amount and partially annealed
H3n Strain hardened and stabilized to improve ductility
H4n Strain hardened and laquered or painted
T1 Cooled from an elevated temperature shaping process and natuarally aged
T2 Cooled from an elevated temperature shaping process, cold worked, and naturally aged
T3 Solution heat treated, cold worked, and naturally aged
T4 Solution heat treated and naturally aged
T5 Cooled from an elevated temperature shaping process and artificially aged
T6 Solution heat treated and artificially aged
T7 Solution heat treated and artificially overaged
T8 Solution heat treated, cold worked, and artificially aged
T9 Solution heat treated, artificially aged, and cold worked
T10 Cooled from an elevated temperature shaping process, cold worked, and artificially aged

Fig. 3 Example of the aluminum products (cans, aircraft
and heat exchanger).
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Packaging = Warehouse — Shipping

Fig. 4 Manufacturing processes for aluminum sheet coils
and plates °.
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Fig. 5 Manufacturing technologies from melting to casting
Processes.
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Fig. 9 Schematic illustration of hydrogen removal from
the molten aluminum by treatment gas injection.
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Fig. 11 Various types of in-line rotary degassers ¥.

100
80 -
o§ L
s 60 -
= —_—
,jf | d=300 um i
° £=8.3x10"S"!
g5 40| -
.% X :Alloy 1
%‘ L <> : Alloy 2 4
& o9l O : Alloy 3 i
A :Alloy 5
T | O : Alloy 6 )
0 1 | 1 | 1 | 1 | 1
0 100 200 300 400 500

Temperature, T/C

Fig. 12 Influence of the Na concentration on the high
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Table 3 Morphological features of the typical inclusions in the molten aluminum '©.

Inclusion Figure by SEM ?ge/rgnlt%r Th(iff;n)ess Lfiflgh Observation by optical microscope
AlO;  |Film, Film aggregation 3.3~ 0.05~2 |10~ 2000 Black, Gray
Needle, Rectangle 3.98 1~10 3~50 |Gray, Transparency
Bulk, Distributed like particle 01~10 Black, Light gray, Transparency
o MgO Granular, Granular aggregation 3.58 02~1 Black, Gray, Yelowish at low magnification
5 Film, Thick membrane 05~5 | 5~100 [Black
°© Al:MgOs |Film, Plate like 36 1~20 | 5~500 |Blackish brown, Granular constituent particle
Global, Bulk, with crack 5~200 Blackish brown, Granular constituent particle
Fe:O03  |Bulk, Flake 51 1~50 3~200 |Dark gray
Refractory | Bulk, Rectangle, Global 10~ 200 Black, Gray, Transparency, Al,Os; SiO,, CaO
Carbon |Flake 2.25 1~20 | 3~100 |Black
2 ALCs  |Hexagon, Rectangle, Trapezoid 5.36 02~15 1~30 |Gray, Chemical reaction in atmosphere
g ALOC  |Bulk 05~10 Dark gray
“| ALOB |Needle, Rectangle 02~5 | 1~30
TiC Indeterminate form 0.1~50 Gray
AlB; Hexagon, Polygon, Rectangle 3.17 1~20 Yellowish gray
Needle, Rectangle 1~10 5~50 |Yellowish gray
g AlBiz  |Bulk, Bulk concatenation 2.60 2~30 Dark gray
é TiBe Bulk, Plygon, Rectangle 45 0.05~10 Beige-ish gray, Pinkish at low magnification
TiVB,
VB: 5.1 Particle of grain refiner is very small, but
others are relatively large.
AIN  |Thick membrane, Distributed like metal| 3.26 1~500 |20~2000|Gray, Complicated shape
AlP Hexagon, Triangle, Trapezoid 24 05~20 Gray, Hole is immediaetly generated by
N altenaternation in atmosphere
é,o AlOCl  |Global, Flake 1~20 Gray, Transparency
°© MgCl:  |Global, Reactangle, Polygon 1.98 05~10 Transparency, Hole is generated by polishing
with water
NaCl  |Hexagon 217

Sedimentation of the inclusions from the top surface

ALO, : 33~398 g/cm’
MgO : 358 g/cm?
ALMgO, : 36 g/cm?

‘ —I-—I2,5 gl/cmI3
L ool
E [\ \‘ \ —ll—4:0 /cm?
Fig. 13 Various types of the inclusions in the molten £ TN “
aluminum. g, \ N\
ETTN T
3, \ A N
QS; ~ ] .\. | — .
1
THRIELZIEDF 2 =T 74 V57—, HDWIEHE %0 10 15 20 2 % 3545*5..555 60 65 70 7 somo
RICEB LRI I 9 s T4 =BT 4 My —hRL fneluston size/um
20 TREHDA VT4 VI EEE R & Fig. 14 Efficiency of the inclusion removal by the
. . . gravitational sedimentation.
VIRIZ 7 4 vy —BHEF D 2RI 370, JEHEH
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B B EMRMERDH Y, EEED D I IR % g SC, BHIHEEE LT AR R H RS L L
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CFF : ceramic foam filter
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CFF Ceramic tube filter
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Fig. 16 LiMCA system for detection of the inlusions in
the molten aluminum 2.

DBF : deep bed filter

Heater

Filter bed -

Fig. 15 Various types of inclusion filters. 7.
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Fig. 17 Schematic illustration of the DC casting system.

UACJ Technical Reports, Vol.3(1) (2016) 99



100 Sk X OEAE AL & 3 2 % AR P Hidlly 0 JE

) / C
=X Width direction Bow
. Butt curl !
Inner view Outer view

(a) Temperature

(b) Inner stress in the width direction
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distributions in the steady state !9,
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Fig. 19 Prediction of the butt curl growth in the early
stage of the DC casting .
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Fig. 20 Contour of the slab thickness influenced by the
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Fig. 21 Microstructure of the slab surface region .
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Fig. 22 Mechanism of the microstructure at the slab
surface region by the variation of the heat
reduction.
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slab surface .
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Fig. 27 Various types of hot rolling line, A: one reversible
mill, B: two reversible mills, C: reversible mill and
4 tandem mill 9.
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Fig. 28 Layout of the hot rolling process .
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Table 4 Type of the strip shape .

Type Figure
Strip width

Edge wave

Center buckle

Quarter buckle

One sided
edge wave

Flat

1+4 1
.://_\\%7\4/:

l——— | ——>

Surface plate

Fig. 38 Definition of the strip shape (flatness) %.

Fig. 39 Relationship between the strip crown and the

shape .
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Shapemeter Schematic illustration
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! |Tilt pressure comrol” Roll bender control | |Coolant spray comrol| 1

Shape meter

Tension distribution
in the width direction

Fig. 41 Configulation of the automatic flatness controll
system (AFC) in the cold rolling .
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Qe: Cooling by the air

Qw: Cooling by the coolant

Qr: Heat reduction by the work roll

Qf: Heat generation by the friction

Qp: Heat generation by the plastic deformation

Coolant spray

r Ny

Work roll

Qf Qr
Strip Qfm f
= LW => ___

Fig. 42 Influencing factors on the strip temperature .
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Fig. 43 Strip temperature control system in the hot
rolling *.
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Fig. 44 Behavior of the hot rolling luburicant between
the work roll and the strip .
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Fig. 45 Roll coating generated at the roll surface 2.
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Fig. 46 Defect generated at the strip surface due to the
roll coating '\
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Fig. 47 Experiment apparatus to evaluate the roll cooling .
(upper: roll and the spray nozzles, lower: coolant
tank)
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Nozzle pitch

Nozzle type

Spray
pressure
flow rate

/4

Twist angle

Roll speed Impinging angle

L

Distance between the roll and the nozzle

Fig. 48 Experiment parameters of the roll cooling
simulator .

Spray arragement
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|

Heating
by the st {
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—— /=
e ==

Data transfer
Computer

Data logger
Fig. 49 Data flow of the roll cooling simulator .

Table 5 Specification of the experiment apparatus 2.

Items Specification
Size ¢ 675%660 mm (hollow ¢400mm)
Roll Material RP48 (Special forged steel)

Speed 0~ 360 mpm

Inner heating by the steam,

Heater Heat source max150C
Pressure 0~15 kg/cm?
Spray -
Flow rate 0~60 ¢ /min (per nozzle)
Column 3xXRow 4 = 12
Nozzle | Arrangement | Nozzle pitch, Nozzle type

Number, Impinging angle

Type Soluble coolant for the hot rolling

Lubricant | Temperature | 60C (Heating by steam)

Tank capacity | 2000 £

Pressure Pressure gauge
Flow rate Flowmeter
Sensor Thermocouple embeded in the roll
Temperature

(¢ 0.5 Sheathed thermocouple)

Data logger | Sampling pitch 100 ms

Roll surface

Roll surface
10 mm

20 mm
80 mm

38 mm

Fig. 50 Arrangement of the thermocouples in the roll .

Temperature/C
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10 mm
I Roll
.| surface
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Time/s
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©
~
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g
(5]
=
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Time / ms

Fig. 51 Temperature variation due to coolant cooling

and air cooling during the roll revolution #.
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Fig. 52 Coolant heat transfer coefficient v.s. coolant flow
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Fig. 53 Distribution of the coolant flow rate along the
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Fig. 55 Depedence of the average heat transfer coefficient
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Fig. 56 Peripheral boundary condition for roll temperature
model %,

Table 6 Input data of the roll temperature and the heat

crown calculation %,

Items Unit Value
Work roll diamter mm 725
Backup roll diameter mm 1530
Roll barrel length mm 2850
Density kg/m?® 7800
Thermal capacitance kJ/kg-K 0.46
Thermal conductivity W/m-K 46
Thermal .e)fpansion /K L14%10°
coefficient
Young's modulus N/m? 2.1x10"
Poisson's ratio - 0.3

Heat transfer coefficient

Coolant W/m%K 8000

Strip W/m*K 64000
Air W/m*K 10

Backup roll W/m%-K 1100

Boundary temperature

Coolant K 333
Strip K 593
Air K 323
Backup roll K 343
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Development of the Packaging Material “Ai-PAC II” Printed with
Invisible Identification Codes
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Overprint
Text. Solid color (Infrared transparent ink)
Dot code (Infrared absorbent ink)
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Aluminum foil

Printing

Sealant

100 uma

Fig. 2 Ai-PAC and Ai-PAC II composition (top). Dot codes viewed under infrared irradiation.

FETHWMOEVORKEEZ, D2, AR VFO
BRI T I AF Bk e R 2 1T > 720 ZOREE, it
SEA R L, AFPACT # Eii L7z, (Fig. 2)

4. MEREFTE & RE

AIEDORER, Fv MEfekim (A-PAC) &R LA ~
FCHAES) umd Ky M2SEIRITE 72 (Fig. 2). €h
WFEH 7N AT A ML AR HERY 25T
Hotee Tz, FEEREEE M L2HH TN X T
WaHZETHFRERNOLBR LR TH S Z & &R
L7z

72, HEINZVWRESOFNY ME2ARIT A2 L
BTE, THA VIR RC RS2 o7z 4
EOFA ML, BEArSEETCTETHAEMDLTY
2FEEEMo72b DT, BOFEMIIMAIZbDOLEHE
Zhe PFETINEY V7 88D Y AT AL ED
52 ENLETH b,

50pm$§\

Overprint

Text. Solid color (Infrared transparent ink)
Dot code (Infrared absorbent ink)

Too small to Be Seen

Solid white ink

Aluminum foil

Printing

Sealant

/

50 umo
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(KDX HAAGIENT e L)

TEL : 03-3663-1189 FAX : 03-6855-5885

UAC] Foil Corporation, Converted Foil Sales
Department
KDX Nihonbashi Kabutocho Bldg., Nihonbashi
Kabutocho 6-5, Chuo-ku, Tokyo 103-0026, Japan
TEL: +81-3-3663-1189 FAX: +81-3-6855-5885
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Highly Adhesive Aluminum Coil “KO Treatment Sheet”

Tatsuya Mimura*

1. 12UBHIC

KOMIARY 1X, 7V I = AW O R B &
KO B OF OB W lRm A2 42 L, 7Y v b
MAEBRHOETUI T VI =y 2 e LT, BIES
WMl 2 VW72 72T B, D4R, B H E A IR
BILBL O VF <7 T VLORE DR, T3
= LM EBEMEOBEEICET L = A F 5 T
XTWLY, BT, ThoD[7vI =2 A -k
BAB] o == X3 HB$ 5720, ko [KOWH
W OBVE REFEPA A K & < JRF7=[2 4 VKO WH | 7
O A HAM & BASS L7z,

2. FEEEATER

2.1 O IJLKOREH OHE

KOMFIZ, 7NV =T A LR e o®EELZ M L
ERDLRMUHTHBY o TVI=ZT2METVHY
LB T 25 L1 & - T, KIEIHHIR OB LRz I
MRS %0 Z OBBAROBRALE I ~BHIE2S A 1) A
A, TUYA=RPECE o THREICEEGEINE?Y . KO
JUER R BN, AR AR MR & 3D TRV B
ZARTH, R TFOEL v EmEAVNS Gl
HAEEOBWTHBIE L OEHEAIITRHIT LD T
X5, HERDKOMILES & a4 ) KO WLBLAF O K JE I 1
TEM %% Fig. 1IIR3, Wihd, KORIFEA O
BROREENBIZ S NG,
FKOMIERZBITIEFICH L 7V I =7 A FEHIC
BIET 2720, MLOEELEZIFIT &) FEEH
Hbo LR Y IZMLEL 72 KO D0 Jilh
DT — THBERE % Fig. 21377

I 4 VKO ME OB, KOMHELRZ ISR TR &
NHLEITIE, KOWBMHRZ LX) ¥ ZINLd 555N
HDHD, ML EFESEOEELETH L ENDD b,

22 J4JIVKORERE O+ X

MERDOKOMBEI 7ot 2 &, T4 VKO 71+ 2
DEVE Fig, 3127 d, ROy FAKOLE 7 0
L ZFEH A ZICIT LT VI = 2l & 7 v

i "”"Mﬁ"”‘ '

50 nm

(a) Batch type treatment  (b) Continuous type treatment

Fig. 1 The cross sectional TEM images of the film of KO
treatment.

—
Do

—
(=]
T

Peel strength/N/cm

After leveling

Before leveling

Fig. 2 The peeling strength for 90° direction of continuous
KO treatment sheets.
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[KO treatment]
[Rolling] [Cutting] [Products]
— @ — - D
L Electrodes Electrolyte P,
- N
[Products])
[KO treatment] — @ 1 — E
e — @
\ Y,
Fig. 3 The schematic illustration of the KO treatment process.
A1) BIFE P CRMEMUAT LI L THOLNS, 1400
1300
T4 VKO T at A b FERIC, TV =7 4K 1200
1100
*j‘ 7&? TNV ]) ?ﬁﬁﬁ/ﬁ\* Tﬁ(lﬁ%@i%ﬂ% ﬁ? ‘)) i)‘ a ’f g lggg One-side treatment only
VOENE, ERTEHEENOD LEEZER S E S0 E ?gg
=
%75‘3?) bo HlRIOI AL VKO T Tt ZBIEIZB W E 288 One-side/both side treatment
WO RR, R ATES L G R% B 100
ﬁt,:4WKom@7nkaﬁLtﬁﬁ~¢éy 200 Please consult
ETCRBBIVCERTEHEANKRELZ R I L2 L %00 0z 04 06 08 10 12z 14 16 18 20
W L7, Thichness/mm
I NVKOMHOKX e LT, V=K v F Fig. 4 Specification chart of continuous KO treatment
(ERREF DD %50 AT Do RO/ sheets.
FAKOMHETIE, WHIMIMISH LTI = Y vF
EWHLERDH Y, DT TIED 5 DIKOMB )i S
NV PFEEL TWiz, ZhuIxrl, 24 I)VKO &, [7vI=o s -BHEEG] HoKmuH 7 v =
MLBLCIIM SR T THH V2272 2 EMPEBIC R - T AR E LT, Wk oRalts L OEREL=—
720 AWZBIRAZTELbDEEZbND, F72, EH LIS

23 Wtk

a4 IVKO B o Ruttk%, Fig. 4 (2R, ¢
KNy FRAKORITIE, WHATRETDH > 72)451H
DERmPHERmORIED W L o720 % E, Fig 4
OBRAET REHPH 2 8 R A AR MBI LTI, BllE
TR 72 & T2,

3. A%
KOWID 24 WL X T, KR ERM~DEH
AHHEIZ R Y, EHIHERLD) LFHEROT VI = 24

MANOWME YW L 72 o 720 IETETER OKOWLH

Ko T, W, ZKEMHEM 2 &0 H o]
Bk S IR 5720 S 512, T4 VKO WHEHM A 5 5F
WEORM~DOL X)) 7L Wi TH %720, #t
KDOTNI = AT ¥ FEMIERRP, TILIZY
L —BREABH O FTHAEE LCHEM T2 &8
TE, RAVEBSH~OBHIFREI NS,
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1) Furukawa-Sky Review, 1 (2005) , 44-45.
2) BRANME— ZFER, KRINES, 5EE—  Furukawa-
Sky Review, 9 (2013) , 64-67.
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TEL : 03-6202-2663 FAX : 03-6202-2032

UAC] Corporation, No. 3 Sales Department
Tokyo Sankei Bldg., 1-7-2, Otemachi,
Chiyoda-ku, Tokyo 100-0004 Japan
TEL: +81-3-6202-2663 FAX: +81-3-6202-2032
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[UACJa—bt™ 29— | @i 7 v I = AN
AN R, AT R ORI, NA
“UAC]J Coat Clean” High Stain Resistant Pre-coated Aluminum Sheet
Takehiro Ozawa*, Toshiki Maezono* and Hitoshi Ozai**
1. oI Twao
(4) B T CEN BT v 3 = 2 %3
FAE, BHEJEPEN A 4 &2 X A ERTHT R o 75 Ge S| RE Thhbo

3. ZEBE

Fig. LIC[UAC]Ja2 — F 27 V) — ¥ | OB ERE & % R
Fo WETHE LTTIVI = &AL % 17
Slth, RECTHREIBE LFRVEEZZIT VD, L
B REICHIE SR A v, TR RIS TEICER
BRE W TWw 5,

4. ™ BE

Fig. 2IC KA B HZERBZONBIZ RT. RABRER

Finishing coat

— Primer coat
— Chemical conversion
film

— Aluminum plate

— Chemical conversion
—L film
Back coat

Fig. 1 Film structure of “UAC]J Coat Clean” .

(k) UACT Bl semff 7 45 ZAfJe ik

No. 2 Research Department, Research & Development Division, UACJ Corporation
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Production Technology Department, Nagoya works, Production Division, UAC] Corporation
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“UAC]J Coat Clean” Ordinary I?re-coated
aluminum
Initial 18 months Initial 14 months
later later

Fig. 2 Appearances after atmospheric exposure test.

Side plate

A van type truck with “UAC] Coat Clean”

Conventional product of  Development product of
“UAC] Coat Clean” “UAC]J Coat Clean”

Fig. 3 A van type truck with the development product
of “UAC]J Coat Clean” and appearances of the
bending sections of side plates.

B18 » A% Td, TUAC]Ja— b2 — v JICHiER
BHRAELTWRWZ Ebh 5,

Fig. 312, [UAC]Ja— 27V — > |ORFEEGDIER
HENINY YT 7 DIDOTHDLT VIV Y N v
F ORIV EHE R X AT o2 R T, BHE
X, HRAAH RERKABEMN S ) TRETHW 230
THbo BIFEES MMM IV L BIFT, HERH
mOMIFEE LT, BFICWHE I N, T,
THRYEOBIROSTEB L OF T AEBIRE % &iE
LL727:DTH b, ZOBBEON TP %S5

£, PN EA T A RKRNOMMEE S L TDOT WV
IHYFA Y TR HEO R b EH S,

5. bUIC

Llul, ZHALZZTUAC] 2= 2 — > | @itk
TV =y AEMIE, BiEE, T 25
JEICTWA. L72MBTH %, Fig. 3ITRT LI T IV 3
YA v FRAVEHEIZERH I TEBY, 414,
Mk L HBRNEB L TWFETH S,

SEW

D) gk, wTRAVE @ H530 M Rl - BIEHTERE RS T
Fitk, (2015), 55-59.
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A Mysterious Combination Corrosion Pit*

Yoshiyuki Oya**

TNI=7 A (AD &, R OBERBACKEIZ X -
THEHWIFEEZRTH, MELEREE OMAGHLEIC
SoTRBRETZ DD D, BADFKIEH XK
VR, BEBOMEORENSBARECHE A
AL RMWELT, RENLZIENLEVEVZ 5, 7
BRROBIZE, COBEREOTOEELZHE TS
%o Fig. 1ix, BN FTICHZE L TERBERIK
OHTRIBLVWE Y MIBET LK TH S,

MK%ET%Evbkwiw TR A A v
(CI) IS & o TR A S AT 5Cl Yy
M2 &Y, Cl'Ey MIHKE u#ﬂﬁ@u%ﬁxé;
ETCHRET B L BAALFMICHBINS 20, HRE
PMAE NI ERI DT b, BELZZCIEY b
WL, €y MEEASHEB LT VI =T AL 4
v (APY) OMKRGIIC X BKFEA F ¥ (H) DEKE E
v MEFBIZIA A Cl Ok & ) BT pH T®
ClgERE L2, ZTORENHERFEINS, Cl' E Y
M OERIENL, 77y MROBREBRE LD, —TF
LEBMIDDFLIBELEMIIBTOE Yy M5
T BGENH B, T, KFE (Hy) 34RO HERE
A, FHAHE S22 E TRE D720 Y, H384
PG D 55 2 UL, A o HF 23R 2w &
DH% T, b LLIE, KB A 4+ > (OH) 258k
ML D % RS NIRRT T VA )AL
T 5. AlIMMEETH L7207V VLIEWIE &
HEEABERT B AT T VA VAL L 7245 201 bH
DHRTAINERLE y b235AET L, ShEdZ 2Tl

AV—FKE¥w hed5, #V—FEy MI, HI4K
DML AR GHRBMIZERI DR T, By b
OWERH A R pHIZ EZ DR EDSHR SN L, YV —F
Yy bOBEREIZ, WOrRRAEBRE RS, BEER

WA 5, Fig. 1o4Lix, Cl'¥y beAV—FEw b &
BHEVEI AR —Ya vy N Tho & fmit
F720 BARBAUAEWIZERAE LR T L pHBMERWITE
WETACIEy e, BARABVMEVWIZERELRT

Fig. 1 Optical microscope images for the cross section of
the pit (a) and SEM image for the surface of the
bottom of the pit (b) for a combination corrosion pit
of Cl™ pit (right side) and a cathodic pit (left side)
on 3003 in dilute chloride solution.

ARE, [E4E ] 65 (2015), 643 2Rk L 72,

This paper is reprinted from the technical report in Jounal of The Japan Institute of Light Metals, 65 (2015) , 643.
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1) Ph. Gimenez, J. J. Rameauand M. C. Reboul : Corrosion, 37
(1981), 673.
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R finax, (2010), 363.
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Falling under the Spell of Mysterious Structures®

Hiroki Tanaka™*

GBI KRELSZODOREDL D B, MR FRTEZH
THMMETENVT 7 A GEE) Th b FiEZ
A3 54EE, EHREPE TR, 2\, 30, 4[5
L6 D WF N DB FEEZ RS, TEVT 7
AT VI A GEETHL, E2AHD, ZOHWREHE
TRAPIECEEINLZY A AT VO
Shechtman P L 2SR IRED 5 2 L2 AlMn & 4
T, S5EHEE AT AILEWERR L Hihidco
M8y — 2 19824E I RINL, TOREDFEER/ — b
BWEB FIZAEShTW5B?, Fig. LIZZDEE ) —
NCH A, [10 Foldll!] EFdfisnTBY, HEEotEt:
DEEEICELTV S, Blll 77— 0B E s
oW Lo EE, Z 03w EW I IE = Ak
(icosahedron) ’C“Zﬁ) LEV)HHERNDOEZTH o720 &
WICE EOONTmEFAIICD S FIEM I 7z &
) Thorzns, RFEMIEEE L EmE £, Jkowm
WHFIZD %D 572, Shechtmanti-bOfEREZ ZY &
T2E20, ZANOYWHAEE (Levine & Steinhardt) 12
Lo TRENY, HELBSTZOPRT—ADY A

AL- g wjs I Apnl 8,40
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» CT” Ly 1 o Ie Feld _"'--\'
s o (157 gk of
0" nn L“l os
Bl BAELY nis | rPlhes
& My | STd o
N3 T D e
3 " T2
nj; 3 36k By
33 ik g
A% ¢ lnk pe
mar | Loieal aa

Fig. 1 Experiment record on the discovery of quasicrystal
by Dr. Shechtman?.

)y ZEIEN ST, WEYHEO Y v — - X1
ko THEESIN, [SHNHELZD oD
FERPTHY, Lol HxdbETI & {HOR
KT TEDBTEDJEVIFHLENNY =V ThH b, kb
IR =D Y A VR IWICICHIR LT, A
ﬂf SHEDOBLEATRE & & 2, #HEN, (quasicrystal)
g U7zo ST Bk & Fi 7z g,
EWJ CEWHEEEA LTS, ZOYMESRD b,
2011412 Shechtmantit:id 7 —~WfLEEEZZH ST
725
Shechtman i+ D% %, Al-Ni-Co% Mg-Cu-Al 7%
E DG4 % B R L 72 IREE CHERE RS 2 S < IR
HEINTWBY, TN OMEFITIIIFEN 2 ETH
X7 — U AR ENT WD, SEH RN — i
DARy PORDICIOEO ARy M2, X5I12F
OIS 5 5T DB EHIHIRITH B D
AT, BN RN — B sShTw5 L,
WOLHARHZE->TLEIRINTH - 72
19894, Al-5%Mg-0.65%Mn & 4 18 2 A O Bk AL 45 1
AT HREND o 720 Fig. 21RBRP 0 Bk 5t
ZRT o I BVLELERE % 473 ~ 673 K ¥ TEL S &
THEEM &2 VER L, 523K 2B B akfbistk 2 A L 72

Pre-heating (for 28.8 ks)
753 K Hot rolling Intermediate annealing

(for 86.4 ks)

C: 673 K

Final annealing
(for 30 s~3.6 ks)
523 K

Cold rolling
red. =75%

Cold rolling
red. =70%

Fig. 2 Production process of the specimens.

AR, MEEIE (64 (2014) , 618) D[RO —H] 1) — X

BRI N72d D& UET.

Revision of “My one shot” series of Jounal of The Japan Institute of Light Metals, 64 (2014) , 618.
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T A, 473 K THIHBMLEE L 724 > 7V A% b k1
Licd wZ &EWh o7z (Fig. 3)o ZTNIE473 KO
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EEIELTCW/ek 24, Fig. 5ICRT 287 — V8N
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(Fig. 6)o 573 KU\ LOHREMIMIZIE, DXk %
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DEEE AT - 72231989 4E T, Shechtman it D%
APSHSEBRDI L TH oo KEEDO MniliNE 4
AT 70 B3 Gt o0 v CHERE SRS 3 DR & TR S
BHILEMNOTRML, ZORBRDEK, F5F7
ZOMBN LG ICARESEZR LD L) 1% o7

R CTRHmOARE X @, BEM, FHETLK
TEHZERERBLTWEARY 25 85 BTnw5 L,
Bk L7z a—XD ¥ 4 VPR E LTRENT
W7z (Fig. 1o SDF A VIR SHERE 2 RTH
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- - A (473K 1L A)
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Fig. 3 Changes of yield strength by the isothermal
annealing at 523 K.

673 K
300 |
200 |
1o L 96 108 103
50 31 31
0
321 573 K
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Number of precipitates/5.6 um?

100

non-L. A.
300 266

200 166

L 89
100 58

0 2 4 6 8 10 >1
Precipitate diameter/x102 um

Fig. 4 Size distributions of precipitates after the short
annealing at 673 K.

Fig. 5 SAD pattern observed in the specimen prepared
with the intermediate annealing at 473 K.

124 UACJ Technical Reports, Vol.3 (1) (2016)



BER, [RO— ) —X%) HRHRHEEEESRT 125

a

A %248 (Hiroki Tanaka)
(#%) UACJ RS er  SB—H5REs
#+ (I%)

Fig. 6 The schematic of SAD pattern and dark field
images derived from each spot.

Fig. 7 A Penrose tiling®.
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An exclusive manufacturing plant of
aluminum body panel materials for lighter-
weight automobiles
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The utilization of aluminum materials has been expanding in North and
Central Americas due to stricter gas mileage restrictions and the need to
build lighter-weight automobiles. For instance, demand for body-in-white
(BiW) panels, which amounted to 100,000 tons in 2012, is expected to
increase to 1.5 million tons by 2020. In order to meet this growing
demand, in December 2014 UACJ and European company Constellium
N.V. established Constellium-UACJ ABS LLC. This joint-venture
automotive parts and sales company commenced operations of its
Kentucky plant in June 2016, with an expected production capacity of
100,000 ton/year. Continued expansion of this joint business is under
consideration.




UACJ Automotive Whitehall Inc
(Michigan, USA)

UACJ Automotive
Whitehall Industries, Inc. "~
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Strengthening North and Central American
automotive parts production and sales
networks
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Use of aluminum in automobiles isn’t limited to BiW panels. It is also
increasingly being used for structural components and parts. In order to
strengthen our supply capacity in this field, we purchased a North
American company that manufactures and sells automotive aluminum
structural materials and various aluminum components under the brand
“Whitehall Industries.” Not only will the company contribute directly to
profits, it will also strengthen and expand our business foundations in
automotive structural materials and parts through synergies with other
North and Central American companies in the Group.
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