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Measurement of Dislocation Density Change during Tensile Deformation

5 AREE A um BUT OBGHRIA (&, HER TSR AE

in Coarse-Grained Aluminum by In-Situ XRD Technique
with Tester Oscillation®

Hiroki Adachi **, Hiroshi Mizowaki ***, Masahiro Hirata ™™™ *

Daisuke Okai ** and Hidetaka Nakanishi *****

By conducting In-situ XRD measurement during tensile deformation while oscillating the tensile tester,
it was possible to measure the change in dislocation density of a pure aluminum alloy having coarse
grains with the grain size of 20 um. In the coarse-grained material, the dislocation density during
tensile deformation changed through four regions, as in the case of the fine-grained material. Since the
dislocation multiplication start stress was very low at 22 MPa, the elastic deformation region was very
short. Thereafter, the dislocations multiplied rapidly, but when the stress and dislocation density reached
33MPa and 1.57%10"m> respectively, the dislocation multiplication rate was greatly reduced. This
is considered to be due to the low dislocation density required to progress the deformation by plastic
deformation in coarse-grained aluminum.

Keywords: Dislocation density, Grain size, Synchrotron radiation, In-situ XRD
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Table 1 Chemical composition of the sample (mass%).

Si Fe Ti Cu, Mg, Mn, Cr, Zn Al

0.05 0.86 0.02 <0.01 99.04

Table 2 Sample name and annealing conditions.

Sample name Annealing condition

CR Cold-rolled

CRA523 CR + 448K, 05h + 523K, 05h
CRA573 CR + 448K, 05h + 623K, 05h
CRA673 CR + 673K, 05h

CRA723 CR + 723K, 05h

CRAT773 CR + 773K, 05 h

CRAT773L CR + 773K, 3h

ARB CR + ARB 6 cycles

ARB373 ARB + 373K, 05h

ARB423 ARB + 423K, 05h

ARB448 ARB + 448 K, 05h

ARB498 ARB373 + 498 K, 05 h

ARB523 ARB373 + 523K, 05h

ARB573 ARB373 + 573K, 05 h

ARB623 ARB373 + 623K, 05h
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Fig. 2 Schematic diagram of XRD measurements.
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Fig. 3 Schematic diagram of In-situ XRD measurements

during tensile test with oscillation.
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Fig. 6 (ICRE R MM HKTH - 72
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58 Th b MiliAA ST DG ERIT I & AT T
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Fig. 4 TD inverse pole figure map of ND-RD plane
obtained by EBSD measurement of ARB
specimen.
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A~ (111) T R EE O J7 LA 2L & Fig, TI2RT,
HIRE % 479 5 ARBHM T 744 70° 2 5 100°44 3 T
BT —EORENBIE I NI B, HAI AT
WA EWATRH N TH S FRADBTL D b/ L
7% BN THHTREDEA T 545, ThdE— 241
R2SE 3mm, JE X015 mmERFETH 5720 A
9° D HEENDIZ L7205 THEMET T A2 LR, &£
HEHEOEBERETHDEEZ NS,

—75, CRTTSLM TIZRII AR Y MRTH o 72720,
I > THREDIZSDENRKREN o7, 2D
Eh 5, Fig. 30 X 91K 90° DA 12— K ICH
TR E LW, MR CIEE 2 L ThoTh
D OEPREY T T 7 A VHE SN DA, HKKAM O
VA EmPmRESIZE A ER/ONLE WG ENH D L F
HEhs,

001 101

Fig. 5 TD inverse pole figure map of ND-RD plane
obtained by EBSD measurement of CR773L
specimen.

Table 3 Average grain diameter of annealed samples.

Annealing condition Sample name ‘gizzgtgeer %ﬁg;
As-ARBed ARB 0.505
373K 05h ARB373 0.566
423K 05h ARB423 0.635
448K 05 h ARB448 0.711
373K 05h + 498K 05h ARB498 0.977
373K 05h + 523K 05h ARB523 1.26
373K 05h + 573K 05h ARB573 3.02
373K 05h + 623K 05h ARB623 3.54
448K 05h + 523K 05h CR523 1.83
448K 05h + 623K 05h CR623 10.1
673K 05h CR673 10.1
723K 05h CR723 175
773K 05h CR773 15.6
773K 30 h CR773L 20.2

CR773LMIC B 22 BYIEIC X % T B O LA %
Fig. 81" ¥, #UKER A —E ThH > T IEHIRO
I XD EFHBARy MRAH Y v ZRICEDL 2 &
Moo tze F7z, (111) T T EE 0 J5 (i f J5 24k
R ETRRENIR O % Fig. 912”7 CR7T7T3LMTH
> T HRRBIEOBIN X O W75 EE O J5 67 A 2L A
1L L, Fig. 73R 3 MAMIK % A3 % ARBH O JE 54
WD Wz B E — RO K 2520 um O 3. 5 K

UACJ Technical Reports, Vol.9 (1) (2022)

5



6 RIBRRIZINC X DM AR 7V I = AI2B T 55 REE T O B2k In-situ XRD il &
WRERE LK, ¥— 248530.15 mm X3 mm, REH D AT S & i 7 3R AR RO E 8 fE IS ng 5 &
JEER 1mmTH5H I EDS, BEARENIZIZRE.6X FHENDL, FEEL2mm, 3Smm, 4 mm I Z¥Nd %
100MHDORASA D, 2% I mmitE &85 &, BEHA E, FNENB X FHSIXI0°MH, #7118 X 1004, %

FEPICAAAE S RO BUIHKI 43X 10 £ TR L, €h 1.56 X 1008 LR KL AT N3 2 & & 2> & 1147 G i & il 72

4000 =
3600 |— BRE
L 3200 | cR77aL
& 2800 =
> 2400
Z 2000 —
5 1600/~
£ 1200 —
800 »
400
0 J
60 65 70 75 80 85 90 95 100
Azimuth angle, a/ degree
Fig. 6 (111) and (200) diffractions of (a) CR773L and Fig. 7 Change in (111) diffraction intensity along
(b)ARB sample measured by two-dimensional the azimuth direction in ARB and CR773L
detector. samples.

Fig. 8 Change in Debye rings with change in oscillation width in CR773L.
(a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 4 mm.

1000
i illati idth
900 - (Ea(;lﬁ?mwm
I — 1mm
800 |— — 2mm
~ 3mm
700 — — 4 mm
3: —
< 600 —
X L
Z 500 f—
(2]
g L,
£ 400
300 —
200
100 F- Ik
0
60 90 95 100

Azimuth angle, a/ degree

Fig. 9 Change in (111) diffraction intensity along the azimuth direction in ARB and CR773L samples
and its changes due to the oscillation width.
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TEAT A ENHLNE o720 LLEDND, #x
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Fig. 10 Change in stress and dislocation density
by stroke change in ARB sample.
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Fig. 11 (a) Change in stress and dislocation density by

stroke change in CR773L sample, (b) Enlarged
view in the low stroke area of Fig. 11(a).
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Fig. 12 Change in p; with grain size.
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fle 2 Kot *

Formation and Dispersion of Precipitates during Hot Deformation
in Al-1%Mn Alloys™

Hiroki Tanaka ** and Katsuhiro Sasaki ™ *

In this study, precipitation behavior in hot workings on Al-1%Mn alloy was investigated. It has been

identified specimens used in this study show thermally stabilized substructures after plain strain

compression (PSC) test as a hot working. PSC tests were carried out between 300C and 500C. By using

small angle x-ray scattering (SAXS) method, dispersion state of precipitations formed in hot workings

were estimated. It was considered minute precipitations less than 10 nm in diameter were formed in hot

worked areas. These minute precipitations were increased with increasing in compression temperature.

In invariant area heated at 400C, precipitations less than 10 nm were not identified. By using of HAADF-

STEM, these minute precipitations less than 10 nm were confirmed, and it was cleared due to EDS

analysis the precipitations consist of four elements such as aluminum, manganese, iron and silicon.

Keywords: aluminum manganese alloys, plain strain compression, small angle x-ray scattering, high angle

annular dark field scanning, hot deformation

1. #&

il

—MEZ, TN =T ABEEREMMEERTINET S
LB O TRAS SRR & 72 D BRI T S U %, BAH
TN TR\ B2 58 70 T EBHLRR 2 LR S/ 2 & & Thl#k
% O ARAMEIRMRRASHERE S, R VIREE & M & AR T
&2V 2 ERIMEEDOYUHE DR Y BMOENT VD, &
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Al-1%Mn & OHMMLTHES 28 L o2 #ekiE 11

2. KBRIE

AW 72TV =7 A58 0% Table 1
VR o — MM Z P g 12 & ) —a8 25175 mm i
OHWEEIR L 720 COFHRH» SE L 10mm, I
20mm, EI50mmORBN 2R L7z, &b, M
ML OEE RO IMER Z WS PICT 2720,
NS OFRISIHALRIZATD AR o 72s Zhid, 3
BAGILTIE RS 247 i & 2B T 3 2 4
W DORAE % T 2720 TH %o PSCRERS M1 i
DCHE L7z ) T, 200 )% Fig. 1 () 13K T,
300 C, 400 T3 X U500 CoiiiE TE E5mm ¥ THE
MixAT o720 OF AREIX1sT & Lz, BEEFOUE
{71 % Fig. 1 (b) IZR$ o JEHMEES D HLEB (Constriction
area) & IEEAMETFOEE (Invariant area) THIE L7z,
LA O 53 BCREE & /N LY IR L 720 /b
AEGELIE XD VD Yy 7a b VRSO THER L
720 T OWESLM% Table 21387 /ANMEHGELEREE 1E
WES Y TVORSOREEZT 5720, Rkl
EfEZ Y Y TIVES THRLUZME TR L 72, eI
M L% 7 IVo)E &% Table 31287, /M ELAELER
JET a7 7 A VRN Y 7+ Irena & BV CROIIML S
WO EARREZ AT L7290 WL 2 v (Q) 1k (1) K
T, MHESRET (Q) 1 (2) XTREND Y, KT
LAY OREL KRR EBE L, A4 A5mBKE L

Table 1 Chemical composition of specimens (mass%).

Si Fe Cu Mn Mg Cr Zn Ti Al

016 034 <001 099 <001 <001 <001 001 Bal

&

Temp. PSC

w.Q.

1min i 1min
as cast

Invariant area
~
S N
) * 9

-
L

(a) Heat pattern Time

Constriction area

7
7

(b) Specimen appearance after PSC

Fig. 1 Experimental procedures on (a) heating pattern
of PSC test and (b) measurement arias of the
specimens.

THREOER G % /2o Irena TlE, ERADOPERE
ZALE 7R EE A (P) 3K T (2) Ko &/ HeEL R
EEFHELTEMEICT 4 v T4 ¥ 738, {LEWo
SRR HEET B

Q=4msinf/ A 1)

2T, OFEEL, L XBIEREERT,

1(Q) =p*J, F*(Q N(R)dR (2)

ZIT, pFETHEE FQ) AN 5 OREL X
OME, N (R) 3P ERORTEEZRT,

PSCikBife oM I IRRE 2 #3835 5 72, HAADF-
STEM (High-Angle Annular Dark Field Scanning
TEM) BlZ % 75720 ZOBIRBRIIERETO) HE
AICHEL L 72 b o 2 BROBIN S THRIBB§ 2 2 L 12X
DEON, RTFEOREVWILEZEGEAICHL VI
YEFIAMPELENS Y, 8813 FEI # Tecnai Osiris
T, N#EIE200 kV THT 5 720 EDSHHTIESTEM 7
O—7#&%Z1nml T & L7z,

3. ERER

31 HE=X

MEROREM R E Table 41R7F . FEEMIB LY
JEREEBO ) ASEEFRIE R, JEMIBTEI DL WL
TWb I EDPHLETE S, PSCIRENEHVITE, JEHM
MOBEFIIEL & 5. FEMIBIE, 300 ThHE<TiE
as cast REEDOEEFLH L TH LA 500 TzTid
HBERO FADPHRTE S, PSCREEMN2S, 05
B OEMIM TR THHAE L Tn 5 LHEETE %,

Table 2 Measurement method of
Aichi synchrotron radiation.

Beam line BL8S3
Analysis method SAXS
Detector R-AXIS
Aperture 2.5mm
Camera length 1126.09mm
WAVE LENGTH 092 A

Table 3 Specimen thickness on
SAXS measurement (mm).

Invariant area Constriction area

400 C 300 C 400 C 500 C

0.455 0.336 0.474 0.356

Table 4 Difference on electrical conductivity between
invariant and constriction areas (%IACS).

Invariant area Constriction area
300°C | 400C | 500°C | 300°C | 400°C | 500C

as cast

30.5 30.5 30.6 31.1 30.9 31.1 31.5
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Fig. 212
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(a) Constriction and invariant area at 400°C
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Intensity / a.u.
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1
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(b) Constriction area at 300, 400 and 500°C

1

Scattering vector, Q / nm™’

10

Fig. 2 SAXS profiles of PSC test pieces (a) constriction
and invariant areas at 400 C and (b) constriction
areas at 300, 400 and 500 C .
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%o 500 CIEAMEHIZQME A231.0 Lk 1 T400 C L #& &6 &
300 CIEMTEDOM OMEZ/RL, MOLKMFLIERES
MR E W Z D,

INAELRE QTP E 74 v T4 VTSR B0
WZPE L7z Irena TOX4%% % Table 512773, Scale
EBREE, Min size (30 BOEB G4 O EEL, Mean (34E
EROWFHE (F), Std dev. 1 3HEE#EFZEZ R T, 400
CIHEHERIE—2> DR (1P) THEUEE 7 1 v 7
4 Y THTE Tz JEMBISBEROR LS (2P, 3P) %
GRILCTEWEIZ 7 4 v T4 Y 7 SEDLEND -
7zo Fig. 3/ EELIRE O FZME & Trena TE T IVEF
BLTT74 v T4 YT LR ERT. WThofMt

:_Ya) Invariant at 400°C

5‘\\ (b) Constrlctlon at 400°C

SAXS data
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r

=)
i

\Y
AN

AN
\

Intensity / a.u.

Intensity / a.u.
l

w'E

.~ @ SAXS data
Model curve
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\ (c) Constriction at 300°C |

\
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3,
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Fig. 3 Experimental and calculated values on SAXS
data (a) invariant at 400 C , (b) constriction
at 400 C , (c) constriction at 300 C and (d)
constriction at 500 C .

Table 5 Setting factors on Irena analysis.

1P 2P 3P
Min size| Mean Min size| Mean Min size| Mean
Scale [A] [A] Std.dev. | Scale [A] [A] Std.dev. | Scale [A] [A] Std.dev.
300 C |
constriction 32972 | 95014 | 214.994 | 02822 | 1.0796 | 13.2065 | 2.8226 | 3.0972 |
400 C |
constriction 53089 | 14.5058 | 243.356 | 0.2801 | 0.8482 | 14.9599 | 0.3004 | 3.0338 |
500 € 2 38 | 330 | 04964 | 18085 | 85 | 02793 | 31331 | 15 | 2041 | 565444 | 03856
constriction
400 C | | —
invariant 10.9362 | 39.9475 | 217509 | 0.3466 [ [
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Fig. 4 Size distributions of precipitations derived from SAXS profiles in Fig. 3 (a) invariant at 400 C ,
(b) constriction at 400 C , (c) constriction at 300 C and (d) constriction at 500 C .
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(a) Invariant at 400°C (b) Constriction at 400°C

e

(d) Constriction at 500°C

(c) Constriction at 300°C_)-

Fig. 5 STEM images after PSC test (a) invariant at
400 C, (b) constriction at 400 C, (c) constriction
at 300 C and (d) constriction at 500 C.
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Fig. 4 (d) TRTHHREIC R 720 TRODBRELE
B35 L, PSCEAT- 7ZEARMM T oML, 2
THICER L T b & o R BRICH 3 256 L,
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Fig. 6 STEM images (a) constriction at 500C and
(b) courtesy image of the broken line area in
the left image.

Fig. 7 STEM-EDS analyses on the constriction area
at 400 C .
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Fig. 8 Hypothesis on the formation of thermally stabilized substructures. a: lattice constant.
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I Paper

Local Electrochemical Measurements by 3D Printed S-MDC
Equipped with Optical Microscope*

Kei Sakata®*, Muhammad Bilal***, Masatoshi Sakairi**** and Takuya Murata™****

A 3D printed solution flow type micro droplet cell (S-MDC) was attached to an optical microscope,

making it possible to switch between the lens and Sf-MDC at the same observation/measurement area.

Using this setup, precipitates in an Al-Si alloy were investigated. Open circuit potential measurements

and potentiodynamic measurements were conducted at various surface areas of the Al-Si alloy. The

precipitate area ratio affected open circuit potentials and anodic currents. This 3D printed Sf-MDC can

be applied for the electrochemical investigation of precipitates in Al-Si alloy.

Keywords: 3D printed solution flow type micro droplet cell (SEFMDC), Al-Si alloy,

electrochemical investigation

1. Introduction

Metals have been shown to exhibit advanced
properties such as high strength, high corrosion
resistance, and wear resistance with material non-
uniformities strongly influencing these properties. To
investigate material non-uniformities, improvements
in the resolution of analysis of materials are
necessary, however. Recently, high resolution
electrochemical measurement technology is attracting
attention, and the electrochemical measurement
technique for micro areas with electrochemical
microcells?™® is a candidate for improvements in
resolution. Electrochemical microcells are classified
into two types, meniscus and gasket types,
differentiated by the structural differences between
the capillary tip and sample arrangement? .
Meniscus type cells form electrolyte droplets between
the sample and the cell, and the distance from the tip
of the capillary to the sample is kept constant during
measurements. During the electrochemical reaction,
the area where the formed droplet is in contact with
the sample acts as a working electrode. The area of

the droplet is maintained by the balance between the

surface tension and gravity. One application of the
meniscus type cell, scanning electrochemical probe
microscopy has attracted attention'™™ as it is
possible to observe the electrochemical reaction of the
electrode/solution interface with high resolution. In
gasket type cells, the tip of the capillary is in contact
with the sample surface, and the inside of the
capillary is filled with the electrolyte, a silicone
rubber attachment to the tip of the capillary acts as a
gasket preventing the solution from leaking. Bohni et
al. equipped a gasket-type electrochemical microcell
to an optical microscope and investigated the pitting
corrosion process of stainless steel”. However, when
the electrode reaction increases, with both meniscus
and gasket type electrochemical microcells, the
solution concentration changes near the sample
surface become very large, and a concentration
gradient is generated in the capillary, which makes it
impossible to perform accurate measurements and to
control the chemical reactions. To improve on this,
Lohrengel et al. developed a solution flow type
electrochemical microcell equipped with 6 -type glass
capillary™ '®. In this cell, solution supply and drainage

are achieved using two channels. Fushimi et al.

* This paper has been published in Journal of The Electrochemical Society, 168 (2021), 061505.
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developed a solution flow type micro droplet cell
(SE-MDC)'". The Sf-MDC has a coaxial double tube
structure with two different diameters. Solution is
supplied from the inner capillary and the solution is
suctioned by the outer capillary. Sakairi et al. used
Sf-MDC to control the area and thickness of anodic

19~20 Hashizume et al.

oxide film on aluminum
investigated the mechanism of stress corrosion
cracking at joints using Sf-MDC?. S-MDC can be
applied electrochemically in a variety of microscopic
regions. However, the structure of the conventional
Sf-MDC device is very complicated and difficult to
manufacture, and in recent years, S-MDC devices
have been fabricated using 3D printing. Kollender et
al. were the first to produce a flow-type scanning
droplet cell microscope using a 3D printer®. They
also fabricated a multi-scanning droplet cell
microscope and used it to study anodized titanium
surfaces™. Summers et al. fabricated a solution flow
type microcell where the tip can be replaced

2 Bilal et al. performed

according to the application
area selective aluminum anodization and nickel/
copper electrodeposition using a Sf-MDC fabricated

#9720 In addition, the conventional

by a 3D printer
Sf-MDC is long in the vertical direction, with the
result that it is difficult to equip it to a microscope,
and it is difficult to precisely control the measured
area. In this paper, a novel configuration of an
SE-MDC was fabricated using a 3D printer, equipped
with an optical microscope, and local electrochemical
measurements were performed to investigate the size
of the Si related precipitates on the electrochemical

behavior of an aluminum alloy.

2. Experimental

2.1 Sample

To investigate effect of the size of Si related
precipitates, an in-house produced Al-20mass% Si
alloy was used as the sample. A heat treatment was
carried out to enlarge the precipitate. Samples were
connected to a conductive wire and embedded in
epoxy resin leaving an exposed surface. After
polishing to #4000 with SiC paper, the specimen was
ultrasonically cleaned in highly purified water and
99.5% ethanol for 300 s.

2.2 Design of S-MDC

The Sf-MDC was designed using computer-aided
design (CAD) software (Blender 2.80). The designed
SEMDC was made from a clear photopolymer resin
(Formlabs, FLGPCL04) by a 3D printer (Formlabs,
Form 2). The stacking pitch of 3D printing was 0.05
mm. Fig. 1 shows (a) the wire frame, and (b) a
schematic outline of the Sf-MDC. The solution is
supplied to the inner capillary through the solution
inlet at the top and is suctioned from the outer
capillary to the solution outlet (Fig. 1 (a)). The
diameter of the inner capillary is 0.65 mm, the
diameter of the outer capillary is 1.56 mm, with the
height of the cell 15 mm (Fig. 1 (a)). A platinum wire
is inserted as a counter electrode and an Ag/AgCl
wire is inserted as a reference electrode in the cell
(Fig. 1 (b)). The inserted Ag/AgCl wire was obtained
by anodizing a silver wire in hydrochloric acid. The
inner capillary supplied solution to the droplet and
the outer capillary collected solution from the formed
droplet. A typical solution flow type electrochemical
microcell 22 supplied solution from one side of the
droplet and aspirated it from the other side, while
this cell supplied solution from the center of the
droplet and pumped solution from the periphery of

the formed droplet.

(@ -'-l'-ﬂi ki «—— Solution inlet
1
15 mm | ."ﬂ ; =
— 2 Solution outlet
e
'\'\ Inner capillary (2 0.65 mm)
Outer capillary (o 1.56 mm)
C.E. (Pt wire)
(b)

R.E. (Ag/AgCl wire)

Inner capillary

Solution outlet

Outer capillary

Sample

Fig. 1 (a) Wire frame design for 3 D printed St-MDC
with coaxial dual capillary. (b) Schematic
representation of the cell.
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2.3 Open circuit potential and potentiodynamic
polarization measurements

The S-MDC was attached to an optical microscope.
The solution inlet was connected to a pump by a
silicone tube (diameter ; 2 mm) and the solution outlet
was connected to an aspirator (ULVAC KIKO Inc.,
MDA-015)®. The flow rate of the solution was
controlled at 1.0 X 10 cm® s using a pump (ATTO
Corp., SJ-1211), and aspirated at around 90 kPa with
an aspirator. The solution was 10 mol m™ NaCl. After
selecting a measurement area on the sample surface
with the microscope, a droplet was formed by the
Sf-MDC. The open circuit potential (OCP) was
measured for 900s. From (OCP -200 mV) to (OCP
+400 mV), potentiodynamic polarization measure-
ments were performed at a scanning rate at 60 mV
min". A noise filter with a cutoff frequency of 10 kHz

was used to reduce the noise.

2.4 Immersion test

The sample was polished to #4000 with SiC paper
and then buff polished to further smoothen the
surface. After ultrasonic cleaning in highly purified
water and 99.5% ethanol for 300 s each, the sample
was immersed in 10mol m™ NaCl for 7d. The

temperature was maintained at 303 K.

2.5 Observation and analysis.

The surface of the sample after the test was
observed with an optical microscope and a scanning
electron microscope, SEM (JEOL Ltd., JSM-6510LA).
The images obtained from the optical microscope
were analyzed using image analysis software (Image
J 1.53a), and the precipitate area ratio was calculated.
The surface of the sample was analyzed using an
energy dispersive X-ray spectroscope, EDS (JEOL
Ltd., JSM-6510LA) and a laser scanning confocal
microscope, LSCM (Lasertec Co., 1LM21D).

3. Results and Discussions

3.1 Fabrication of the Sf-MDC

Fig. 2 (a) and (b) illustrate the SE-MDC fabricated in
this study, and (c) shows the photograph of the
Sf-MDC equipped with an optical microscope. The
SE-MDC designed by CAD software was fabricated

(a)

Support structure

Equip with optical microscope
4_

Insert C.E. and R.E.

Revolver

Fig. 2 Illustration of the 3D printed parts of SEMDC
(a) with support structure and (b) detached
from the support structure. (c) Optical image of
SE-MDC attached to the optical microscope.

using a 3D printer with the support structure shown
in Fig. 2 (a). Without this support structure, S-MDC
with coaxial dual capillaries cannot be printed
accurately. Since the fabricated Sf-MDC is affected by
the printing direction and the resolution of the 3D
printer® 2 the fine structure (inner capillary, solution
inlet tube etc.) was inspected carefully during the
manufacture. After confirming that the structure is
printed properly, the Sf-MDC was washed in
2-propanol and allowed to cure for 30 minutes. After
that, the counter electrode and the reference
electrode were inserted into the inner capillary and
then attached to an optical microscope (Fig. 2 (b)).
The solution inlet was connected to the solution

pump via the silicone tube and the solution outlet was

UACJ Technical Reports, Vol.9 (1) (2022)
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connected to the aspirator. Using the revolving
carousel of the optical microscope, it is possible to
switch between the lens and the S-MDC at the same

observation/measurement area (Fig. 2 (c)).

3.2 Open circuit potential and potentiodynamic
polarization measurements
Fig. 3 shows the results of (a) the open circuit
potential and (b) the potentiodynamic polarization
measured by the fabricated SEMDC at two selected
areas. It verifies that the open circuit potentials and
polarization curves are different in two different
areas. Similar open circuit potentials are observed in

both areas at the initial stage of the open circuit
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potential measurements in Fig. 3 (a). After some time,
the open circuit potential shifts to the negative
direction and there are random fluctuations. The time
that the open circuit potential shift is observed at
Area 1 is later than that of Area 2. The fluctuations
observed in Fig. 3 (a) may relate to localized corrosion
events such as metastable pitting®. Chiba et al.
reported that Al matrix around Si phases was
preferentially dissolved®. The number of fluctuations
observed in Area 1 is smaller than that observed in
Area 2. These results may relate to size or area ratio
of the Si related precipitates. The cathodic current
observed at Area 1 is larger than that observed at

Area 2, while the anodic current is opposite (Fig. 3 (b)).

(c) Area 1

Precipitate

0.5 mm

(a) Open circuit potential and (b) polarization curves measured with the 3 D printed S-MDC. Optical microscope

images of the measured area with different precipitate area ratios; (c) Area 1 is with a 49% precipitated area and

(d) Area 2 is with a 9% precipitated area.
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From this result and the literature®, Si related
precipitates may act as cathodic sites and the Al
substrate acting as the anodic sites. The observed
polarization behavior causes the open circuit potential
of Area 1 to be higher than that of Area 2.

To confirm the size of the Si related precipitates on
the electrochemical behavior, the sample surface after
the tests were observed by an optical microscope.
Fig. 3 (c) and (d) show optical microscope images of
Areas 1 and 2 after the measurements. Large black
segregated precipitates can be seen in Area 1, these
large precipitates are not observed in Area 2. From
the optical microscope images, the area ratio of black
precipitates was calculated using Image ] software.
The calculated area ratio of black precipitates in Area
1 was 49% and that in Area 2 was 9%. The difference
in the area ratios of the precipitates could be a cause
of the difference in the open circuit potentials and in
the polarization curves. To clarify the relationship
between the precipitate area ratio and electro-
chemical measurement results, similar measurements
were conducted at 10 different positions.

Fig. 4 shows (a) the average open circuit potentials
between 700 s and 900 s from open circuit potential
measurements, and (b) is the average anodic current
between -0.66 and -0.64V obtained from the
potentiodynamic polarization measurements as a
function of the precipitate area ratio. The average
open circuit potential increases with increasing
precipitate area ratio. It can be seen that the average
anode current decreases with increasing precipitate
area ratios. It is known that Si is a nobler element
than Al and it has been reported that the amount of
Si in the Al-Si alloy affected the electrochemical
behavior®. In the experiment here, the differences in
the amount of Si on the measured surfaces could also
have affected the open circuit potentials and anodic

currents.

3.3 Immersion tests

To establish the reason why the anodic current
decreases with the precipitate area ratio, immersion
tests and surface observations were conducted. Fig. 5
(a) shows an optical microscope image before the
immersion test, and (b) after the test. It clearly shows

that there are large precipitates and small
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Fig. 4 (a) Average open circuit potentials between
700 s and 900 s and (b) average anodic currents
between -0.66 and -0.64 V as a function of
precipitate area ratios.

precipitates (Fig. 5 (a)). After the immersion test, the
image is all black except for the large precipitates
(Fig. 5 (b)). The brightness of the optical microscope
image is affected by the flatness or height of the
sample. The focusing conditions were checked and it
was confirmed that the dark areas are lower than the
bright areas. From the optical microscope
observation, the initial smooth surface develops
irregularities through the 7 d immersion test. Due to
the limitations of the optical microscope observations,
a more precise observation of the surface morphology
was performed using LSCM.

Fig. 6 shows a 3-D height image of the same area
as in Fig. 5. It is confirmed that the large precipitates
are higher than other areas and the surface
roughness (RMS) was about 85 um. Since the RMS
before the test was about 0.1 um, the results show
that the surface became more uneven through the 7 d
immersion test. This LSCM result suggests that Al
matrix preferentially dissolved and that the large
precipitates appeared. Further, other areas than those
with large precipitates are high. These parts do not

relate to the location of the precipitates in the optical

UACJ Technical Reports, Vol.9 (1) (2022) 21
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Fig. 5 Optical microscope images of sample (a) before
immersion test and (b) after the test.

Fig. 6 3-D height displaying the area in Figure 5
after the immersion test.

microscope image before the test (Fig. 5(a)). In order
to elucidate the reasons, the area was observed and
analyzed using SEM and EDS.

Fig. 7 shows (a) SEM image and EDS element

mapping results for (b) Al (c) Si, and (d) O. The EDS
analysis shows that the precipitates contain Si and
that the other areas contain Al and O. The reason for
the height differences could be that the Al matrix
was easily dissolved through the immersion test and
that the large Sirich precipitate was little dissolved.
In addition, the higher areas suggest that the large
precipitates in Fig. 6 are mainly composed of Al and
O. This result suggests that the high areas are
corrosion products of Al As Chiba et al? reported,
preferential dissolution of Al substrate formed
corrosion products, resulting in the formation of the
higher areas.

Focusing on the fact that the Al matrix is easier to
dissolve than the Si-rich precipitates, the reason why
the anodic current becomes smaller with increasing
the precipitate area ratio can be understood. Fig. 8
shows a schematic representation of the Al
dissolution and anodic current with precipitate area
ratios. When the precipitate area ratio is low, the area
where Al can be dissolved is large and the anode
current is large. When the precipitate area ratio is
high, the area where Al can be dissolved is small and
the anode current is smaller. The solubility difference
between Al matrix and Si-rich precipitates causes the
anodic current to change depending on the

precipitate area ratio.

4. Conclusions

An Sf-MDC was fabricated by a 3D printer and
attached to an optical microscope. Using the
revolving carousel of the optical microscope, it was
possible to switch between the lens and SE-MDC at
the same observation/measurement area. Precipitates
of Al-Si alloy were investigated by the SE-MDC. As
the precipitate area ratio at the measured area
increased, the open circuit potential increased and the
anodic current decreased. From the surface
observations after the immersion test, it was found
that the Al matrix is more soluble than the Si-rich
precipitate. It was assumed that the difference in the
area where Al could be dissolved was the reason of
the change in the anodic current depending on the

precipitate area ratio.

22 UACJ Technical Reports, Vol.9 (1) (2022)



Local Electrochemical Measurements by 3D Printed S-MDC Equipped with Optical Microscope

23

Fig. 7

Intensity

0.5 mm
high - |_ low —

(a) SEM image and elemental mapping by EDS at the same area as in Figure 5, (b) Al, (¢) Si, and (d) O.
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Fig. 8 Schematic representation of relationship between precipitate area ratios and measured anodic current by
potentiodynamic polarization with the 3D printed SE-MDC. The precipitate is Si rich and the matrix is Al rich.
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Mechanism of High Grain Refinement Effectiveness on
New Grain Refiner “TiBAl Advance” *

% 3k

Akihiro Minagawa®* and Matthew Piper*

Grain refiners are used in the aluminum DC casting process to refine the cast structure. On the other
hand, high levels of TiB2 particles and other inclusions from the grain refiner can cause clogging of the
melt filter. Improvement of the grain refinement effectiveness is required in order to reduce the addition
level of grain refiners. The grain refiner manufacturer AMG developed “TiBAl Advance” , which is a
high performance Al-3Ti-1B (mass%, following is same) grain refiner. TiBAl Advance has passed a special
casting test to provide grain refiners with a high grain refinement efficiency. However, the reason why it
shows such high grain refinement effectiveness is yet to be clarified. In this work, the grain refinement
effectiveness of TiBAIl Advance was compared to that of conventional grain refiners. In addition, the TiB2
agglomerate size distributions were measured in each refiner and applied to the new UAC] model for
grain size prediction. TiBAl Advance was demonstrated to have superior grain refinement effectiveness
compared with other conventional grain refiners. Furthermore, the predicted grain size from the new
UAC]J model agreed well with the experimental results. Based on these results, it was estimated that the
superior grain refinement effectiveness of TiBAl Advance is due to the smaller size of TiBz agglomerates,
and consequently greater number of heterogeneous nuclei available for any given volume fraction of TiBz.
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1. Introduction

In aluminum DC casting processes, grain
refinement is necessary to promote a fine, equiaxed
grain structure, which reduces the risk of casting
defects such as hot tears"?. It is commonplace to use
grain refiner alloy additions as a convenient means of
obtaining the desired grain structure. Typical grain
refiners are based on the Al-Ti-B system, and contain
TiB2 and AlsTi particles. AlsTi particles dissolve after
addition, contributing to the solute titanium content.
Although an effective grain refinement particle,
excessive additions of TiB: particles (and other
inclusions associated with grain refiners) can cause
clogging of the melt filter®. In order to reduce the
necessary addition levels of grain refiner, an
improvement in the grain refinement effectiveness is
required. The grain refiner manufacturer AMG

Aluminum has developed “TiBAl Advance” , which is

a high-performance Al-3Ti-1B grain refiner. TiBAl
Advance has passed a special, proprietary casting
test to guarantee a high grain refinement efficiency -
meaning that, despite lower addition rates, finer grain
sizes can be realized. However, the fundamental
reason why it demonstrates such high grain
refinement effectiveness still requires clarification.
Many investigations concerning the mechanism of
grain refinement have been reported?™'?. Maxwell
and Hellawell developed a numerical approach to
predict grain size®. They concluded that the number
of nucleation events depends on recalescence under
isothermal conditions. Greer et al. proposed a free
growth model based on that of Maxwell and
Hellawell® ®. This model defined the initiation of free
growth of grains on an inoculated particle by
undercooling of melt, and is well-known by those in
the industry because of its accuracy in the prediction

of grain sizes. However, even with the free growth

* The main part of this paper has been published in Light Metals 2021, ed. by L. Perander, (2021), 844-849.
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model, the differences between more or less efficient
refiners cannot be explained®?. More recently, it has
been suggested that the size and distribution of TiB;
agglomerates, rather than individual particles, is the
cause of different grain refinement efficiencies™ ',
however, this aspect has not been applied to the grain
size prediction model.

In this study, the mechanism of high grain
refinement effectiveness of TiBAl Advance was
explored via comparison with conventional grain
refiners. In addition, TiB, agglomerate size
distributions were measured in each refiner, the

results of which were applied to the new UAC]

model for grain size prediction.

2. Experimental method

The grain refinement efficiency of four grain
refiner samples was investigated. Table 1 shows the
sample list of grain refiner. The grain refinement
effectiveness was evaluated using the AA TP1 test.
In this study, amount of melt was reduced to 5 kg to
improve workability. (AA TP1 standard is 10 kg.)
Other aspects of the test method followed the AA
TP1 standard. Table 2 describes the casting
conditions. Addition levels of grain refiner were 0.1,
0.07, 0.05 and 0.03% for each grain refiner. These
tests were carried out in 99.7 % purity aluminum. The
chemical content of the base aluminum (before
addition of grain refiner) was determined by spark
optical emission spectroscopic analysis and is shown
as Cp in Table 3. 5 kg of base aluminum was melted
by an electric furnace and maintained in the range of
713-723 C . The grain refiner was added to the molten
aluminum, and stirred for 30 seconds by graphite
stick. In addition, the molten aluminum was again
stirred for 15 seconds before taking cast samples. The
cast samples were taken by a conical steel ladle 10
minutes after the grain refiner addition. The ladle
was removed to the cooling equipment and quenched
from bottom. The cooling rate at the observation
position of microstructure was 6.4 K/s. The cross
section at a position 38 mm from the ingot bottom
was polished. The microstructures were observed by
an optical microscope. The average grain size was

measured by the planimetric method.

Table 1 Sample list of grain refiner.

Sample name Manufacturer Chen(l:gisg/(:? tent
TiBAl Advance AMG Al-3Ti-1B
AMG 5/1 AMG Al5Ti-1B
B 3/1 B Al-3Ti-1B
B5/1 B Al5Ti-1B
Table 2 Casting conditions.
Parameters Values Unit
Grain refiner 4 type
Addition level of grain refiner | 0.03, 0.05, 0.07, 0.1 %
Base aluminum 99.7 %
Amount of melt 5 kg
Melt temperature 991 K
Holding time 10 min
Cooling rate 6.4 K/s
Table 3 Chemical content of base aluminum (mass%).
Solute element Fe Si \% Ti
Co 0.10 0.03 0.02 0.005

3. Grain size prediction model

A UAC] prediction model for grain size is based on
the free growth model®. Part of the equation was
modified from the free growth model to take into
account the liquidus slope 7, the equilibrium partition
coefficient % and initial content Co for all solute
elements. The free growth of a crystal on a TiB:
particle depends on the undercooling ATy The
undercooling AT%, required to start the free growth

is given by

AT = 20

«TAS W

where ASy is the entropy of fusion per unit, o is the
solid-liquid interfacial energy, and 7* is the critical
embryo radius. The overall melt undercooling AT is
the sum of the solute undercooling A7 and the
curvature undercooling A7.. The solute undercooling

ATy is given by
AT =m(Co-C,) @

where Cp. is the solute content in the liquid at the
solid-liquid interface. Cp is the solute content in the

melt. The curvature undercooling A7 is given by
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2 AT AT
AT =S 3 S~- R Yt ©)
AS, 7 mCk—1) Q
where 7 is the radius of the spherical crystal. The in which
invariant-size approximation model™ was proposed
for the diffusion controlled growth of a spherical Q=mC0(k—l) (10)

precipitate of radius in a solid matrix. According to
the model, the radius of a spherical particle is given
by

r=AD-t)” 4)

and differentiating eq.4 with respect to time gives the

growth rate of the spherical crystals as

_dr _ 2D
v dt 2r

©)

where D is the solute diffusion coefficient in the liquid
and ¢ is the time. A is an interfacial parameter and

obtained from the interface composition profiles™ as

_ S Sz 1/2
o [zn] *[4” ‘SJ ©
in which
S — 2(CIL B CO) (7)
(CIS - CIL)

where Cis is the solute content in the solid at the
solid-liquid interface. S can vary between-2 and 0.
Substituting Eq.2 and the equilibrium partition
coefficient 2 = Cs/Cr, Eq.7 becomes

AT,

8
m(k=1)(C,~ATy'm) ©

S=-2-

The value of one element can be used for
parameters like m, k& and Cy in case of Eq.8.
Therefore, Eq.8 has been modified to consider alloys
including numerous elements. In most cases, ATy is
very small with TiB, particle and A7s/m can be

ignored. Consequently, Eq.8 becomes

where Q is termed the growth-restriction parameter.
By using parameter Q, it is possible to consider m
and % for all solute content, regardless of element.
Furthermore, where ATy is very small (< 1 K) and Q
values are an order of magnitude larger than AT.

That means |S| << 1 and Eq.6 simplified to

e [ AT _[2QAT-ATOE
A=( S)W—(z 9 ] —( 9 an

The calculation process is the same as that of the
free growth model. The temperature decreases at
each time step according to the set cooling rate. Each
grain will grow at the rate calculated by Eq.b if the
total undercooling AT reaches or exceeds ATj. In
this study, the TiB: agglomerate radius was treated
as 7* in Eq.l, because the TiB: agglomerate were
assumed to act as a heterogeneous nuclei. The rising
temperature, which is the total latent heat divided by
the specific heat, was added to the next time step.
Tables 4 and 5 show the physical property values
and the solute element parameters used in
calculations, respectively. The soluble titanium from
the grain refiner was calculated, according to the
addition level, and added to the initial titanium
content.

In this study, TiB: agglomerate size distributions
were applied to the model. Longitudinal cross sections
of the grain refiners were polished. In order to
measure the TiB: agglomerate size, the polished
surface was deep etched by 5mass% NaOH aqueous
solution for 15 minutes. The etched surface of the
samples was observed by SEM. The observed points

were near surface of the rod and center of diameter.

Table 4 The material parameters used in the calculation”.

Physical property Symbol Units Value
Solid-liquid interfacial energy o J/m? 158%x10°
Entropy of fusion per unit volume ASv J/(K m?) 1.112x10°¢
Enthalpy of fusion per unit volume AHv J/m3 95x10°
Heat capacity of melt per unit volume Crv J/(K m?) 258 x 108
Diffusivity in melt (Ti in Al) D m?/s 252x10°

UACJ Technical Reports, Vol.9 (1) (2022) 27
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4 samples were taken at each position, giving a total
of 8 SEM images for every sample. The TiB:
agglomerate sizes were measured as equivalent

diameter of projected area by image] software'®.

4. Results

The results of the AA TP1 test are shown in
Fig. 1. The grain refinement effectiveness of TiBAl
Advance surpassed that of the conventional grain
refiners at all addition rates. Conversely, the grain
refinement effectiveness of “B 3/1" was poor,
especially at the 0.03 % addition level. In these test
conditions it was found that the grain size achieved
with “B 5/1" at the refiner addition of 0.1 % could be
achieved with 0.05 % refiner addition level by using
TiBAl Advance.

Fig. 2 shows the cumulative frequency
distributions of TiB: agglomerates, as revealed by the

deep etch technique in the grain refiner

cumulative frequency of volume. The graph shows
that TiBAIl Advance has a distribution of generally
smaller TiB: agglomerates compared with other grain
refiners. These distributions were applied to the
UAC] prediction model to calculate the number of
TiB: agglomerates by size classification. A
comparison of grain size between experiments and
calculations is shown in Fig. 3. By considering the
TiB: agglomerates as heterogeneous nuclei, the
predicted values are in good agreement with the

experimental results.

5. Discussion

Good prediction accuracy was obtained by
consideration of the TiB: agglomerate size
distribution, providing confirmation that larger TiB:
agglomerates act as a heterogeneous nuclei prior to

smaller ones. However, in the case that the grain

microstructures. The horizontal axis represents the 300
N .
equivalent diameter of projected area of TiB: :le@gd/v?nce
agglomerate, with the vertical axis representing the £ 250 a- B 3/1 I
3 o o B 5/1
200 < A
Table 5 The solute elemer;)t parameters used 2 kﬂ A
in the calculation™. © 1 - —
i 5 50 p—
Solute element m/K-+s k/-
Fe -2.925 0.03 100 T .
Si -6.62 0.12 0.00 0.05 0.10
v 971 333 Addition level of grain refiner / %
Ti 2563 7 Fig. 1 Grain refinement test results.
1.0
7 l
< /
15 0.8 — — /
3 TiBAI -/
B Advance /
S 0.6
>
g B 5/1 .
S ,/ 7
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Fig. 2 Cumulative frequency distribution of TiB: agglomerate.
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refiner contains larger TiB: agglomerates, the total
number of TiB: agglomerates must decrease, given a
constant volume fraction of TiB:. Consequently, it is
considered that the grain refinement effectiveness of
“B 3/1" and “B 5/1" was observed to be comparatively
less at lower addition rates, due to fewer available
heterogeneous nuclei.

There are few reports of the heterogeneous nuclei
detected in the cast sample'”. In order to validate the
model, it is necessary to confirm the presence of the
TiB:2 agglomerates, in or near to the center of grains
in the cast samples. Therefore, the cast samples with
the target addition level of 0.1 % were observed using
SEM. These samples were deep etched in 5 mass%
NaOH aqueous solution for 15 min before observation
to facilitate easier detection of the TiB: agglomerates.
Fig. 4 shows an example of the observation, where a
TiB2 agglomerate in the center of a grain was
observed. The number of the observed TiB:
agglomerates was five or more in each cast sample.
The equivalent circle diameters, (based on the

projected area) of the observed TiB: agglomerates

300 ~
A ,
g250 /,’
> 200 IR
3 o B2
© oA
> 150 $-
3 .
5100 -7 m TiBAI Advance |
S e ©AMG5/1
S 50 - aB3/1 5
I °B 5/1
0 : ‘

0 50 100 150 200 250 300
Predicted value /um

Fig. 3 Comparison of grain size between experiment and
calculations.

Grain boundary

were measured. Fig. b shows the comparison
between the measured values and the predicted
values of TiB: agglomerate diameters, for each grain
refiner type. The predicted value is the average
diameter of TiB: agglomerate predicted to initiate
nucleation, determined by the agglomerate size
distributions from Fig. 2 and calculated by the model.
The predicted value and measured value show good
agreement. From these results, it is estimated that
TiB: agglomerates can act as heterogeneous nuclei,
thus providing validation for the model. Therefore, it
is suggested that the high grain refinement
effectiveness of TiBAl Advance grain refiner is due
to the smaller size of TiB: agglomerates, and
consequently a greater number of heterogeneous
nuclei available for any given volume fraction of TiB..
In order to confirm whether the TiB: agglomerates
acted as heterogeneous nuclei, future investigation
into the crystal orientations between TiB:

agglomerates and aluminum grains is required.

8.0
£70 =measured error bar : standard deviation
- = = predicted
©.560
ol
GEJ 2 5.0
< »
[0}
w5 3.0
885,
zg”
210
0.0
TiBAl Advance AMG 5/1 B 3/1 B 5/1
Fig. 5 Comparison of TiB2 agglomerate size between

measured value and predicted value.

Fig. 4 (a) SEM image of a grain. Red arrow indicates the grain boundary, (b) SEM image of TiB: agglomerate.

(c) The result of content analysis by EDS.
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6. Conclusion

1. TiBAl Advance showed a high grain refinement

effectiveness, which can be exploited to reduce

addition levels of grain refiners in the casthouse.

2. The average TiB: agglomerate size in TiBAl

Advance was smaller when compared with that of

the conventional grain refiners.

3. The experimental and predicted grain sizes were in

good agreement when the TiB: agglomerate size

distribution was applied to the prediction model.

4. The size of the observed TiB: agglomerates in or

near to the center of grains showed good

agreement between measured and predicted values.

5. From these results, it was suggested that “TiBAl

Advance” shows high grain refinement effectiveness
due to the smaller size of TiB: agglomerates, and
consequently greater number of heterogeneous
nuclei available for any given volume fraction of
TiBe.

6. The UAC] prediction model was proved to be valid

and useful.
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I Paper

Numerical Analysis of Fillet Shape and Molten Filler Flow
during Brazing in the Al-Si Alloy of Automotive Radiator®

Hirokazu Tanaka™*

In the brazing process of an automobile radiator, eutectic melting of the Al-Si filler alloy of the clad
sheets, fillet formation in the brazed joints, and the flow of the molten filler metal on the solid core metal
between joints are occurring continuously. With regard to designing heat exchangers, the optimum
placement of the filler metal, considering the flow of the molten filler metal, is an important subject. In
this study, a new numerical analysis was applied to predict the shape of the fillets and the molten filler
flow. The molten filler flow was calculated using the difference method applied to a one-dimensional
unsteady flow that is assumed to be a uniform flow of incompressible viscous fluid between two parallel
plates. Among some numerical results, when the hydraulic mean depth of the flow path was reduced
0.3 times, the calculation results were consistent with the actual values. It was necessary to narrow the
flow path because it was calculated assuming that the flow of brazing was between two parallel flat
plates, whereas the actual flow path of the molten filler metal was not flat and a large flow resistance was

produced.

Keywords: automotive radiator, brazing, fillet, numerical analysis, clad sheet

1. Introduction

Aluminum heat exchangers for automotive
applications are widely manufactured using a vacuum
or controlled atmosphere brazing”. The brazing
sheets comprising an Al-Mn series core alloy cladded
with an Al-Si series filler alloy are used in tubes and
fins components. In recent years, since the thickness
of the brazing sheets has been decreasing with the
weight reduction of the heat exchangers? ¥, the
quantity of filler metal supplied to the joint has also
been decreasing. In addition, even if a sufficient
quantity of filler metal would be placed near each
joint prior to brazing, the individual size of the fillet
at a joint would be insufficient because the molten
filler metal does not stay in the intended joint but
flows to other joints. Therefore, in the design and
manufacture of heat exchangers, the optimum
placement of the filler metal, considering the molten
filler flow, is an important subject to form sufficient
fillets in the brazed joints. However, the filler flow
during brazing between joints is not fully understood.

To overcome this problem, it is effective to predict

the quantity of the molten filler and the fillet shape at
each joint during brazing. Furthermore, the
prediction of the filler flow is very useful to optimize
the brazing conditions and reduce brazing defects.
Concerning the prediction of the fillet shape, there
have been some numerical analyses based on the
finite element method, in which the summation of
surface energy, potential energy, and interface
energy of the fillet was minimized?™®. According to
these results, the actual values and the calculated
values of the fillet shape were in good agreement. For
the prediction of the molten filler flow, a study
examined the phenomenon in which molten 4343 filler
flowed through the artificial micro groove formed on
the 3003 substrate”. The results showed that the
actual flow distance of the molten filler was smaller
than that of the calculated value based on the
modified version of the capillary flow model of
Washburn®, advanced by Yost et. al.”. In this study,
since the single groove model simplified the molten
filler flow, it was impossible to predict the
complicated molten filler flow of the actual heat

exchangers.

* The main part of this paper has been published in Materials Transactions, 62 (2021), 498-504.
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Computational fluid dynamics has been used and
applied in various technical fields, and there has been
an example of numerical analysis of water flow in
underground diversion channels!”. The primary
feature of this particular study is the unsteady flow of
water in the main tunnel and the simultaneously
changing water level in the vertical shafts connected
to the main tunnel. The molten filler flow is
considered to be similar to the flow in underground
diversion channels. This is because the molten filler
flow on the surface of the tube material is equivalent
to the water flow in the main tunnel, and the
transformation of the fillet shape is equivalent to the
changing water level in the vertical shaft. Although it
is difficult to calculate the molten filler flow using the
same analytical model of the underground diversion
channel, it is possible to apply the discretization
method of this model to the molten filler flow model.

This paper describes a unique numerical model of
the fillet shape and the molten filler flow during
brazing for an automotive radiator with reference to
the water flow in underground diversion channels.
Subsequently, the fillet shape of the actual radiator
was compared with the calculated value. Based on
the results, the growth of the fillet with increasing

temperature during brazing is discussed.

2. Experimental Procedure

2.1 Measurement of fillet shape of the actual
radiator
The fillet shape was measured using a radiator that
was brazed in an inert gas atmosphere while

measuring the temperature of the plate and the tube.

g "

The radiator consists of a press-formed header plate,
a welded oval tube, and a corrugated fin, as shown in
Fig. 1. The header plate was made of a brazing sheet
with a thickness of 1.2 mm, composed of a 3000 series
alloy core material cladded with 4343 (Al-7.5mass%Si)
of 10% clad ratio. The tube was also made of the
brazing sheet above mentioned with a thickness of
0.23 mm, and with 4045 (Al-10.0mass%Si) of 13% clad
ratio. The fin was made of a 3000 series bare sheet
with a thickness of 0.05 mm. The brazing condition
was an oxygen concentration of 100 ppm or less and
the maximum temperatures of 867 K and 869 K for
the plate and the tube in the center of the core,
respectively.

The tube at the center of the core was cut out
along with the plate and fins, and the cross-section
microstructure of the plate-tube joint and the fin-tube
joint were observed at the center of the tube width.
The curvature radius of the fillet was measured by
image analysis of the cross-section microstructure.
The curvature radii of the twenty fin-tube fillets
located within 50 mm from the plate-tube joint were
measured continuously. In addition, the curvature
radii of the fillet at the fin-tube every 25 mm, located
50-200 mm from the plate-tube joint, were also
measured. Fig. 2 (a) shows the fillet at the plate-tube
joint, and Fig. 2 (b) and (c) show the fillets at the fin-
tube joints, located at 155 mm and 200.0 mm from the
plate-tube joint. The numbers in the figure show the
measured curvature radius of each fillet. The near
and far sides of the fin-tube joint in Fig. 2 (b)
demonstrate the positional relationship from the plate-

tube joint.

Resin Tank

Side Plate

Fig. 1 Components of an automotive radiator.
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Fig. 2 Cross sections and curvature radii of fillets at
joints. (a) Plate-tube joint. Fin-tube joints located
at (b) 155 mm and (c) 200.0 mm from the plate-
tube joint.

2.2 Numerical model of the fillet shape and
molten filler flow

Numerical analysis of the fillet shape and the
molten filler flow was performed according to the
flow chart in Fig. 3. These calculations were based on
the following assumptions:

a) The effect of gravity is negligible.

b) The solidification shrinkage is negligible.

¢) The motion of the molten filler in the fillet is

negligible.
d) The effect of flux is negligible.

2.2.1 Materials, joint shape, and brazing
conditions

The specifications of the plate, tube, and fin
materials are the same as those of the actual radiator,
as shown above. The shapes of the plate-tube and fin-
tube joints are traced from the cross-sections shown
in Fig. 2 by image analysis. With regard to the shapes
of fin-tube joints, since the fin shapes were different
depend on each joint, these shapes were adjusted to
the one average shape. The brazing temperature at
the plate-tube joint 7% and the fin-tube joint 7% was
obtained from the actual measurement results shown
in Fig. 4. To simplify the calculations, the time
elapsed during the cooling phase has been removed

from the brazing temperature cycle.

2.2.2 Fillet shape
It is assumed that the fillets are formed by
absorbing the molten filler through capillary action

along the gap between the two members forming the

C = D

Input : materials, shape at each joint,
temperature at each joint,
surface tension, viscosity coefficient,
and flow factor

:

Calculation of initial conditions at each joint
1) Shape of the fillet
2) Pressure acting at fillet

»
L

A 4

Numerical calculations of molten filler flow

1) Dispersion of molten filler in each joint
2) Flow of molten filler between joints

!

Calculation of conditions at each joint
1) Shape of the fillet
2) Pressure acting at fillet

/ Out put : fillet shape at each joint /

| bt |

!

time > brazing cycle

NO YES

A4

e

Fig. 3 Flow chart for numerical analysis of the fillet
shape and the filler flow.
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Fig. 4 Temperature-time curve during brazing,
excluding the cooling phase.

joint. Fig. 5 shows the schematic of the fillet between
part 1 and part 2. The schematic of the fillet surface,

defined by a circular arc whose center is located at
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coordinates (X, Yo), can be described as

X=Rcos §+X, 1)

Y=Rsin 0+Y, )

where R represents the curvature radius of the
membrane of the fillet. The coordinate of the point of

intersection of part 1 and the membrane is given as

follows:
XpartlzRCOS 0 1+X() (3)
fi)artl(Xpartl):RSin 7 1+ Y(j (4)

The inclinations of the membrane at {X a1, fpara (X)}

and {XparIZ, f;)anZ (X)% are given as

- ]-/tan 6 l:d,f;Jarll(Xparll)/dx+tan eparll (5)

- ]-/tan 0 2:df£)ar12(Xpar12)/dx —tan epanZ (6)

where foaru(x) and foare(x) represent the shape
functions of part 1 and part 2, respectively, and 8 p.u
and #,.» denote the contact angle between the
membrane and each part. The cross-sectional area of

the fillet is calculated as follows:

s=12]2 (x, - x. )v,+ 7,)]

j+1 Jj+l

— R%/2J, cos*0d0 (7)

Through eq. (7), the cross-sectional area of the fillet is
calculated by subtracting the area within the

membrane arc under (Xo, Yo), from the quadrilateral

fpam (X)

{Xparﬂ’ fparﬂ (Xpam) }

fparl2 (X)

{Xpartz’ fpart2 (Xpanz) }

Fig. 5 Schematic of fillet used for calculations.

shaped by the four points: (0, 0), (Xpartr, Yourt), (Xo, Yo)
and (Xparz, Ypar). The volume of the fillet is calculated

as

V:S * Wioint (8)

where wisn: represents the width of the fillet. Five
unknown quantities Xo, Yo, 61, 02 and R of the
equation of the circular arc can be obtained by
solving the simultaneous egs (3)-(7). An initial
condition of the membrane of the fillet is shown in
Fig. 6. This shape was calculated under the condition
that the volume of the fillet has the minimum value.
During brazing, the fillet shape was calculated using
the fillet volume that constantly changes due to the
inflow and outflow of the molten filler to the joint.
The numerical model of the molten filler flow is

shown in the next section.

2.2.3 Numerical calculation of molten filler flow

Fig. 7 shows a schematic model of a tube in the
radiator with a fin and plate, for numerical calculation.
This is a half-tube model based on the longitudinal
symmetry of a real radiator tube. There are one
plate-tube joint and sixty-seven fin-tube joints. As
shown in Fig. 8, the region was divided so that each
element included only one joint. The element at i=0 is
the plate-tube joint and the elements at i=1 to 67 are
the fin-tube joints. A continuity equation calculates

the fillet volume at each element under the conditions

0.100
0.050 [
Fillet membrane
0.000 & ‘ - —
E -0.1Q_0 -0.050 0.000 0.050 O.:f'OO
: 8 i
S 1.000 | g
3
“5 7]
— [
] ic
&
© 0.500
£
e i
%o ...................... /" Tube surface
T 0.000 : ——— T
-1.000 -0.500 0.000 0.500 1.000

Length from center of joint / mm

Fig. 6 Initial condition of the membrane of fillet
between fin-tube joints.
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that give the inflow and outflow of the molten filler at
the joint. Thus, the continuity equation can be

described as

dV./dt=Qmelt:+Q; — Qi+ )

where Qmeelt; is the inflow rate of the molten filler
from the tube surface on both sides of joint to the
joint, Q; is the inflow rate of the molten filler from

(. — 1)™ joint to ¢ joint, and Qg1 is the outflow rate of
the molten filler from " to (: + 1) joint. The path of
the molten filler flow of Qmelt;, Q; and Qi+ is the
residual filler on the tube surface, as shown in Fig. 8.
The residual filler is the molten metal remaining on

the surface after the filler metal has been absorbed

Rear side

{/

~ Front side

[ Fin

u&
Tube

Fig. 7 Symmetric model of the tube with fin and plate.

Molten filler
Plate

Lo

into the joints and its thickness is indicated di. The
continuity equation of the flow rate of the molten

filler and the motion equation can be described as

0Q/ox=o(uA)/ex=0 (10)

p (ou/ot + uou/ox)=— oP/ox+ud’u/ox’ (11

where A is the cross-sectional area of the path of the
molten filler flow, « is the mean flow velocity, P is the
pressure, p is the density, and u is the viscosity
coefficient. The molten filler flow is caused by
capillary action between the molten metal and solid
metal at the joints. P in eq. (11) indicates the pressure
difference between the inside and outside of the
molten metal membrane as a driving force of
capillary action and is calculated by Laplace's

equation,

P=y/R (12)

where y represents the surface tension of molten
aluminum. Note that P is a negative value because
the center of the curvature of the membrane is
outside the molten metal. This means that the
pressure inside the molten metal at the joint is lower
than that outside the membrane. It is assumed that
the density and the surface tension of molten filler
have value of 2700kg/m® and 0.914N/m!'",
respectively, and are constant with respect to the
brazing temperature.

Assuming that the flow of the molten filler is a
steady flow of incompressible viscous fluid between
two parallel flat plates and the motion of the molten
filler in the fillet is neglected, the average flow rate
Q.ve Obtained from eqs (10) and (11) is described as

Fin

Residual filler

. .
Q, : dl q d,l Q,
1 1 1 1
Tube/ i L, i L, i L, i L,

Fig. 8 Mesh division of joints for calculation.
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Que=w( ad)?AP/12uL (13)

where w and d are the width and depth of the flow
path, respectively, and L is the distance between
joints. AP is different from P in eq. (11) and indicates
the pressure gradient within and between elements
for numerical analysis. The molten filler flow was
calculated as the flow between two parallel flat plates
because it is assumed that the molten filler flows
between the oxide film and the core substrate. A
correction coefficient a is used for the channel depth
d since the flow path is not stable, owing to the
destruction of the oxide film, and the interface
between the molten filler and the core substrate is
not flat. Qmelt, and Q; obtained from eq. (13) are as

follows:

Qumelt=—w( adfP/12uLi~w( adin P/ 12uLis  (14)

Qi:W( adi)S(Pi—l —Pi)/lzuLi (15

Eq. (14) represents the inflow rate of the generated
molten filler on the tube surface between the joints.
Here, the first term on the right side represents the
inflow between the (: — 1) and " joints to the /"
joint, and the second term on the right side
represents the inflow between the /" and (z + 1) to
the ™ joint. Eq. (9) is rearranged based on the time
step tin=tat AL

Vitl= Vi"+(Qmell‘i"+Qin - Qinﬂ) At 16)

Substituting eqs (14) and (15) into eq. (16), the

following is obtained:

{
(
+ W( a din)g(Pin—l - Pi")/12ui“Li
—wl(ad J{(P" - Pi)/12u'Lin ] AL (17)

The thickness of the flow path in eq. (17) is given as

follows:

dinH:din - { - W( adin)SPin—l/lzl—linLi
~w(ad" PP 120 L At/wL as)

Since it is assumed that the molten filler flow path is

the residual molten filler on the tube surface, the
thickness at the next time step is obtained from the
difference between the thickness at the current time
step and the thickness corresponding to the amount
of molten filler absorbed by the joints. The thickness
of the flow path on the plate surface at ( = 0)" is also
obtained from the same equation of the tube surface.
The viscosity coefficients of 4343 at 7 = 0 and 4045 at
i > 1 are given as follows'?:

uito=—0.00607%" + 3.6795 T>850K 19

wis=—00175T¢ + 10.3104 T>850K (20)
These values are given at more than 850 K that is the
solidus of the filler alloy of the 4343 and 4045.

The quantity of molten filler at every temperature
during the brazing process was calculated by
multiplying the flow factor K" by the filler volume
prior to brazing. The flow factor is calculated
according to the Si concentration of the brazing
material using the Lagrange complement polynomial,
based on the actual data at various Si concentrations
shown in Fig. 9. In the 4343 plate filler case, the
value of the dotted line is entered into K. In the
case of the 4045 tube filler, the corrected value of the
dashed line is entered into K. The actual data were
measured when the clad thickness of filler was
0.12 mm, although the clad thickness of the tube filler
was 0.03 mm, so the flow factor of 4045 was reduced
from the dotted line of 4045 to the dashed line of the
corrected 4045. This is because the molten filler

amount decreases with the decrease of the filler

10l — Actual
---= Calculation 11.8Si

0.8
U Y Y AA4045
gos [ . corrected AA4045
g | el '
3047 e AA4343
o P

02}  [iw”

0.0 .

840 850 860 870 880 890 900 910
Temperature, T / K

Fig. 9 Experimental and calculated flow factor of
Al-Si series filler alloy.
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thickness owing to the diffusion of Si elements in the
filler alloy to the core alloy during brazing. The total
absorbed molten filler does not exceed the quantity of
the molten filler obtained from the flow factor
because the molten filler generated between the (7 —
1)™ and ™ joints is absorbed into both the ( — 1) and

/™ joints. This relation is described as

Kiwhaail X ol ~ wl( ad?FPE/1207 L,
—wl(ad' VP12 LY AL @1)

where fu.q; is the thickness of the filler metal prior to
brazing.

The volume of the fillet at each element is
calculated by the one-dimensional forward difference
method by combining eqgs (17)-(21) at every 0.02 sec
time step, and then the fillet shapes are determined
using the volumes of the fillets, as described in
section 22.2. V' and P as the initial conditions are
assigned the minimum value obtained from the
calculated minimum fillet shape of each joint, as
shown in Fig. 6. d’ is the clad thickness of the plate
and tube prior to brazing. The boundary conditions
are Qu=0 and Qg=0, indicating a zero flow rate at
both ends of the tube. The numerical analysis was
executed using a self-build code on Visual Basic for

Applications software.
Results and Discussions

3.1 Fillet shape of the actual radiator

Fig. 10 shows the curvature radii of the fillet at the
plate-tube and fin-tube joints. In Fig.10, there are two
dots in the plate-tube joint on the front and rear side
where the measurement was made, as shown in
Fig. 7. In the fin-tube joints, the values were also
measured at both the front and rear side, and these
values are in average the curvature radii of the near
and the far side as shown in Fig. 2 (b). The maximum
value of the curvature radius among all joints was
0.322 mm measured at the plate-tube joint. The
curvature radii at the fin-tube joints within 75 mm
from the plate-tube joint decreased non-linearly from
0.180 mm to 0.070 mm with the distance from the
plate-tube joint. The curvature radii at the fin-tube

joints located at more than 75 mm from the plate-tube

0.400

Plate-Tube joint
® 7 .
0.300 ¢

Curvature radius of fillet, R / mm

0.200
L X 1st to 12th Fin-Tube joint
)
L] 25mm Intervals Fin-Tube joint
0.100 | 3 , A \
| ® ¢ : e L] ° 'y [ ]
0.000 : : : :
0 50 100 150 200

Distance from plate, L / mm

Fig. 10 Distribution of curvature radius of the actual
fillet at the plate-tube and fin-tube joints.

joint became steady value around 0.070 mm.
According to these results, it is considered that the
molten filler of the plate flowed through the tube
surface within 75 mm from the plate-tube joint, and
the fillets of fin-tube joints were formed from the filler
of both plate and tube. On the other hand, for the fin-
tube joints located at more than 75 mm from the
plate-tube joint, it is considered that the fillets were
formed from only the filler of the nearest tube

surface.

3.2 Comparison of actual value and numerical
model of fillet shape

The actual value and numerical model of the fillet
shape of the plate-tube and fin-tube joints are shown
in Fig. 11 (a) and (b), respectively. The actual values
were measured from Fig. 2 (a) and (c). The numerical
models were determined by adjusting the fillet areas,
considering the actual value ; the contact angles were
0°, 20°, and 40°, respectively. In the plate-tube joint,
the fillet shape of each contact angle corresponded to
the actual value. The fillet shape corresponding to the
contact angle of 0° was the best match among all the
contact angles for the actual value. The result for the
fin-tube joint was the same as that of the plate-tube
joint. According to these results, it is appropriate to
represent the molten filler surface through a simple
circular arc. In the case of a curvature radius of less
than 0.300 mm, the bond number B, indicating the
ratio of gravity to surface tension, is less than 0.01,
and the effect of gravity becomes extremely small.

The reason for the best match of the measurement
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Fig. 11 Comparison of actual and calculated data
for the fillet membrane at (a) plate-tube and
(b) fin-tube joints.

value at a contact angle of 0° with the numerical
model was attributed to the surface tension of solid
aluminum being sufficiently larger than that of liquid

aluminum under good brazing conditions.

3.3 Comparison of actual values and the values
obtained from the numerical model of molten
filler flow

The actual value and numerical model of the

curvature radii at each joint are shown in Fig. 12.
The actual value is the same as those shown in Fig.
10. The numerical model values were determined
using the fillet volume V; corresponding to the molten
filler flow for the following values of correction
coefficient a: 1.0, 0.5, 04, 0.3, and 0.2. When a was

e Actual

hodtoree

RRRR2 s
I( geaenee 4((

Curvature radius of fillet, R / mm

i=1 to 67 : Fin-Tube joint

0 50 100 150 200
Distance from plate, L / mm

Fig. 12 Comparison of actual and numerical model value
or the distribution of the curvature radius of the
fillet membrane at each joint.

1.0, and the distance from the plate was 0-30 mm, the
curvature radii of the numerical model were smaller
than those of the actual value. On the contrary, when
the distance from the plate was more than 30 mm,
the curvature radii of the numerical model were
larger than those of the actual value. These results
indicated that the actual molten filler flow was
smaller than that of the numerical model. Because the
rate of the molten filler flow in the numerical model
decreased with decreasing a, the curvature radii of
the numerical model in the case of a=0.3 were in
good agreement with the actual values in the same
condition. Furthermore, when a was 0.2, and the
distance from the plate was 0, the curvature radii of
the numerical model were larger than those of the
actual value. On the contrary, when the distance from
the plate was 10-30 mm, the curvature radii of the
numerical model were smaller than those of the
actual value. Therefore, a=0.2 was too small a
correction coefficient to be used in this model for
obtaining accurate results.

According to these results, it is considered that the
flow resistance of the actual flow was larger than that
calculated from the numerical model. In the numerical
model, the molten filler flow was calculated as the
flow between two parallel flat plates because it is
assumed that the molten filler flows between the
oxide film and the core substrate. In the case of the
actual molten filler flow, the path of the molten filler
metal was not flat because of the partially destroyed
oxide film or the unevenness of the substrate owing

to erosion of the core material, thus, a large flow
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resistance was produced. Therefore, it is considered
that the actual flow could be simulated by increasing
the flow resistance and using a correction coefficient
a for the channel depth d in the numerical model. In
addition, the motion of the molten filler in the fillet
and the flux among the neglected factors that were
shown in the sections 2.2, and the erosion might affect
to a. However, the effect of gravity and the
solidification shrinkage might not affect to a, because
the effect of gravity was sufficiently small from the
B, and the effect of the solidification shrinkage was
less than that of the flow resistance.

The curvature radius variations, calculated by the
numerical model with increasing temperature, is
shown in Fig. 13. These were calculated under the
condition of a=0.3. When the plate and tube
temperatures were elevated to 850K and 851 K,
respectively, just above the solidus temperature of
the filler alloys 4343 and 4045 in 225s (n=11250), as
shown in Fig. 4, the curvature radii of the fillet at
each joint were approximately 0.050 mm each. These
fillets were formed by only the tube filler since KL
was approximately zero for the plate at 850 K and
K™ was 032 for the tube at 851 K. When the plate
and tube temperatures were elevated to 853 K and
852 K in 285 s (n=14250), and the flow factors were
Ki17'=0.18 and Kiii"’=0.35, the curvature radius of
the fillet at the plate-tube joint increased rapidly.
Further, when the plate and tube temperatures were
elevated to 859 K in 430 s, and the flow factors were

21500 21500

K=y =025 and K =046, the curvature radius of

X-Plate: 850K, Tube: 851K

&i=0: Plate-Tube joint = Plate: 853K, Tube: 852K

0.400 <-Plate: 859K, Tube: 859K
OPlate: 862K, Tube: 864K

TPlate: 866K, Tube: 869K

Curvature radius of fillet, R / mm

_i=1 to 67 1 Fin-Tube joint

0 50 100 150 200
Distance from plate, L / mm

Fig. 13 Change in the curvature radius distribution
of the fillet membrane at each joint during
brazing; values were obtained from the
numerical model, calculated using a = 0.3.

the fillet at the plate-tube joint reached the maximum
value. The growth of the fillet of the plate-tube joint
affects the increase in Ki in the plate with
increasing temperature. At this temperature, the
curvature radii of the fillets at the fin-tube joint
within 75 mm from the plate-tube joint are gradually
reduced with the distance from the plate-tube joint. It
can be seen that the filler of the plate was flowing in
the longitudinal direction of the tube. When the
temperature was further elevated, the curvature
radius of the fillet at the plate-tube joint started to
decrease. On the contrary, the curvature radii of the
fillet at the fin-tube joint gradually increased for
every joint. In particular, the curvature radii of the
fillet at fin-tube located within 75 mm from the plate-
tube joint were increased significantly with
temperature.

Since a lot of information can be obtained from the
numerical calculations, it is useful to understand the
behavior of the molten filler flow during brazing.
Furthermore, in this numerical model, it is possible to
input various joint shapes, brazing heat cycles, and
the contact angle considering the actual brazing
atmosphere and flux condition. These approaches
might contribute to the optimum placement of the
filler metal and the prediction of brazing defects, and
eventually to clarify brazing phenomenon in more
detail.

However, the present research could not accurately
predict the actual molten filler flow because this
numerical model simplifies the flow as a uniform flow
of incompressible viscous fluid between two parallel
plates and the calculations under the assumption
stated in section 2.2. Therefore, one of the subjects to
improve this numerical model is to reflect upon these
neglected factors. To predict the fillet shape and filler
flow more accurately, it is necessary to improve the
numerical model by experimentally understanding
and simulating the flow path of the molten filler, and
by measuring the change in the fillet shape with
increasing temperature. Furthermore, it is necessary
to measure the surface tension, viscosity coefficient,
and flow factor more accurately, as these factors
change with the brazing cycle, atmosphere, and
fluxing. On the other hand, since the fillet shape was

determined as a three-dimensional shape and the flow
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of the molten filler metal was considered as a one-
dimensional unsteady flow in this numerical model, its
application on more complex shape heat exchangers
is quite difficult. Thus, to expand the application of
this numerical model, a three-dimensional numerical
model of the molten filler flow is necessary in the

future.

Conclusion

In this study, a unique numerical analysis method
was applied to an automotive aluminum radiator to
predict the fillet shape and molten filler flow in the
brazing joint and the actual fillet shape of the brazed
radiator was compared with the numerical analysis
results. Although it was necessary to narrow the flow
path in this calculation, the results were consistent
with the actual values. This prediction of the fillet
shape is very useful in determining the optimum
placement of the filler metal, the adequate material
choice in the design of the heat exchangers, and the
optimization of brazing conditions for the formation of
sufficient fillets in the brazed joints.

In order to further increase the accuracy in
predicting a fillet shape, it is effective to reflect
measurements of the actual flow path of the molten
filler, surface tension, viscosity coefficient, and flow
factor to the numerical model is effective. On the
other hand, given that the fillet shape was
determined as a three-dimensional shape and the
molten filler flow was ascertained as a one-
dimensional unsteady flow in this numerical model, its
application on more complex shape heat exchangers
is quite difficult. Hence, it will be necessary to
enhance the numerical model of the molten filler flow
to a three-dimensional model taking into account the

neglected factors such as gravity.
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Fig. 2 XRD measurement area of cold rolled sheet
and cup wall.
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Fig. 3 Relationship between drawing ratio and
orientation density of measure orientations
of cold rolled sheet and cup wall.
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Fig. 4 Change in ODF by deep drawing. Arrows indicate
direction of lattice rotation by deep drawing.
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Fig. 5 Schematic illustration of plastic deformation and
lattice rotation by deep drawing.
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Fig. 6 Relationship between stability parameter Pmax and
Euler angle ¢1 in (a) ® = 45° and ¢2 = 0° cross
section, (b) ® = 35° and ¢z = 45° cross section
respectively.

Table 1 Orientations in rotation path by deep drawing.

Orientation @2 =0° Cross section @2 =45° Cross section
Initial orientation (Brass) | Final orientation (Goss) Initial orientation (K) Final orientation (Cu)
=35 o= 0° @1 = 55° @1 =90°
Euler angle ® =45° O =45° d =25° o = 35°
2= 0° 2= 0° @2 = 45° = 45°
Miller index 011} <211> {011} <100> {113} <031> 112} <111>
Rotation Angle 35° around <011 >axis 43° around approximately<112>axis
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0 10 20 30 40 50 60 Fig. 8 Comparison of orientation density of major
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Fig. 7 Relationship between ironing ratio and orientation
density of measure orientations of cup and DI can
wall.

3. #®MI KMy H—II) NDIEA

ZZF T, 31047V I = ASSHRIEERO DI
B THRET 2 EBEGHRE TDORXH = X 2%
L7z BRI X HITHD WIBIZ L - T, EIZGoss HfiL
L Cu i EREICHER T 545, TN HIZEH L TR
T5Z L TDINEHOBEMLICBVWTHEETLZARD
JE R R & ORI EA OIS S b, @O
i TRTIE, DIKERICHEZ M) I 7L, ki,
WA, BN TRZRZOL, v 2 BWICH D, FiC
AR M VIE TGS S A LN K & 2 fi e (B 2
¢ 66 mm— ¢ 38 mm) DVSUEIZ R D720, OB
2zt y ZETESERH I TS, /2,
v 7 BIBRIIEAE I, & D80 B, SkA DR (4
— V) &2 Thbi, RN VEPKIE SN, Fiako
£, IhHOBTHRTOMRLY AR D L
PHSENT WD, BHTIER FIVED 2 v 7 LR
DTHRTHRETZAROEHREHLHEO A v 7 5K

In the process of Threadmg &
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44 UACJ Technical Reports, Vol.9 (1) (2022)



T3 =T ADHEEEOERLEHMOVTE L M TA~DOIH 45

BLOBINTICB T 2 EEGMRELEE 2 5 L
TL %, Figs. 11, 12I3 K MV A v #—THE L7 b
WD FRO A v 7 HIIRE L OBEE 534 Tdh %o
AV R —EHIZ M) I Y 7E3NTWER, &
vy 7 BIETHHENREEL, BEDLRHITIESD &N
U7z BLZ4S HoHA5EL, EEFIT
BHEIMEL o lze 72, ZRICIL CCTEZE S HO
REREAS R o 720 S & & FELE T BEE O I
AT 5L, REITHBRY A XN, b
L BBENR SN (Fig. 13). Zhsh — VB
W75 v VI TTh—VEhoREICRL L%
ZTWh, TNLRFFICEEH TS W0, Hido
JEIEJ5 10 O B 7 BE WA, 16 8 5 TR o0 A BE B RS &
D FREARELT A2 L, b L IBRAWET
HIETRETDHEEZTVWDE, ZOLH)r Y 7K
ORI, v 2 BRIBOBEN, $7%b5 DIEE
BOEREEGHBO HINE SO EPBERO—D L FH
AbNb, FEHEOIIDIKIEHDOGEEIZHETE L 72 Goss
Jif, Culifi Ao ROREL ZhZh
FE-SEM (FEf#fc A A7 7 Hiss) % H\wTEBSD

Height / mm

L X — 139.6—

ad

Early stage of necking Middle stage of necking

Fig. 11 Earing profile after necking.
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Fig. 12 Circumferential thickness distribution of can wall
before and after necking.
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Fig. 13 Micro groove or crack generated by necking.
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Fig. 14 Lattice direction of Goss and Cu orientation in
can wall.
(Orientations in can wall were defined considering
height direction of can as rolling direction and
can wall surface as rolled sheet surface.)
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(a) Material with non-adjusted texture (Curl crack ratio : 20%)
(b) Material with adjusted texture (Curl crack ratio : 0%)

Fig. 15 Improvement of micro groove and curl crack by
adjusting textures of cold rolled sheet.
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Fig. 16 Improvement of dent in shoulder portion by
adjusting textures of cold rolled sheet.
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Application of Light Weight Metals on High Speed Train™

Hisashi Mori ™™,

1. #

il

CO M DA 7 ki s ik A B & L C ki gk
B ) 2d 5. BEEMIE, T2r6, Zaetk 1/
SR, REURVE, FMEE, BRUROREMEEZ EHLL, ZTOR
ﬁ Ji U724 X B S HH 2 L) AN 255 B DS

HEDONTEAVY, BHlghEHN Ik, FERHO
S5 % B MM (FEk) BT AR RO 5T
BY, W ORRILAFEARN 2R 2, Hiijo
BRI, S EEAF O B KU O HIR, A O
M & A ORI, BEMOBEH»SE 2 5N,
WRREEDSES <, MLPEICER, RS (UL, FEsL
PR QBEICH LTIV = AT WA L2 H X
KEREFTHoT2o TIVI = AEAHHTIZ 1962
LRGSR 2000 T CHIF S, Fd#HTld, 19694F

WCHERIBLRATT VI = A AENEH SN TED,
1980 4F D HLAL, - 1T iR 200 5% HL W C 5 SEM IS A
ENFVD00 0 DR, BR300 R EEH, HEHR700
REHEZ L EESNTEY, 20194 THRM
26000 ICFEL, SHIHMMO—R&RICHD, Tz, i
ETIE, TVIZTLAEEL) BIEEOE V., HH
=7 AT I AEEOMMREBME SNGD TS Y,
ARTUE, = AEkE A~ OB G )E AR 0@ 12
W, AT BRI LT & 7o H A 2B % il HAS AR
L7

Tadashi Minoda ™™,
Hideo Mizukoshi ****, Koji Ichitani **

Mai Takaya ***,

Satoshi Miyazaki ***

and Hiroki Tanaka *****
2. EBEMEAD7000REREMOER

21 HEBEANOTILIZILEEDER

1964 fE IZHT RO R EH AT L, HARDHEBHREL
WMOBBIFIEE 5720 €D, EFRO[A—305D H
ﬁjulhﬁﬁﬁumﬁﬁﬁﬁ%%éntﬁ,$ﬁﬁu
BHAINTZOF—HRIEERFZEIMTH > 720 1971412
SRR L S, L - Lﬁﬁﬁ«@ﬁ?
BALD AT SN, FHM100REBIIC & 2 A B Eiz A
Thihl. ZORBIIBNT, BEILEXRAALLSE
DHARNOfL A, HAERBRANORFIZL - T, HiljHE
WAOSEIELLEE Y, RE ISEBEERITT LIS
o720 Fz, MEDNEEMETH 27-012, BEEZIT
STHEIMNEILLDBREOEELRDOOLNL LHIC
ol

Z 2T, Wt - BTSSR oOZEEXHE ToETE H
e L, REHOEMTORE HHEEEOHER K
HEBEIMEZERGHE L TELZONZ, ZDXD
EEOERDS L & ORM 2 MG LzB8ic, Bk
DEHTEA163 - Y PIN &) BEFFHENICID 5 HIY
LT, HAEEICT VIS ALEEOMANE LD
7z,

22 IV ) LS BHBEEAORRE
Z o4, (LB ESR2000% B L OVEEL301 5% THAR
ANDTN I =T AEEAVITDNT W20, TV

AR, BEEEAE 139 MRS AER R COREGNG, EEMME, BEE, 71 (2021), 258263 IZfFFHFLH & L CiBil.
The main part of this paper has been published in Journal of The Japan Institute of Light Metals, 71 (2021), 258-263.

&t UAC] R&D k¥ ¥ — F—mfzei Wt (1%

Research Department I, Research & Development Center, UAC] Corporation, Ph. D.(Eng.)

= X4t UAC] R&D kY% — e

Research Department I, Research & Development Center, UAC] Corporation,
* BRASH UAC] HABHRSSELL T T4 727 /0y —k vy —
Mobility technology Center, Automotive Parts Business Division, UAC]J Corporation

= Bt UAC] R&D v o — i #id: (L9)

Research Department I, Research & Development Center, UACJ Corporation, Dr. Eng.

UACJ Technical Reports, Vol.9 (1) (2022) 47



48 i Bl HE T~ 0 W R AR 0 3

IS AASOBAICRESFHIIRD SN o7,
LAaL, #rEfiEme LT, gers7ri=y
AEENORFR X BT, SRR R o #E
KEWITIZME 2 HNBIEHRRE, TIVIZT A58
BRWREEICOWTHEIERINTBY, Zhboif
STV I = WA 28 L 2z s (R
4= M) BEZ SN, ToREMEEE (L
R, BRI & BrERRE 0RO BRI Fig. 1IOR
7, BARERIZ0RANUTIFIUABIT CTH S DIx L
P51 I, ¥ (BARERS) ISR AT, KA
5T H MM REMEL, AHEEEEHERETL LD
s (K74 —~< 2 v Mgk N BTSN/, 20
K74 =<7 v ML, AHEREISELORES
n, KJECTHEL 22 MO IED 2T E 21
HETHDH, TLROREWEL THIHRAREVZ &2
S 2RE— A >~ b (1) 2345 2 & T, Skaibhk
MPHTIVI =T AEENOEWRIZ X ZHMHKT (ED %
Fi LD TEBDIHEEDD 5o M, FEMO
REH L AR, FHICHEBERCHA TS LETH
0, MBI A, T, BB 5083 O #AR,
BALANILREE & A E M B2 TNOL O A % F v
LiEL ST ZO%K, IIHEHREORE S E/NSL
L, MR 7003 i I AF % s L 72 3 e 962 T A%
AUES I, B 200 REHEOFED LR L 720

2.3 7000 %&E&MEMDERRE

WMALDFRE L 727003 5 4x1%, 7TNOL D Mg & &b &
DI LIS TN Z A LI E2H58TH D,
6063 (2 WA T2 A L, RS X O

SPA t1.6
SMtMQMHE\
SS41
3.2 S
SS41 i T g =
13.2 LE L] —-—
P =1L .
SPA t1.6 | B ]B
SS41 t3{2 |
SPA t1.6 o
SS41
3.2 %]
(4.5) ' 1SS41 13.2(4.5)
i

SPA 1.0

(a) Frame structure of O series
Shinkansen (Steel)

JEATH083 & 0 b <, MAMED MR 2E648TH
bo iz, MMM OERTIE, MBBOLEERTR
FNVIAT YNT v A X BT L 0 SRS T
BHELRT L, M2, K R EDERICH S, EH
O PHAEEEDSZ O F F HUMGH AL T LAERT B B3
B7:0, MO, Wash, Rtk SITEVIEE
WEREIN L, 20720, HFEITONL D, RIED
BT HIEER D B 5 TEM OFEIETIE, MR TEE L
BRMICAECTRBEA LR TV, T2, K& RlNE%
AT BT TR 25 L TEARIL LR\,

B, WHOMEITSELIITCREETIE, HRR
N X o THHRIRED LA 2 - 0B IEZ WEEICT 5
BEbdb, 22T, BHTIE, 962DOBSIZB VT,
EREIED 5 4 AGkEr, GHMBEOZERR L & I
FERWHET ST LX) R RV E ORI EH K
L7

3. BEEEHTAON=HLINZILOER

31 ¥ABT7INIZ)LAGEHEHORE

200 AR ELIRE, FrREREO S 55 B
DOMFDHER, 2005D K ) BTV I =7 AEEZ T
PR L7282 6, HARSRICT VI =7 5648
ZHEMT 5 HANEZ SNz EEEUY AR & AR
EERRR—MLL -2 HBMIGHE#EIC L - T,
TREDRY, TEIANEBAOTIFLIENTES
DU NVAF AREREABIR SN, FrEsR300 R E I
W SN, BAREREZ T VI oy A 88 ICBEEHRR
7oA 300 %1%, SKHTTH 2 HEAI00R LD D

(b) Frame structure of 200 series
Shinkansen (Steel+ Al alloy)

Fig. 1 Comparison of frame structure of Shinkansen between 0 and 200 series on car vehicles”.
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Fig. 4 Structure of Shinkansen train 500 series (JR West
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Fig. 5 Structure of honeycomb sandwich panel.
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Fig. 7 Pantograph cover made by honeycomb
sandwich panel on Shinkansen.

50 UACJ Technical Reports, Vol.9 (1) (2022)



0 A Bk S B~ 00 R 4R MR o Sl

51

o, EEEITICHE ) 220 EEE B X O IRE S
BP0, SR, W EEREASRO S b, N A A
P8RV SRR B BT <, HRBIE D Jve 7z
I CTH 5720, BHEGTESRL R D720, B
PHZONDLIEDOHBRDINL Y T T T T )N—
(Fig. ) I ST %,

4. BEPREOTIVIZ) LEEDRR

41 BREIRROBIE

BH A Fig. 8173 Y AHILHN 4 5 # CIERE IS
FNT HEEDH Y, Hig, BB, ggE, BHE 7
L—F o2 MO CEELZEBETH L, HOH
BE, WA O SRR - A, BN
HRPLASIER ISR E W &, METRO LS DOEH
INEEEASHEIN S % % EOBE T, MO EfT T
REZ FHE L, WUBEMRS - Higo 7 7 v VBRSNS
%, FOLMPEL D% EORENRH 72, 22T,
FARREEOK R, Himo/NMEl, h2elowE i,
WA - A O TV I = A8 8L, WROBEIL, R
BADT U —FEEOPY DIFE S, o/
BAbB L O — KL, MG oML - BEA) S il &
Nize BHIIKIEEMTICL D) 7TV I = A 58H
DHEhFIR A A% L 72,

42 EFEOTIVI =) LA™

Fig. 9\ ONBIZ R 3. BAHIZHE%Z 21T % 72
DOZT ZRETH20DEBETH Y, WEFIZIE
sz & il & o BEERR & RAFIC S 5 72002, B
M2 VIGHEE 7)) —APTEIND, T0/-0, #
S ORNDFAE L e\ X ) et iE2sii sk S h,
WHEIEILD LT LIHOBAGHFREL ZVEMTH
bo F7z, WHFHICHY R 2ENE AR S O E E 2
bo TD72, WREE, JEIREE L & D ITHIER AR
HHNDL, EHIZ, BN L TRISES W &
R, BEFETHA LS A B ARDERL 2w L),
BB RIS DM BERELE AR DO 5N B0 T DM, =ik
THEATHIZ, BE»SEE LIF-AIC X 2HBEYE
BT 2 LEND L. AL, ESKEA S GHE Y 3%
EIBHANDO TV I =7 AEERIT O W THG S 7z
mCH Y, MEOEGBAMITET (B AR EIE Ak
BREAHAMAZERT) AR OFHET IV I =7 470505
SR LT A BEL, 9E5 R (Fig. 10) B X
O & OB % 5 (Fig. 11) 217\, #
WMO7 7y v ZHOFMRIIKT 2 BRSSPk
W2 k&R, BB CHERR R ISR S iz, BT

f A\l \
“‘M%\W Yaw damper receiver
Car axial e
Bearing
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(b) Axle box (in sight)

Fig. 9 Aluminum alloy axle box for Shinkansen.
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Fig. 14 The simulated structure of car vehicles on
flame-retardant magnesium alloylg).
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Technology of Detecting Micro-Convex Defects on the Cold-Rolled
Aluminum Strips*

Takayuki Fujimori **
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Fig. 1 Visualization results of micro-convex defects and normal defects using a laser microscope.
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Fig. 2 Acquisition image comparison in general imaging method
of micro-convex defects and normal defects.
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Fig. 4 Acquired image using stripe light.
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Table 1 U-ALight 5 Series materials and its mechanical properties (thickness 1 mm).
Tensile .
Trade name AA® strength Yield strerzlgth Elongation (% ) n value™ r value
2 (N/mm°”)
(N/mm°”)
U-ALight 5S 5182 275 135 27 0.33 0.55
U-ALight 5HF 5022 230 130 28 0.31 0.70
5250 5052 195 90 % 0.26 0.70
(Comparison)
* AA: The Aluminum Association (USA), numbers show the equivalent alloys.
** The values show average from 2% strain to maximum load.
Table 2 Typical properties of U-ALight 5 Series materials® (thickness 1mm).
Trade name Formability Good flat hemming Corrosion resistance Stretcher strain
marking free
U-ALight 5S O @) O A
U-ALight 5HF O + @) O O
525-0 (Comparison) O © O A
*: Standard & < O < O+ < O < O +; Excellent
Table 3 U-ALight 6 Series materials and its mechanical properties (thickness 1mm).
. . Yield strength
Trade name AA* Tensile strzength Yield strerzlgth Elongation (%) after baking™*
(N/mm°) (N/mm”) N /mmz)
U-ALight 6S 6116 240 130 28 205
U-ALight 6HF 6116 245 135 30 170
U-ALight 6HB 6005 210 110 27 190
* AA: The Aluminum Association (USA), numbers show the equivalent alloys.
** Baking conditions: 2% pre-strain+170 C x 20 min
Table 4 Typical properties of U-ALight 6 Series materials” (thickness 1mm).
Trade name Formability Good flat hemming Coyrosion Paint ba'k.e Ridging markings
resistance hardenability free
U-ALight 6S O O O O O
U-ALight 6HF O+ O O A O
U-ALight 6HB O O+ O O O
* Standard & < O < O+ ; Excellent
Table 5 Paint bake hardenability of U-ALight 6 Series materials™ (thickness 1mm).
Trade name Tensile strength (N/ mmz) Yield strength (N/ mmz) Elongation (%)
U-ALight 6S 285 205 23
U-ALight 6HF 275 170 23
U-ALight 6HB 270 190 22
* Baking conditions: 2% pre-strain+170 C x 20 min
300 ey .
As Shipped B A En
E 250 [ 1 2% pre-strain Tel : 03-6202-2667, Fax : 03-6202-2032
E | 2% pre-strain
f +170°C X 20min heated
£ 200 UAC] Corporation
c
%’, Flat Rolled Products Division,
E 150 Automotive Materials Marketing &
=
Sales Department
100 . .
U-Alight U-ALight U-ALight U-ALight Tokyo Sankei Bldg., 1-7-2 Otemachi,
6S 6HF 6HB SHF Chiyoda-ku, Tokyo 100-0004, Japan
Fig. 3 Yield strength of U-ALight materials Tel: +81-3-6202-2667, Fax: +81-3-6202-2032
at each condition.
N A
BEWADHE WL 2K (Kenta Koyama)
(¥R)UACJ IRBEAT BEEMEES
(FR) UAC] ACHEARTR BBy = 2L -'
T100-0004 HUSEETACHK AT 1 T H7 &2% &
UACJ Technical Reports, Vol.9 (1) (2022) 59
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Real-Time Opening Detection Service by Aluminum Foil Breakage
(Oshirasehaku)

Atsushi Koishikawa *

1. FUBHIC

UAC] Z V=7 TIx 7 )V I BB § 2 Bt o —
DL LT, AMPEEMUESFOHBIITVIHND
75 T HREM 28> CT& 7z EHRMEEE LT,
PTP (Press Through Pack) IO 7V 2 % $5E L Tw»
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Bl Z BB OB R OE L, FEW O BRI O
iR, FEHEBRBOBEMSEICHHTELEELLN,
FalE, ZORBBMEM EZ W —E A% [BHIS
HHEF—C A LML TH R EIT, HERZ
HEDTWD, AWTIE, BB & 2 O %216
HL72BHILEET = X200V THRMNT 5,

2. FHREIEHOBE

BH B BN O BEME % Fig. 112R$ . BEZ2HmL
72K RPN HEA L7z 7V 3 SE IR S — VA B B
(R I AN L, S TN A ADIE OB
WAMMT 5. BASNHEHRIZLPWA (Low Power
Wide Area) IZTRIE SN, H—3N—%4 L CYfAE
OBHMLERZ T FIZkbhb, BAMLEH I I
FH 5 I 3BFEAD A — VT F L A ICHEERAEE
ENMb, F72, AHEBERZ 97 FITTESELZT A
AORBRWO —EHEMEMRT 22 LD TE 5.
LPWA XA RN o REHE COEBBEITHETDH
D, ZOHTHHFIC Sigfox A 1AM - (KT EE TS -
R RO ESD L7720, 72—V I1oT 4 v b
7= LCIloTH#HICEZMH SN TV,

BAISEET — A0kt % Table 112, g
FONA ADFHA X =V % Fig. 21277, FH 5
WCHBEFNAL A%ty PL2T7 IV IHENBE Y — V20

- NG

Communication device LPWA . . LPWA server
gommunlcatlon
i ase station |

Oshirasehaku |
iy cloud system

Open detection foil .
plel=E

Various devices
(PC, Smartphone, Tablet)

Fig. 1 Outline of real-time opening detection service.
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Table 1 Product specifications of real-time opening detection service.

Product Specifications

Open detection foil Composition Conductive circuit printed aluminum foil /Adhesive /Release paper
System LPWA (Sigfox)
Cover 95% of the population (https://www.kccs-iot.jp/area/)
Area Communication conditions are affected by the usage environment

(building, weather, storage conditions, etc)

Communication Device | Frequency

At the break of a conductive circuit, Once a day alive monitoring

Battery Lithium-ion rechargeable battery
Eeggﬁ?;ended Temperature : 0 ~ 40 C, Not available underground,
per g Avoid device that emit radio waves
environment
Server Amazon Web Service (AWS)
L Function Open status confirmation, Email notification, memo, Checking battery level, etc
Application -
Ope.ratmg Chrome (since version 91), Edge (Chronium)
environment

<

o
>

Fig. 2 Image of using real-time opening detection service.

HIZTTHHWEETH 5. BET/NA AR TV 3N
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TV IEEEE Y — Vi, 7T E T EIRIES 2w T
T I FISEBERREZ R SETWD, 7V I
Y — V% Fig. 312, TOMEX% Fig. 412”3, 7
VI ERICHBEEE -1 Y7L, 20O RICEEA
VEICTHBEZEESETWS, E512, MKETO
RERBIRE OLERED 20, TN A& DAy
BRSNS REE TR ST TV 5, 72,
I RN HE S A T & 2 X9 1RA5 N T % it
L, HEEKE NI T0D,

3.2 BETFNAR
TV 3 S S — )V o U AE L S [P 2
L% BHGERE TN AT 52 & T, BEECR

Fig. 3 Aluminum foil circuit seal.
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Fig. 4 Composition of aluminum foil circuit seal.
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AT &%, %72, API (Application Programming

UACJ Technical Reports, Vol.9 (1) (2022) 61



62

TVIFEH ) TN F A4 LB -2 (BASEHES)

Fig. 5 Communication device.
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Fig. 6 Image of use of real-time opening detection service
for patient explanation materials.
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Alloys and Electrochemical Properties of Aluminum Foils for
Current Collectors of Lithium-Ion Battery

Sohei Saito™ and Yuichi Tanaka™ ™

1. Introduction

There has been rapid development in the field of
lithium-ion batteries (LIBs) since the 1990s, and they
are now being used in a wide variety of products
ranging from electronic equipment to automobiles. Al
foil is used for the positive electrode current collector
of LIBs. This started when Professor Yoshino, one of
the co-inventors of LIB, adopted Al foil as the LIB
cathode current collector for the first time. He applied
for a basic patent on LIBs using LiCoO. at the
positive electrode active material and carbon at the
negative electrode active material and a patent on
using Al foils as the current collectors™?. In high-
potential environments such as those encountered at
the positive electrode in LIBs, metals are usually
ionized and hence cannot be used as current
collectors. He discovered by trial and error that Al
foil can be used as a current collector for positive
electrodes, which was a major step in the
development of LIBs. The current collector must be

mechanically strong because it receives a large

Active material
Binder solution
Conductive additive

Coating

Drying process

amount of stress during electrode manufacturing
(Fig. 1). Further, since thin current collectors
contribute high energy density by increasing the
amount of active material, so it is desirable to
minimize their thickness. In addition, suppression of
side reactions, low cost, and homogeneity are also
important. On the other hand, for electrochemical
reasons, Cu foil is used for the negative electrode.
The UAC] Group manufactures both Al foil and
rolled Cu foil for current collectors. In this report, Al
foil alloy for the positive electrode current collector

and its electrochemical properties are described.

2. Characteristics of Al foil alloy for current
collector

Al foil that is generally used as the positive
electrode current collector is not composed of purely
Al instead, it contains trace impurities and additives,
such as Fe, Si, and Mn. There are aluminum alloys
from 1000 series to 8000 series depending on the type

and amount of additive elements. Blending with such

Roll press

process

process

[NARRRRRARAI
00 00

Dispersion

o-68¢

Fig. 1 Electrode manufacturing process and its properties required.

*x

Research Department I , Research & Development Division, UAC] Corporation
Development Department I , Research & Development Division, UAC] Corporation
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additives affects the electrical, thermal, and
mechanical properties of Al foils; thus, the desired
performance can be achieved by adjusting the
composition of Al alloy foils. Al alloys that are
commonly used as current collectors include three
types of series, namely the 1000, 3000, and 8000 series
alloys. The 2000, 5000, 6000, and 7000 series alloys
represent high-strength Al alloys, which are not often
used for electrode manufacturing, as they are
extremely difficult to roll into foil thickness. In
addition, the 4000 series alloys contains a large
amount of Si, which can undergo oxidation at high
potential when exposed to the surface and might be
eluted into electrolyte; therefore, these series alloys
are not suitable for use in LIBs. Generally, the 1000
series alloys have excellent conductivity, the 3000
series alloys have excellent strength, and the 8000
series alloys have excellent ductility and strength
equivalent to the 1000 series alloys. The typical
compositions of the alloys are shown in Table 1. The
1000 series alloys are called pure-Al as they contain
Al with a purity of 99.00% or more. These alloys may
contain mainly Fe and Si impurities; the name of the
alloy changes depending on its purity. General-
purpose alloys used in LIBs include 1085 (Al 99.85%),
IN30 (Al 99.30%), and 1100 (Al 99.00%). In general,
although they are not as strong as other alloys, their
strength can be improved by controlling the additive
elements and metallic structure.

When high-strength current collectors are required,

the added component Mn does not elute.

The 8000 series alloys have other elements added
that are not covered in the other series. The 8021
alloy, a prominent member of the 8000 series alloys, is
obtained by adding Fe to the 1000 series alloys. It
exhibits excellent ductility and corrosion resistance.
Generally, the 8000 series alloys are used as an alloy
for packaging, but its use as a current collector is also

increasing.

3. Properties of the electrochemical stability

3.1 Formation of a passive film on the outermost
surface

The potential at a positive electrode current
collector is 3.0-45V vs. Li, and hence the current
collector must not undergo corrosion, participate in
side reactions with the electrolyte, or undergo redox
reactions in this potential range. The standard
electrode potential of Al is 14V vs. Li; hence, it is
thermodynamically prone to redox reactions, is not
suitable for current collectors. However, in a non-
aqueous solvent containing fluoride electrolytes, such
as LiPFs or LiBFy, a very thin passive and stable film,
several nanometers thick, is formed on the Al foil
This passive film, formed by the reaction mechanism
shown in Eq. (1) on the surface of the Al foil during
the first charging, is stable in the battery and could

E 60 RE CE WE
. o
the 3000 series alloys, such as 3003, are used. In LIBs, IO 1st
=13
there are cases where Mn in the positive electrode ;:Z |
active material dissolves into the electrolyte and Ea |
. 3) . . E 10 |
affects capacity loss”; however, practically, there is 5. s 10th
= [ <
=]
3

little such negative effect and 3003 has been widely
used. As will be explained in the next chapter, Al

forms a passivation film of AlF;on the electrode, so

N
S

2 25 3 35 4 4.5 5

Potential / V vs. Li

Fig. 2 CV measurement of 1085.

Table 1 Composition and its characteristics of Al foil for the positive electrode”.

Alloy Chemical composition (wt%) Conductivity” Characteristic
Si Fe Cu Mn Mg Zn Ti Al (%IACS)
1085 | =010 | =012 | =003 | =002 | =002 | =003 | =002 | = 9985 60.1 High conductivity
N30 <07 010= | 006= | =005 | =005 | - | =9930 584 Low cost
1100 <10 005020 | =005 | - | =005 | - | =9900 580 High strength
( ffgfn) <06 | =07 |005020 | 10-15 - <01 - bal. 472 High strength
8021 1 — 015 | 1217 | =005 | =005 | =005 | =005 | - bal. 578 Ductility
(AL-Fe)

* Equivalent value based on the resistivity measured at liquid nitrogen temperature.

64 UACJ Technical Reports, Vol.9 (1) (2022)



Alloys and Electrochemical Properties of Aluminum Foils for Current Collectors of Lithium-Ton Battery

65

suppress side reactions, such as corrosion during

charging and discharging®.

Al + PFg¢— AlF; + PF; + e 1)

Fig. 2 shows the results of cyclic voltammetry (CV)
measurements in which 1085 foil was cycled 10 times
from 2.5 to 45 V. With an increase in potential above
4V vs Li, the current density started to increase;
moreover, the current density gradually decreased
with each subsequent cycle. In the CV measurements,
the reduction current was not observed; instead, only
oxidation occurred. This suggests that either the Al
was oxidized or the electrolyte underwent oxidative
decomposition. Since the detected current decreases
with each subsequent cycle, it is thought that Al
reacts with the electrolyte, loses the active sites and
is passivated. After the CV measurement, fluorine
was detected when the outermost surface of the Al
foil was analyzed by X-ray photoelectron
spectroscopy (XPS). In the Al 2p spectrum, an AP*
peak was observed at about 75 eV, revealing a shift to

76 eV after CV measurements. However, the peak of

After CV

Al-F, AI-O Al 2p

Al metal

Al-O

Intensity / a.u.

Before CV

Al metal

78 76 74 72 70

80
Binding energy / eV
After CV F1s 545
. F KLL C s
2| OKLL Al 2s
; Al 2p
‘B
8 O1ts Cis
£ || Before CV
O KLL Al 2s
W Al 2p
1000 800 600 400 200 0

Binding energy / eV
Fig. 3 XPS wide and Al-2p spectrum after CV.

AlF; itself is even higher at 77 €V, so it is considered
to be a mixed peak of AIF and AlIO (Fig. 3).
Furthermore, as a result of analyzing the sample in
the middle of the cycle, it was found that the
formation of AlF; had already started at 4V in the
first cycle. There was almost no change in the XPS
depth analysis results compared to the samples after
10 cycles (Fig. 4). It should be noted that fluorine is
only present on the outermost surface and that the
inside has a depth profile similar to that of a normal
oxide film. Therefore, since the AlF; film is thinner
than the natural oxide film (10 nm or less), it is
estimated that there are few active sites for
fluorination. Similarly, other Al alloys in the 1000,
3000, and 8000 series have also been found to reduce
the current density with each subsequent cycle
during the CV measurement.

It is presumed that this passive film also protects
against the elution of Mn, an additive element of 3003,

mentioned in the previous chapter. Cross sectional
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Fig. 4 Depth profile of XPS after CV.
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transmission electron microscopy (TEM) and Energy
dispersive X-ray spectroscopy (EDS) images of the
3003-alloy surface after CV measurement show that
Mn particles in the vicinity of the surface remain
intact (Fig. 5). In addition, we fabricated a LIB using
Li(NiCoMn)O; for the positive electrode and graphite
for the negative electrode, and after 250 cycles at 45
degrees, we confirmed whether Mn was deposited on
the negative electrode by ICP analysis (Table 2). This
result also shows no difference in the amount of Mn
detected between 1085 and 3003, indicating that they
can be used as current collectors without any
problems.

Thus, when a potential of ~ 4V is applied to the
current collector during the first charge, a passive
film is instantly formed. Furthermore, by gradually
losing the active site existing on the outermost
surface, it can be stably used as a metal even in a

high potential environment.

3.2 Using in imide salts and negative electrodes

As mentioned above, Al foil can be stably used as a
positive electrode current collector depending on the
film, but a stable film may not be formed depending
on the electrolyte used. Salts such as lithium bis
(trifluoromethanesulfonyl) imide (LiTFSI), are
sometimes used instead of fluoride electrolytes.
LiTFSI exhibits excellent heat, moisture, and
chemical stability, and it might improve the
properties of the cell (e.g. cycle life, high power).
However, literature reports suggest that the positive
electrode current collector may corrode when solely
imide salts are used as electrolytes?. It is presumed
that imide salts are very stable, fluorine is not
desorbed, and an AlF; passive coating is not formed.
Therefore, LiTFSI should be mixed with an
electrolyte capable of forming a passive film (such as
LiPF¢) or used at high concentrations.

Although Al foil is basically a current collector for
positive electrodes, it can also be used as a current
collector for negative electrodes when lithium titanate
(LTO) is used as the active material. Al is not applied
in graphite-based negative electrode current
collectors, since the reaction potential of graphite-Li is
close to that of Al-Li. The reaction potential of Al and

Li is approximately 0.5 V vs Li; thus, when used as a

100 nm Al K — 100 nmm  Mn K

— 100 nm 0K

— 100 nm FK

Fig. 5 Cross-sectional TEM image and EDS of 3003
after CV.

Table 2 ICP quantitative analysis result of negative
electrode after 250 cycles at 45 degrees

(ug/cm?).
Alloy Li Mn Fe
1085 756 0.24 0.14
3003 704 0.27 0.14

negative electrode, Al and Li are easily alloyed and
lose their function as a current collector due to
embrittlement. Since the redox potential of LTO is 1.5
V vs. Li, which is higher than the doping potential of
Al, Al and Li are not alloyed at this potential and can

be appropriately used as a current collector.
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4. Conclusions

The composition and the characteristics of Al foils,
which are used as current collectors at the electrodes
in LIBs, are described. There are a wide variety of
alloys and manufacturing methods, each with their
respective characteristics. It is suggested that high-
capacity and stable batteries can be produced by
selecting an appropriate current collector with the

desired mechanical and surface characteristics.

Contact

UAC] Foil Corporation, Marketing & Sales Division,
Battery Foil Sales Department
Tokyo Sankei Bldg 1-7-2 Otemachi, Chiyoda-ku,
Tokyo 100-0004, Japan
FAX: +81-3-6202-2110
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NFEMT— 2 38HTHY, HoeZBIE L%
BN/t v —THlE S NAZFHIIN 56 25 & AR
BEZRTINTTHS, TOLT— FZITEEN M
WABIMT 5720, BB LT T ) ¥ 7 % Fi
L, BEIELTEF VARG LN TELHT%

AREOFETRSME, 45 35 A LA ERmSCE (2021) 12383,
The main part of this paper has been published in bulletin of the 35th Japanese Society for Artificial Intelligence (2021).
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(a) Multiple regression

(EO—0

(b) Bayesian network

Fig. 1 Graph structures of a general multiple
regression model (a) and a Bayesian
network model (b).

WMLz COXI T —FIEHEENL VI HE
Boales L3RR (R v=79 v )
EIFIEN S, BRI XD T VO Gk AL
Y, KEOm ESHFTE 5,

3.1 BFEEAOETULT

T I = AWM BT B IGRE O kT IS %
e, BTV YT ETol, BTY Y ZRARDLK
W5t b, 55N LRINT%5H0T a2 K1
EARMRERRFICHEL, FHIATTRFIZow TR S
BIZ2W, 3W- LR REZR R F- o H % £ T Lk
WZEHPDIRY LT ) Y EERT 5, RkEICE
T 27 B & 7z K- 2GR RE 2 K R
T, FHUASE TdH 2 HMUE -5 5 Fem L3 m] e 7% A
T CHGEERT), SRR TR T2 5 O b b A
R KT (BRAMAT) O3 01258 L, FHIKT- &
R F- DA EHCTARHAL 2 ET VL L 720

32 HWERFOEEL

v 7Y v T S e 2 AR TR T
—FZIZEEnswicd, Moo lETERLT S H
EBDH b, TIT, i+H1ROHFHNTOER L % 51k
DOFHIHE T & A2 X (D ITRAT 52 ET, &
wmib L7,

Xig = Z;Ci . x'Tiu‘ (1)

N: W i+1ICEET 2R T 05

xi: T ORI F 72

wi s xi D PIME

i : x; DFRAE(R 7

ci: iR Ti+1LICIEORErH L EE 01
HOBENHH L E -1

4. R

FHN 756 2% L @ w ik SN AN 725 % X
ATV Fy NI —ZIZHBIAATY T 7 HEE % 4
Tho EFMEDOLEMZDTIIRT

41 EREORERE

NATT Y FRy b= R, ERE RN OB
ACBWEE Do W OB TAEDE, /NS v
bo% [lowl], HPKEVH D% [high] & L7z, HF
OAEASEREAE, X 7213 ZAEDL R o BRI 7% il 2 % 3
1%, PP L% Thighl, “FIRGZ ow] & “MEILL
726

42 HFBEFROERE

WIS, 7)) v 7FOfFEREIRIC, BTHEREEREL
720 T/ — FHEHANT-F 223N - o4, 1k
F L CiHIRIFF A2 2 Clllmics/ — e L
720 T/ — FHBAROYE, AREBRSERT 2B/
—FEMEL, B —Foidmk3s L.

43 FEEXMHOERE

77 7HEEE, R TRELBTFEGEEZE LD
D, T o THBMICHET HZ LA TE %,
FHEEME, B — FOBRET VT X 4% Greedy
Search, 2% J X — % 3 fifi 2t # % AIC (Akaike's
Information Criterion), 443 & A=A OHE & T7 i
% MAP (Maximum A Posteriori) & L7z,

5. BRER
PUBTERE %2 IEFECHGES 5 7280, & 7V OTERERHI

1213 k-Fold #: (5r&15) #@HL, 5o0FHHF—%
ETANTFT—F OMAEHLEIIH LTI 2175 72,
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51 EFILOFRNEE

Table LICEFNVOMREE LT, WEINZ520F
T DH BIEFERBIREZ b O F TV ORFEATH] Z A
FMEE L ORT, REATHI L X MEGE S A 7128
LEWMETFHMOsOZAEKTHY, TP (HBME AR
IELSARETFHESNZH), TN ERBEME : RadtiEL
CHRMETFMENE), FP Bk - RihdsHhE- <
ARETFMSNIE), FN (BN - ARG HE - T
Rih e PR SN E) TREND, 52DFET VOIS
1L 64% ~ 80%, PFIAEIZTI%TH o720 ZORER L
D, REFNVEMNNLZLTBB L ZORBMETAE
BTEXHLVZ 5,

52 xv hT7—URDOHER

MEINIAY P = HEZHWTARBERLD
IR % AT > 720 41 L ABRIC, IEfsRpyfliz €7
VEeRFELRy hU—2ME L, AR (Defect) EADHK
%% Fig. 21287 %. %/ —FM_x & P_xE3rHIIA
FLM@RFEEL, 7 — FH ORI KA KA
BpRA 3, BRI & HEEE - IC B3 2 8 (R
BRIEET31oeT) Y IR E LD DTH S
P, FNDANE Ty TNk E RS, AR
(Defect) ®HL 7 — FIZM_0, M_28, M_42 »3DTH 1,
CHOOHETFIET NI = AR OBYEIMTIZED 5
KFfTho7z,

Table 1 The confusion matrix of
the representative model.

Prediction
n=385
Defect Good
TP FN
Defect (Truth Positive) (False Negative)
s 112 58
[
a
Fp TN
Good (False Positive) (Truth Negative)
169

46
CORUCIRCY
(w2 Cosest)
Crs> (8D G
(re)
\
(p2)

Fig. 2 The part of the graph structure
around the defect node.

5.3 HEEOFH

WIS, WM TICE Db 5320K 1, M_0, M_2838
L UM _ 2D/ BHRANOBEIZOWTHA L7z, HEH
T OREEZ, »25HTOIRE [high] [low] IZB1F 5
ARBOEALT, TORBELTTNERED 520
T&% (20K, MoRToOREBIZEEL RV, K7
—Z12T49% TH - =ARIZVFROK T % [low] IR
BICTA2ZLETAREZMBEICEM 0D BBENRDE
WE W FERTH - 72 (Table 2),

W2, M_0, M_287% 5 UNICM_ 420 AR RIZxT 53
W DOEEW B e i Lz, &bEEOE VM0
HT-DREZ [ow] & L, M_28 & M_42DiRiE% 21t
SEE EORRBEDOEILE Fig. 312787, Fig 3dx
HC AT OREZRLTWAD, [-HIIREZEE L
BWIZEEEERT L, ZNICED, M_ODPEKVEICR
BERIIETTE2300, M_28% M_420IKEIZK &
ARAEL, M_O0ZAKL 5 720 TR BRI PR EE
T&Y, M_28%°M_423 [low] RO Z L THRE
A 20% LTICHHITE 2 2 LAVRIBE L7z,

54 FRERDAHZX L

Honithy b — 7 MEMERERZ AV TRRSE
IR D A 51 = X 22D THEF L7z M_ODIREE &
WHATOMBRERELZEZA, M_0=lowDl;, 7
VI = AWM OPNEBIREEP_57, P_617% & ONIZP_62
DIRENIIH SN D Z & 235H - 72 (Fig. 3) s

WIZ, M_0, M_28 R ONM_42 3R RIS 5 A
B EZ AL OWTHE L 720 M_0=low R D I,
M_28 % M_42 DAREZALIZ BV TARFIIZLT 5 D
D®, P_57, P_617% 5 I P_62 D Ak K~
FiEEAERLN D572 (Fig. 3)o ZORRLD,

Table 2 Impact to the defect rate of each factor.

Status
Factor high low
M_0 71 26
M_28 51 48
M_42 49 48
il JEL, 4 & Defect | S
o 2 21 P57 =]
CE N P61 %
L = \\ P62 0%
© ‘» ]
o N s
= S 8
3 RN g
O 300 e -
8 Te—e—a
20 T — ]
—% | =
M_0 low
M_28| high | high - - high | low | low - low
M_42| high| - high| - low | high| - low | low

Fig. 3 Impact to the defect rate of the combination
of three factors.
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M_0, M_287 5 TNIZM_427%% [low] REDLHEDOAR
PIHI A 1 = X 20K, RETFTNVATBUT 2 HEEKA - TR
HAWTHLEEZOLNS,

6. EHUIC

AW TId, FEZ O 228 5 1BHABRERE
HofHZHWE LTT—% &L AOAENPERL VT
YAV NI BT LI TREARBAEERND
ETMEE ATz, ZORRE, LT OREIR LN,

e NRATVT U Ay VT2 BT S L TEERAR
BHEADZALCETHEFTVEREST LI ENT
E7oo F7o, WIMEMTICEADZM_0, M_28, M_42
D 3D DKFHFENEMEA RITHES 2 W Rt AR
g3z,
 WIEINTACH D % Lt 3R T OB EAR RO EEIC
DV CEHI L 78558, AR RAMRIR S 2 W REE o
» B 5D RENTZ,

BB L Ay b= KK Y, WYENMTICED
5320HFON, ERFM_0IZ XL 2 1EVEA AR
AH=ANF, AFETEFMEEh TS EER
bNb,

B L Ay b= KXY, WYEMTICED
% LR3I T OBAEN TOEMEA R A 7 = X
L, AEFVTEBFHTERVWEZZONS,

RETFIVAAFEEHCBWCEM L, FHIKE 05
AT OB E D T IV 2k L T #ES 5 2
ETARBEEHROFIMEZ I LS, X0t
DECRRI 2 AN BAEBAE D RETE B 2 LA
fF3hs,

SEW

1) 22N, /A 1 0 70V 3 = A OBIEEHAN, Furukawa-
Sky Review, 4 (2008) , 1-9.

2) B OGEHE 7TV AGEOS NV F R & ERE -5
IE b~ ok, B4R 66 (2016) 433-443.

3) AN B—, kg BN _ATDT Ay VT =7 -REEEED
-E7) ¥ ZHM, AN TAIGEESEE, 15 (2000) , 575-582.
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BERPFEDOEEN & 5 ROGE

WO R

From Duralumin to Extra Super Duralumin
— History of Alloy Development and Future Challenges —*

Hideo Yoshida **

1. FUBHIC

VaF NI vERWTY 250V 3 R 1k
CRfTHZEG S b BoN L ). Lo LIEMHIC
EALGGBIZEEZEZONDLHTIZLRVWER ), Hhoh
T2V ETHVIZT A0 DODVT W
WhbZwv, @REMEOEMETHIUL, FERIAT IR
BEOREBLE LTI 2TV I 2D AlL Cudsik
MENTVE L HWVIEHEFRTHRDb -7 LB A%, Mgt
WIMENTWD ZEIMS RWEENS V. MgdSiRk
MEINLZEPPICEETH L% IEL S HHET S
CLEBEAEHLVWERS, FTIEARWMICADHEIICY
2TGNI VLB 2INIY, BAYV2ATNVIVE
TOREREOREREB X Ok o MR BT
b, ZLT, TNLOEEDORHEL ZNDHEHFET
E72DD, GHRELIIRFATRERELZHSNITT %,
WIS, SHHANBA V25V v EBRZ D EEE
GEXHET S L TOFAMMIZH LHEMICD HELR
BMEWLHICL, GCHBOREZEZBRE, &M%
DFE 7 L e MEHI R SR R0 [Be)E | V-0
R [ VAR £ O Bty o S LR A [ 2B 7
V3= AEEORMALAE ] TR, T Ko
FHINTIC L V2TV 3 v EFRK Y vy R I
ML7=DT, ZhHa2BRL Tz E720,

2. BEIOMZERAT7ZIVI =) LEEFERE
FRZE R D RE 52

21 ROV aFII2, BP21TILI UK

19064 K4 v o7 4 )V 4 (A, Wilm) 2"Mg &ML
72 Al-Cu-Mg & & BEANILEIRICIRIFT 5 L IRERh AL
BT EEFEAL, 1909FINE YTV vEd
HLTILE#ELE N e SOMERFL Y DY = v )
YRATARICERH S, BRI T M A vasa »
FY2EBTLOICKVICHE SN, Zhichliz
ZUHHEHOEHEPREIZZ TV I NVIVEH
WRATHR ZAE D I 720 — T, WIEHICIEY 25
VIVEDEBIEBREDOT VI = AAEEHETE
LIl hotz, FEROMEHIIZNIIRZ, Y25
VI VICSiZRML-a682%T5 L9120, ¥
2ZVIVIEDEBEOEY 27 VI YARIEI N
o T THRAESIDRME N7z D ITITIEHR (T BER
WA B, Table LIZARTHERD T 27V 3
B2V y, BAT2TIVI VEORS, BN
MEEzFELDLI,

T AN A TIRI6EMHEN T TV ATEE LY =
v R YRATIOEEEE AF LT, T I=y A8
HECTHELZPALEZTVIATIZY 2TV v L%
DT NVATHEELTS (2017) x ®ESET, HHEHOR
Tz EE L. —J, 7hraTidFhni cois—
BB OWFEARH %2 LD, FHEOIRD 7= D124k T
A A EOFEFERIEE I TWw2ACC
(Aluminum Casting Company) ® Y >4 b #FZE it
(Lynite Laboratories) # FIZ AN, TV a7 OWFFEH

Y HARERFEARAR| TTYH, 60 (2021), 391-398 X HREE, INEEAHIIE,
This paper is the revision of the paper published in Materia Japan, 60 (2021), 391-398, by The Japan Institute of Metals and

Materials.

¥ooMA Y27V VB, i (L), Go (W) UAC] R&D £ % — )
ESD Laboratory, Dr. Eng., (Formerly, Adviser, Research & Development Division, UACJ Corporation)
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Table 1 Compositions and mechanical properties of Duralumin, super duralumin (14S, 24S),

Extra Super Duralumin and 75S.

Al i Registered compositions (mass%) Typical tensile properties Lower limit of tensile properties
coa an .
Sumitomo | ternational Tensile  Yield po oo | Tensile  Yield gy
designation designation | (y Mg Mn Si In Cr Fe | Temper Strength strength (g) Strength  strength (5)
(MPa)  (MPa) 0 (MPa)  (MPa) 0
Duralumin| 178 0017|3545 040080 0410 0208 02 010 07| T4 427 2 2 355 1% 15
Super | py 2014|3950 020080 0412 05012 02 010 07| T6 482 413 13 40 390 6
Duralumin
Super | gy 2004|3849 1218 03009 050 025 010 030| T3 482 345 16 40 295 15
Duralumin
Extra Swer |+ popy - 1525 1218 0310  (06) 6090 0104 (06)| T6 588 519 14 520 441 8
Duralumin
7S 075 1220 2129 030 040 5161 018028 050| T6 565 196 1 5% 460 6

Notes : 1) Compositions and mechanical properties of ESD were referred to references
2) Compositions and mechanical properties e{)xcept ESD were referred to references

3) Lower limit was referred to references ™"

MEHIESE, VF A MIEFI2OB-TE/Y 2
71) — A (Z. Jeffries, HRTIIHAERFAEZDY =7
—AHTHARIIZS) SICHAEEREEITbE, €
OFER, SHRMOFEY 2.5 )V 3 > 14S (2014) & IR 5
HEEZIE L. LaL, Zo841317S LB ) Eik
WiRh & L2 & L7272, BRI 55 25 O HMK
TL, P awEe 3T 2HEROIMIR G ICE
BB TE RV E WS WEDPA U7, T19314E
W7z I NI 0H324S (2024) TH S, ZOEEI
BEAN L CHIRRA TREENGON, HMOdEVwo
T17SH B 2U4SICE &b 57ze TD24SIFY 250 3
YOG DM % 05% 7% 5 15% 2 L7272 TH % 25,
LREZDIIGHEEN T 2T NI UVPRTETHALTS
WCCTE Lo 2O EFICARETH-720 DHHA
Va7V Y ORI LA 2 B3 2 O 23
PAHELTH220HFEDET IS L) OPHREL
BB THI, TNLLEAFY XL AV TIERL,
TAVATTELDOTHSH D, T IITHEE M H#
BHYZH)THEW,

- >
— -

22 MZEHOFEE

BB— A SRR TUE, AT 5 8 B 2 RAT 9 2 7R
TIRCIE T Do 7285, RATAIRIC RIS 5 72 D 12K
ITRROBER2E vy FTHATE, N4 Y TIE19194F 1
VH = ADPEHIRY 2TV 3 v EBKICHW 28R
BRRERZRE L2 3512 b AR H g
B IEHITEN LA TH o720 LELEDDH
RIS 2 2RI 7% % 01219304 TH
o TNETRIARL GRBROBEGHET, HERD
FIHThH o720 RATERIIRATHHI LR TREITITER
s, HEDSECODPFETH 572,
TNIATVHFEL7224S AW SN0 13
19354 W4T D 24w BAFE O R k% DC-3 T
%0 DC2IZH L TERZSHIME LS, o

9.10)
JRINE)

BBIIMED 3% T E DI/ E L h o 7zs [TRITE X
2B RATHE] O MBLE, MZEHXEOFEICB VTl
B ThHolze THIFVEZIC2USHFEICLD LS
HIWKREMP o7z, SHITE TR KRR TIEX, EHE@
B CRECATAIA LA Y, EFEFay) LT
THHE L 19454F F TR L AR E I NAe TV I T I
MEMEZ M LS 572012, EHMO17SR24S 1257 v
ISV LAREEBIM) bR s 5y FHEMICXY
TIVZ 5y FMEBE L. SOTIVZ Ty P
ZEREARIC W B 7z,

-,

23 BARICHITIELHR MR
HARIZBWTHHED F A Y ORI L E R -
TWTC, 191644 1) ATHEE LY = v ) VIRAT
MoOEEE HRICRLAR, R EET 2TV
IVEMLDDOERESE . LA L HARIZIEYSRET IV
IS ARETEERT L ETEMA ol AR
KRR CTHRBEECTH - 72720, TOREEL
L CER D B #E & L T19224E R E o F 1 v 12
[VaJ)V I YRGESATESE] 2iRE L, G, EE
H, koI x A, F0—FT, 19304121
Mol LTHAERZEZEZ W7 va T
(BT NV F v ») L BAFEHE L TR S I8 LY
R L7z,
BFEREICBVTHI9REEHPLBY 27 VI VO
WFFE & ARAE I BIG L 720 BEEE & LW CTRCR O iF 58
ER—AHFEERMED, SizHGARBY 29V V&
B L7275, 19354E%K, ZEhRET AV /1 D24S1
PWHBrboize TOUSITLREHEEIBHFEL Tz
JuR S R BRI S 2. 24S O] RIR S 145
~50 kg/mm? (440~490 MPa) TdH - 7228, #HIZIh
(29712 60 kg/mm? (590MPa) LL E o5 |ikiR S %
Fo&E&%M®T A L) ERICH U

19354E8 H AL TR F LIS - T, HBEE&EDOM%E

UACJ Technical Reports, Vol.9 (1) (2022) 73



74

VaINI VoA Y2INI VET BEMEOER L SHBOME

UG, 1936456 HIZIXH&a %2 BT LIFRF2 Has L
720 2OEERMA Y 25V YESD (Extra Super
Duralumin) & %37z, ER & IZWZ, MORTHTE
T\ o lomBEAERENHATEE—EUND
MHIB TR LB KRE LB Th o7 2O
A EDT THERERICRH L0 =FET.0
W THRTH o 720 UIEFHOKIER, T 8 Lk
BT 7 AR OBEELE Mo TV, B4
VaINVI vEEROHICH VS E30kg 3L b L
RAL, HEICEAMH L 2w E B LTRSS,
DEBNT 27 VI vpbilie a2 VI VHIEET
DERLEL Y 2TV UHREFRICEBSNSL FTO
BETH D, COME Y 253 VIZ19424FERIER L
B O EDIFERPPASL 2R, REFIT VAT
WKENEREFEOGETBEZESE, ZOHEI T
BOMERMBORENEGEL R, BEZENLE
WRLZEEVPHEEINTVSE, 29 LAFE2LH
ARTIRTIOBBLTZORELIAEDHL Y 2TV 3
VEMIEND Z ENL

3. aJI3r, BYaIIII, BTV
EERREDBEBEEEDREH

31 a3 ?

(1) BEFHEEEBRROFER ETEIE

KA YD 4 v 2F 190145, VY VERRD 7 A N
— NV ANV 7 (Neubabelsberg) 123 % # T & gL
FEATICIRIE S, BUE R A Sedn i sl oot A & 21
WBEOERE AIFGETRET 2700 RL L =T
Woe % B L7z M Al4%CuB &2 EFM L L)1
BEA N LT, 5lkil S 155~23 kg/mm? (152~230
MPa), ON5~7% % 47275, H&EOMRBFIIE RIE%
Molze TOHRMIEE T, 1906 FFEMTHET 5 &
< 7% ZRERIAEALBIR 2 56 /L L 720 Al-4%Cu-0.6%Mn
H4:1205%Mg % AN L 72 3 mm IE A O % 7ERK L
520 COMHBIFCMBABBREAN L 72, ZOKE,
EDBEANZ2MFH F TRITE A EELETICENRLL
FEAHMIChDzoTHML, Z0H%B—EIlhbIl L
FEFR U720 S OB X D, 5]5RR X 40 kg/mm?
(390 MPa), fHUN20~25% 23 B MN7ze 74 IV A D
TR E N7z Al-35%Cu-05% Mg & 4 DI ik il
WEFig, LIRT 97, ComXicizz oy vizon
TOFBIX Do 72

19074E1A11H, 2% L FOMges5% U TFOCuz
GLAIEE T, FFIC2Cu 4% 12 Mg 025~05% % & T
ALGEDRIR ] & U TR % 55 L 72 (DRP204543,

100—(a) /
[ [ |
| |

Hardness
oo
(=]

x ‘___-‘--]\

|
i S (S

0 4 8 12 16 20 2

Aging time at RT / h

110 | T : T
() | ‘ /J/h4—-+7ﬂﬁ*~
A RT for 4
§ % / r gled at . or !days_
= | | |
o R
T 70 et ! ¢
‘ | | As quenched
50 ' | | | '

400 420 440 460 480 500 520 540
Quenching temperature / °C

Fig. 1 Effect of aging time at room temperature and
quenching temperature on the hardness of Al-
35%Cu-05%Mg alloy™"”.

19084F- 11 HE8W) o Z D 214 B Ls T % HEE L 72,

COMBOBIEIZOWVTIE, 19084F F A 7 L3S
BEAHOWik& TF2—1L Y (Diren) XhHbF
L+ - AZ N7z )tk (Diirener Metallwerk A.G.)
THROTLYAED T bz, BREOMEFTRIZZO
SO EF 2R o0 TANAIZOEERHG
DFTLEALT LD ELBOLE, ZhbD
FNRFEHMOAFE LRI Z D, FWIZbT 2L T
MR TAN L DOREFFOMEHMEZRT, FEmRBED
~vy 7(R. Beck) 010 b & TITHEALICE I L 72,
19094E % 4 VA &7 2 L F DT 2 OF#m I x)
THEMBOMHENRD Y, T4 NVLAEHY A VEET
v % B9 5 Hart % ©1) 72 Hartaluminium Z $2% L
7S, EBETYEEZ T T v AFETH VW) Durk
HAWTY 25013 Y (Duralumin) @& L72Y%, Y
7V 3 VX 19144F, ME Y = v ) RIS BL
MBS SN, 19144EDY = v R VIRITHLZ 2655
flibh71,

(2) MgiimbsLVOBRANDEE

TaIgNIVOFPTHEELZDIZ, ALCufGE&£TIEK
L7z RS SN v Od, MgZziRL 7
Al-Cu-Mg A& TR L TA4HLSOWTRELMENES
N7z THD, T LT, BOIEE—HHEFHOR
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R Cul Mg DFIHTEMD NI MM LS/ 7 FAY
— RGP V=YK S i B 75>J:75>%><‘:qu>573)2°)
MgiR$ 5 Z &2 & B b2 6 T (4 )8 i P R A
LA HES) OZALRIE I T 5% mf*ﬂ:ﬁzﬁ

TR TALFEN R BUS D SOME P LEEEZ D,

BEAIIZEI LT, BEANBAEZZILARERAEALIZ K
EpEERZL, KBEANEZ T2 I L THHERILA
B2 BRIV S NS E S TE& Y, Lyl %
W BH, HEHSAHIEL T E 2 Al-Zn-Mg &4 Tl
WOEHIITWo ) EHEIL THAREGH L FARIZER
WRERDREAL L i R C R bt & TR 55 2 SR BE ST &
htmol@lk@m$ULﬁK%%@LaﬁokE
BREICLoTHREILTWAED, 29 LR ErS
PR DAL ER TS b TV D X ) ZRBEANHHE
ML%%}L%MAK ZOZRRM ERZLTT Y
I =T ABBORNEALICHE S LTV O a5 &
%5

32 ZOME@YaINIL?

(1) EMERE,ISEThEZBI 25032

TaTNI UHRREER TS 20 kE R
HTHolze TNICIBZTZON, A FYATT VI =
7 AR R SR L TV 2z EN Y BAERE T o 1 — ¥ v
A v (W.Rosenhain) 5D 7NV —7TH 5, H—iit
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Fig. 2 Effect of Mg content on the yield strength of
high purity Al-4%Cu-Mg alloys aged at room
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Fig. 4 Comparison of diffusion zone in the cladding between (a)Alclad 24S (schematic figure, cladding of pure aluminum on

24S) and (b) Cralclad on 248",
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Table 2 Relationship between the ratio of D, S, and E alloys, and the hardness, hardenablht};)(v;/orkab111ty)

Hardenability = (maximum hardness — annealing hardness)/ annealing hardness 303

Alloy D S E Zn Mg Cu Mn 400C/4h WQ 450°C/4h WQ 500 °C/4h WQ 300C/5h Hardenability
Number (%) (%) (%) (%) () (%) (%) RT/days 150C/2%h RT/7days 150C/24h RT/7days 150C/24h  WQ (%)
39 80 20 0 16 15 32 05 942 930 1160 1090 1070 1130 528 120
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 6.4 15 08 05 1140 1400 1010 1374 950 1472 626 136
43 80 0 20 4 13 37 05 1058 1040 1210 1180 1080 1200 5938 102
44 60 0 40 8 L1 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 80 16 07 28 05 1530 1564 1430 1532 1140 1312 954 64
47 0 80 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 80 176 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 80 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 9.2 12 19 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  67.6 148
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

D: Al-4.4%Cu-1.5%Mg-0.6%Mn, S: Al-8%Zn-1.5%Mg-0.5%Mn, E: Al-20%Zn-2.5%Cu-0.5%Mg-0.5%Mn (mass%).
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Table 3 First flight year and aircraft in which
the new alloys began to be appliedm.

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)
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Table 4 Chemical composition limits of aircraft aluminum alloys registered in International Alloy Designations
(The Aluminum Association)lz).

No. Date By Si Fe Cu Mn Mg Cr Zn Ag Zr Ti Others
2013 2003 JAPAN 0.6-1.0 0.40 1520 0.25 0812  0.04-035 0.25 0.15

2014 1954 USA 0.50-1.2 0.7 3950  040-1.2  0.20-08 0.10 0.25 020 Zr+Ti 015

2017 1954 USA 0.20-0.8 0.70 3545  040-1.0 04008 0.10 0.25 0.15

2024 1954 USA 0.50 0.50 3849 03009 1218 0.10 0.25 020 Zr+Ti 0.5

2124 1970 USA 0.20 0.30 3849 03009 1218 0.10 0.25 020 Zr+Ti 015

2424 1994 USA 0.10 0.12 3844 03006 1216 0.20 0.10

2524 1995 USA 0.06 0.12 4045 04507 1216 0.05 0.15 0.10

2624 2009 USA 0.08 0.08 3843 04507 1218 0.05 0.15 0.10

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

2026 1996 USA 0.05 0.07 3643 03008  1.0-1.6 0.10 0.05-0.25 0.06

2027 2001 FRANCE 0.12 0.15 3949  050-12 1015 0.20 0.05-0.15 0.08

2040 2003 USA 0.08 0.10 4854 04508  07-1.1 0.25 04007 0.080.15 0.06 0.0001Be
2056 2003  FRANCE 0.10 0.12 3343 010050 06-14 0.40-0.8

2219 1954 USA 0.20 0.30 5868  0.20-040 0.02 0.10 0.10-025  0.02-0.10 0.05-0.15 V
2519 1985 USA 0.25 0.30 5364  0.10-050 0.05-0.40 0.10 0.10-0.25  0.02-0.10 0.05-0.15V
2029 2013 USA 0.12 0.15 3240 020040 0811 0.30-050  0.08-0.15 0.10

2618 1954 USA 0.10025 09-1.3 1927 1.3-18 0.10 0.04-0.10  0.9-1.2 Ni
7010 1975 UK 0.12 0.15 1520 0.10 21-26 0.05 5.7-6.7 0.10-0.16 0.06

7136 2004 USA 0.12 0.15 19-25 0.05 1825 0.05 84-94 0.10-0.20 0.10

7037 2006 GERMANY 0.10 0.10 0.6-1.1 0.50 1.3-21 0.04 7880 0.06-0.25 0.10

7040 1996  FRANCE 0.10 0.13 1523 0.04 1.7:24 0.04 5.7-6.7 0.05-0.12 0.06

7140 2005  FRANCE 0.10 0.13 15-23 0.04 1.7-24 0.04 6.2-7.0 0.05-0.12 0.06

7049 1968 USA 0.25 0.35 1219 0.20 2029 010022 7282 0.10

7149 1975 USA 0.15 0.20 1.2-1.9 0.20 2029 010022 7282 0.10

7249 1982 USA 0.10 0.12 1.3-19 0.10 2024 012018 7.282 0.06

7349 1994  FRANCE 0.12 0.15 14-2.1 0.20 1827 010022 7587 0.25 Zr+Ti

7449 1994  FRANCE 0.12 0.15 14-21 0.20 1827 7587 0.25 Zr+Ti

7050 1971 USA 0.12 0.15 2.0-2.6 0.10 1926 0.04 5.7-6.7 0.08-0.15 0.06

7150 1978 USA 0.12 0.15 19-25 0.10 20-2.7 0.04 5.9-6.9 0.08-0.15 0.06

7055 1991 USA 0.10 0.15 2.0-2.6 0.05 1.8-2.3 0.04 7.6-84 0.08-0.25

7255 2009 USA 0.06 0.09 2.0-2.6 0.05 18-23 0.04 7.6-84 0.08-0.15 0.06

7056 2004  FRANCE 0.10 0.12 1219 0.20 1523 8597 0.05-0.15

7065 2012 USA 0.06 0.08 19-23 0.04 1518 0.04 7.1-83 0.05-0.15 0.06

7068 1996 USA 0.12 0.15 1.6-24 0.10 2.2-30 0.05 7.3-83 0.05-0.15 01V
7075 1954 USA 040 0.50 1.2-20 0.30 2129 018028 51-61

7175 1957 USA 0.15 0.20 1.2-20 0.10 2129 018028 5161

7475 1969 USA 0.10 0.12 1.2-19 0.06 1926 018025 5262

7181 2009 GERMANY 0.08 0.10 1.2-1.9 0.15 1.7-22 0.04 6.7-79 0.08-0.18 0.06

7085 2002 USA 0.06 0.08 1.320 0.04 1.2-18 0.04 7.0-80 0.08-0.15

7099 2011 USA 0.12 0.15 14-2.1 0.04 16-2.3 0.04 74-84 0.05-0.15 0.06

ESD 1936 JAPAN 15-25 0.3-1.0 1.2-18 0.1-04 6.0-9.0
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Fig. 7 Alloy development by aircraft part, Alcoa in thin box, Constellium (Former Pechiney and Alcan) in thick box™.
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Fig. 8 Relationship between yield strength and
fracture toughness™"” Fig. 9 Comparison of quenching sensitivity of
various aluminum alloys™.
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Fig. 11 Precipitation around (a) Zr compounds in 7150
and (b) Cr compounds in 7075 after air cooling
(1°C/sec) and aged at 120 °C-24 h and 154 °C-
20 h”.
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Fig. 12 Effect of cooling rate from solution heat
treatment on Vickers hardness of an Al-
6%7Zn-0.75%Mg alloy aged at 20 °C-10080
min pre-aging followed by 120 °C-1440 min,
160 °C-500 min, and 200 °C-50 min aging,
(WQ : water quenching, AC : air cooling,
FC : furnace cooing)™".
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(a) Constituent compounds formed during
solidification of alloy 7150

e g, mEEHQ LY I TETem Lot
DIMLESETH DI EZWHLNI Lz, The T
b 25121, UM TSERFHIZ A WA 5 L 72
Fig. 14183 & 9 e dube ¢ T3EMICHEFR ISR L Y i
T %52 5%ECREODAR T, KENZR 2 A5
YLy boX) R ABIIGEATREZEEZ 5N D,

(2) BEMTERIEZEDIH

Al-Zn-Mg &4135 10T H JEM T IMIEE 4 LT
MR DL Z LWL\, FFICCur % { & Al-Zn-Mg-
CuRBEELEDLEICIHHENOFKNE 4259, &
NEZ L OBEETHPEEL TV AEEICEL S, &
DEH)BREHNEZR CICRBEEET 2o 7 — X
J (Al-Zn-Mg>%2TiZ300 C, Al-Zn-Mg-Cus% Tl 350
C) THofrilised, HEBLEZWIRETNTLTAZ &
MLEETH Do Al-Zn-Mg HE 05 [HRRET OB Wik
IZDWTIEE. Nes D LAFE LW,
CZTRCrmME NAz7075 & Zr iFn & 11727150 D
W & Z ORI IZ O W TIN5, Fig. 151330 mm
DE D WIEIH VN AT T A = & FE 0B %2R
T 707513 ¥ — 27 RO T651, #EF#d T7351, W
NOFTVEIZ BT S A %A S & 5 & P H

(b) Dispersion of constituent compounds after hot rolling
followed by solution heat treatment of alloy 7150

Fig. 13 Casting microstructure of alloy 7150 slab and microstructure of its plate after hot rolling followed by
solution heat treatment. The casting microstructure shows the several constituent compounds crystallized
during solidification at the grain boundaries and cell boundaries. During hot rolling, these compounds are
located at the layered grain boundaries of the platew,
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Fig. 14 Configuration of hot torsion machine, CREO
made by Rinasci Metalli (established by Prof.
K. Nakamura).
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Fig. 15 Effect of impurities on fracture toughness of
alloys 7075 and 7150°".
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Fig. 16 Fracture surfaces of 7150 (a) and 7075
(b) -T651plates after fracture toughness
test™".

Fig. 17 TEM structure of 7075 alloy after cold rolling
of 90% reduction; regions of low dislocation
density are observed around the E phasess).
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T ho TD/D, HAHRBRICHLTEDOHMWICAIL 72
HHMEOD R L2012, FOFHEEL
BTHDHI Db, MHrDOBERBRIPBBILINTY
%o B EHBRERE 2 B FUERRNC 083 5 &, EIBE
HY 72 4% — A% 1212 ISO (International Organization for
Standardization) 2% %, % 72, NACE (National
Association of Corrosion Engineers) £ D% 45512 X %
BkED & 50 FEBIEICIE, JIS (HA), ASTM (7 #
V7)., BS(AFYUR)BIUDIN(FA V) %EHND 5D,

3. ER#EROER

B FRRBR & ST I (AT) X - TR 5 &, %
o (FiR) B & ERE (BN) ABD221201F 561

%o FEHIABIIKARE R, KPhRFEABRB X 0%
BICHEDHH SN 75 ¥ METORBRREIC,
EERE R, R, %R EE R,
Db A7 A 7 Vikle, RS )l % A
L 72BN akBR, B X OBLRALF MRS 25T 5
N5,

4. REHR

RH RO XMBE Table 1IIRT, KA RER
BRI IR BRI e, fRAETEICH 2 %, BARERBIIC
BUUAWEGZ KW IEMICIFMT 52 &N TE
B, TUVIZUABIUOT VI = AEEDORAE
TR I TIS H 0521 ISR ENT WS, FEEIRIIZ
RFLOBIN B L OREERIEC L > TRE R E
I 5720, RFEHM B OREOE/LE AR L
TEPRITUE R 6%, RERTFOMEHAE LT,
S, ACIREE, AMEXREE, BEKE, FMAKopH, K
mORGr (BREEA 4 >, WAL A+ ), bk, 6
WL R, RN TR OHEOABIUOEILD
FIHHOFERIHER SN TV S,

MR HEICRET 2K PRBEARTIE, KAFEEL
BRI RS AT O K DI B L VAR BREICKE
BEIND, W, w#, pH, MWAZERE, 14, B
W%, EEMOMBENHERN TR 5,

Table 1 Standards for exposure test.

Standard | Number Title
7IS HO521 Meth.ods for Weatherlng test of
aluminum and aluminum alloys
7IS 79381 General requirements for atmospheric
exposure test
ASTM G50 Standard Qractlce ff)r conducting
atmospheric corrosion tests on metals

AROTER DL, BREERE, 59 (2021), 481-485 (45,

The main part of this paper has been published in Journal of Light Metal Welding, 59 (2021), 481-485.
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5. REREHR

5.1 MEFHER (V1 7 IVEER)

R (A 7 Vi) o JHFBKE % Table 2127R
o MEAKF O W 2 WA % T 2 SR,
RO & OBES % KT 2R & L TR < — /1
WCHWHNTW S, KRR RER (SST (JIS Z 2371,
JIS H 8502, ISO 9227, ASTM B 117)) 2135%NaCl
DRSS N B M Z 720 ICHERE TR

52 RAHR

RO KB % Table 3187, B 2§
BRI T 5 R BRI de b il HE 2 SE R B T
b %o RUEGABIIME O EVEDOES, & WIS 254,
FLREOBANORI KT 25 FICH LR
%o RERBIEEL RITTHFICE, BEEOED,
pH, &, SEBF OKERI TS Hifimotl (i),

Table 3 Standards for immersion test.

PRI L 72K I % 308 (ASST (JIS H 8502, ISO Standard | Number __ Tite
o R ASTM G31 Standard guide for laboratory
9227, ASTM G 85-Al)), &5 I\I3FALSE 82w L immersion corrosion testing of metals
TE ) BEEMZME L 7-CASSHER (JIS H 8681, JIS Corrosign O.f metals ?nd alloys —
8502, ISO 9227, ASTM B 368) “25HlikiL X hC IS0 | LIBI6 | e ormsion of st
H , ) 3 intergranular corrosion of solution
- - . N ek heat-treatable alumi 11
Wb, CASSRERTIZIEE T H O 4 + ¥ A b £ eat-treatable aluminum a oys. :
Standard test method for exfoliation
AT LTl v — FIZR A 720, K %RER ASTM G34 corrosion susceptibility in 2XXX and
. - SR o 7XXX series aluminum alloys (EXCO
|2 He TR AR 1 R 5 B0 CASS BRI A st v
K, BaAs AL Rz I AR R I AL EA O ARl & LT Standard test method for visual
. e s . - assessment of exfoliation corrosion
HESNT2D DPZHN, BAERMEEHI K E < JEREH CFF ASTM G66 susceptibility of 5XXX series
MTEX2720, —fBOTIVI =Y AGE O AR aluminum alloys (ASSET test)
. Standard test method for determining
BELTHHWONTWS, £/, BEHKELTAL the susceptibility to intergranular
WKZRA L CEZEEBEE LTI KL T, FE ASTM G67 corrosion of 5XXX series aluminum
alloys by mass loss after exposure to
BRICEWREREZOSC DT E LB IIBEEZ XS nitric acid (NAMLT test)
- . Cqepe Standard guide for conducting
128K 3 & Z-SWAAT (Seawater Acidified Test ASTM G112 exfoliation corrosion tests in
(ASTM G 85-A3)) bHALS TV 5. aluminum alloys
o PO < Test methods for stress corrosion
T =N S L X = PN
BRERFIRMNEMBETETVIZTLAESE JIS H8711 cracking on aluminum alloys
AA1100, AA30038 X WNAA5182 % F v T & FfE )5 Corrosion of metals and alloys —
= N - . 8 . 1SO 7539 St ion testing — Part 10:
R 2 WA L, RAILAERS B X O AR Revorso Ubog oo g 4
OB EEORKEWIEIZENR, SWAAT>CASS > Corrosion of aluminum alloys —
U - ISO 9591 Determination of resistance to stress
ASST = ﬁﬁ(%(ﬁ > q]‘riﬁgﬁﬁitgﬁ (SST, CCT if_lf}_) s & corrosion cracking
HELTWDY, Standard practice for making and
ASTM G30 using U-bend stress-corrosion test
specimens
Table 2 Standards for spray and cyclic corrosion test. Standard practice for making and
Standard | Number Title ASTM G38 using C-ring stress-corrosion test
specimens
Meth f i i
JIS H8502 fof tmz(ti:lﬁc i%i?:;: resistance test Standard practice for preparation and
ASTM G39 use of Bent-beam stress-corrosion test
Test methods for corrosion resistance specimens
of anodic oxide coatings on aluminum Standard ice £
JIS H8681 | and aluminum alloys ftan o pr‘jf“ﬁe o exposure
— Part 1: Alkali resistance test, ASTM G44 ; meta.S i Oysl %7 521}61”[(118}%
— Part 2: CASS test g}?l‘;‘)‘rei?;o;gﬁ‘:;utr al J.07 sodium
J1S 22371 E/Iethoﬁis of salt .spray.get%ting Standard test method for determining
1SO 9227 orrosion tests in artificia susceptibility to stress-corrosion
atmospheres — Salt spray tests ASTM G47 cracking of 2XXX and 7XXX
ASTM BI17 Standard practice for operating salt aluminum alloy. products :
spray (fog) apparatus Standard practice for preparation and
Standard test method for copper- ASTM G49 use of direct tension stress-corrosion
ASTM B368 accelerated acetic acid-salt spray (fog) test specimens
testing (CASS test) Standard practice for preparation of
ASTM G5 Standard practice for modified salt ASTM G5H8 stress-corrosion test specimens for
spray (fog) testing weldments
ASTM G87 Standard practice for conducting Standard classification of resistance
moist SO, tests ASTM G64 to stress-corrosion cracking of heat-
treatable aluminum alloys
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WOE) & MR DOFH, WOEIMHESEHDH 5. 1SO
11846, ASTM G34, G66, G67, Gl12iZ7 VI =7 4
BEOIRE RS X ORI & O &S M % 681257l
TAHHAITH SN T WA,

STl (SCO) &, RSP TR &2 f4r L
THEZRFEEL2GAIC, @ERED LD B 1IE 501
INSVIBTITH RS EIN GBI TH Y, ), BB
SUMBDO3I>OFEENTITHEEIN D, I
NREBRIZIS T OAFHFEC LY, BOTAE, EfE:
O AR, WA (PERAY W)
FIHEIND, BOTAHRBERE—EDOTAEE R
R 2 R ICRIET 2 HETH D, UFHITR
B, CV v 7R END bo wm mPIERBR
—EDOWEEZAMT LR TH Y, Hfh5 | HRABRE D
— M TH D, TIVI =7 LA EEDOSCCREHMAEIC
(&, JIS H 8711, ISO 7539-1 ~ 7, 9591, ASTM G30,
G38, G39, G44, GA47, G49, G58, G64%Eh D %, JIS
H 8711 1L AR L & R HRIEEN D D, sl
35%NaClTpH65, EEIX30TCE L, KHZEETIE
FRBRIR R 10 min & BBRSEPHA (TR, i) IRk
50 min & 2 HAZHE D KT, FEMNMHSY 1P 2 BF TS
n7zwvy,

6. RESEEMER (HILNZy 7ER) HER

SR 4 IR 5l £ AR BR O & FE LK % Table 41278
¥, RESREEME A BARERECBVT, B
FVEWERTZETTT7 74 b EOIEEIR BN
BAO LY RCERE BREME L2GE, BEOWR
BEFMEENZBETH DL, — KIS, TLVIZTLD
RESIBREMEAETIE, TVIZv 20 [REEE] 23
RAES N DL ENL V. RESREME L, (2) 20
DEEH O BREMDZE, (b) 2O DR H OB
(c) BIRE DHMER, (d) #V—F& 7/ — Ok,
BLU (e) 2200&BOGWAEICE ) PHITEL L &
NTWw b, FAE 48R A3, ISO 7411, ASTM
G71, G82, G104, GLI6IZHIMILEN TV 5,

7. BEXLERERER

ERALEH AR D X B % Table 51277 &&
DFEHZIELZALEIE TH 5o FHBRF BT
% I L AE OB B & O 2B O 52 12 AL A
ABRAIA S E T

71 BREMAE

ARBE TS B B MR o BAREA O REAL) 13,
M L IAEEm L MAGDbE CELE RS, £
CICHATHZREBENZUES 2, REBRBIIAKEH O
AN (HZ9H) B, JUELREMZ EHH S Tn
%o HARBAIZFHIIITEE L WS, 2oz I3
THHTH B, TV I ADFEBEMNME N T2,
ASTM G695 % .
—AEHEANA AR T VI = LA TR R
BHEDPLTIVIZTLABIOT VI =T 2854800
AWZFHET 572010, JLABME BREAME LTl
BT 5 HARBMWELFEIREENTVD, 22T,
25 C»5%NaCl+1mL/LEEEE, ##dH 012w, 30
~ 60 min ® BARFEN % 1 45 /min THlE L 72 F4ME %
WAHZERERINT WS, 72720, BB ZR WY
A121E, 15 mL/LEERR, Wik Td Bve n¥ix %<
FTIUL L D ILEBMISECHABMAE O NS B,

7.2 PBHIEROAIE

SRl g TR IS B ERIEL, TORO
EAREN & B & ORtRZ RO, WAEES L OLE
FEAEDTREVEZ HEE T 5o o ARHIE 2B 5 BIAE 121
ASTM G3, Gb¥3dh %,

BEBRFRRMUBBETEIT NI =T LBITT
VI =y AEEo il g g B LTI IRTE 2 F i

Table 4 Standards for galvanic corrosion test.

Standard | Number Title

Corrosion of metals and alloys —
Determination of bimetallic corrosion
in atmospheric exposure corrosion
tests

1SO 7441

Standard guide for conducting and
evaluating galvanic corrosion tests in
electrolytes

ASTM G71

Standard guide for development and
use of a galvanic series for predicting
galvanic corrosion performance

ASTM G82

Standard test method for assessing
galvanic corrosion caused by the
atmosphere

ASTM G104

Standard practice for conducting
Wire-on-bolt test for atmospheric
galvanic corrosion

ASTM G116

Table 5 Standards for electrochemical measurement.

Standard | Number Title

Standard practice for conventions
applicable to electrochemical
measurements in corrosion testing

ASTM G3

Standard reference test method for
making potentiodynamic anodic
polarization measurements

Standard test method for
measurement of corrosion potentials
of aluminum alloys

ASTM G5

ASTM G69
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L, SABoORLEE, WEsE, AR HEE, BRI,
WA T VIBEE IOV THRE 21TV, SHFE AR
OMWERREZMELTWDEY, 7VI=ZT L6548 TIE
LEDHEIZ RS Z LS n0, FHEMHOLAE
Wz RD 2D 2 LI ENFMGi oA L 25, Table 6
(ZER AR S A THESE S T B 4Rl i SR oo i LB
%&ff%, %72, Table 7127 / — Fohiill & &tk 2R
T ARBE A 3.5%NaCl O kO 35E 1213 501w D1F
LOENKELRYRTVA, HALWA + ViREDOS
LW 267%AICILAKEBICT 2 L fER O F F TpHAT
FI3  BHEDIXS D EMNEL % 5o il
SE RN BRI ANTEYE A 2 2 IR & A A THEA (BAEIR
FoOKE) 2ITH L, T/ — Fomilliis & ILEEM A
RKDRT WV, TN =y A 5E&OfLARMIEABR
DAL A & VIREOMME &L DI T T 525 [FH—
AL A 4+ VIRETHEEWIC X D ILABM SR L
0, e~ FILEBME A, HEEIIE TS
%o 7z, FW—GETHREBNC LD RMITHEOREE-Hr
HEAREEAZE D IUZILETEM D E1LT %,

7.3 7/ — RBFHRR

7/ = RoBAlEDI & LT, 7/ — Ko g
LR 4 DAL TR % B 2 AL E 721308 B
WIS 5 28128, BERES TR AR
B, S OITR R B O BIOEMAE L % 0 i
PrbLREWRETE L, HIZIX, TVI=T2G648
FEWAKPCTEBEREM T 2546121, 10~
1000 pA/cm?* RED 7 / — R B % B H 12— &
L, €o#koRmgEs X Ok mBliEic X - Tl
R R FREERPHNTEX D, B, ThHDEL
L¥ M )7EEH < THRAGHIETH 5720, HHB
5% C O VR T8 OB Bk R & R L 2435 4
W9 5B H 5.

8. HBRARDHAR

81 WIKEXRZEZ

W ORE S L LTE, RO E 2 B L 5
BIEEIIREVWHPET L, T L o> TEEIICH
T 5 FHM R EWME SN L. R I %2 v 5
DLV, REBROBMWIIBLT, ¥, &, BHE:
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Table 6 Pre-treatment for polarization curve measurement.

Process Condition

1 cm X 1 cm with polyester tape + epoxy

Masking resin adhesive
Etching 5%NaOH, 60 C , 30 s
Rinse Deionized water
De-smutting 30%HNO;, RT, 60 s
Rinse Deionized water

Immersion in the solution without drying

Immersion
the surface

Table 7 Anode polarization measurement conditions.

Ttem Condition
Solution 2.67%AICl;
pH No adjustment (about pH 3)
Deairation Ny, Ar (100-200 mL/min, 60 min)
Sweep rate 20 mV/min

B OB LR TI, BRI X > TR E ) %
TV ATEE S B 720 BR ORES I S ERZ
B 5o b, WBH ORI AT RO 5D X5
R D EBBEERT HONEE L

8.2 HiMIE

B DK TIREE A AR R B 52 5
HE0H D70, KEOHMWIZIG U THRE, Bl Bt
HEORMB AT HEICIZT 2 ) =K%, T/
Bz 7 va—, 7 b YEEHVD I LS,
VB D 2 VI 7 VA ) B TRCTiThh, TV A
P I I3KIBILF ~ U 7 & (5 ~ 20%, ZEii~ 60 C,
B DN DB—#NTh b, 7AWk L72GEE,
TNA ) BEICAB R AESIRMITEIC L > THELA
<y b ERREEICE D BRET 5. BEHRIIAITK
L, EHIBsEs,

8.3 HERERONIE

85 FLERBR 1% O BRBR P O A AE L 72 SR &
AT, AL T CTRRE S B0 AR D H
EREEICERBRETAIERBLWA, TIZTA
4 Cld Table 8I1ZR$ALFAM TS —KIITH W S
T3 (JIS Z 2371, 1S0O 9227),

9. HEREROFME

9.1 FERRENEHE

6§ £2 3Bk O A /7 1 0 KA BIA% % Table 9127183,
Ji§ B OB ORI BIZEIC LY, WARRI OB
W E BT E B, BB HICIE, WIE, RIS
B L OB Ot SEM) 2965, aHbiEICH
5 HMIE, 1SO 11463, ASTM Gl 2% %,
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Table 8 Chemical cleaning procedures for removal of
corrosion products.

Item Procedure A Procedure B

50 ml of phosphoric acid | Nitric acid (HNO,,

(HsPOy4, p =169 g/ml) p =142 g/ml)
. 20 g of chromium
C?g(;rllllccfsl trioxide (CrOs)
P Add the above
chemicals to distilled
water to make 1,000 ml
Total time | 5to 10 min 1 to 5 min
Temperature | 80 C to boiling 20to 25 C

To avoid reactions
If corrosion-product that may result in
films remain, then excessive removal of
Remarks | follow with procedure B | base metal, remove
as for right. extraneous deposits
and bulky corrosion
products.

Boil gently.

Table 9 Standards for corrosion tests evaluation.

Standard | Number Title

Corrosion of metals and alloys —

1SO 11463 Guidelines for the evaluation of
pitting corrosion
Standard practice for preparing,
ASTM Gl cleaning, and evaluation corrosion

test specimens
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The U-Al Lab. in our R&D Division as an area for guests to gain an understanding of UACJ’s
technologies and history and join us in co-creating new innovation. We will use the potential

of aluminum to the maximum and provide solutions with added value to co-create the
future with our customers.

BEXRESUWAT S
L < AR
b IVRSVA
| | A large, spacious
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An innovation room where
guests can see, touch, and
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UACJ Technology Museum
to understand the history of
development and join us in
envisioning the future.
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A discussion room for
integrating the technologies of
our customers and our own
technologies for co-creation.
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