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Deformation Behaviors of an Al-4.5mass%Cu Alloy
in the Semi Solid State

Nobuhito Sakaguchi, Masanori Tsunekawa, and Yoshio Watanabe

Deformation behaviors of an Al-4.5mass%Cu alloy in semi solid state were investigated with

tensile tests and their in situ observation. Deformation behaviors were classified into six stages

(stage I to stage VI) by mechanical properties, morphologies of fracture surfaces and in situ ob-

servations during deformation. Stage 1 was the lowest temperature range of semi solid state,

stage VI was the highest. In the stages showing healing, stage V and stage VI, the deformation

was followed by liquid phase flow. Therefore, the elongation was not able to be evaluated as the

ductility of material in these stages. Through the range of temperature evaluated the hot tearing

was restricted to a narrow temperature range in semi solid state corresponding to stage II

through stage IV. The tensile test method used to research the deformation behaviors of aluminum

alloys in semi solid state was developed with high accuracy.
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Table1 Chemical composition (mass%).

Cu Fe Si Ti Mg Al

4.44 0.05 0.03 0.02 0.01 Bal.

Fig.1 Microstructure of Al-4.5%Cu ingot.
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Fig.2 Schematic drawing of tensile test machine.
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Fig.3 Heating property of tensile test machine.
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Fig.4 Schematic drawing of heating profile
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Fig.5 Schematic drawing of heat treatment conditions
for investigation of micro segregation.
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Fig.6 Change in microstructures by heat treatment conditions. @, @, @, @ and ® are shown in Fig. 5.
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Fig.7 Change in Cu contents of matrix and grain boundary by heat treatment conditions.
(a) Result of SEM-EDX analysis. (b) Example of detecting points in SEM-EDX
analysis. D, @, @, @ and ® are shown in Fig. 5 .
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Fig.8 Change in mechanical properties and deformation behaviors.
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tested at 595°C.
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Table 2 Classifications of deformation mechanism in semi solid state of Al-4.5%Cu.

Stage 1

Low Temperature Stage 1I

Stage 1

Stage IV

Stage V
High Temperature

Stage VI Healing occurs.

Very large uniform deformation occurs.

Strength of grain boundary decreases, and the ductility decreases remarkably.
Ductile fracture in grain boundary occurs.

Strength decreases remarkably due to melting a part of grain boundary.
Spikes which are unmelting part of grain boundary are observed on fracture surface.

Strength and ductility decrease due to melting almost all grain boundary.

Healing, liquid flow into cracks or fracture surface, is observed.
Migration of solid involving liquid flow is also occurred.

Support bar

. Test Piece

-

-

<= | oading direction ==

(a) Before loading (b) After tensile test

(displacement reached limit)

Fig. 10 Deformation behavior of test piece
obtained by in situ observation of
tensile test at 545°C.
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Fig. 11 Deformation behavior of test piece
obtained by in situ observation of
tensile test at 559°C.
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(a) Low magnification image (b) High magnification image

Fig. 12 SEM micrographs of fracture surface
obtained by tensile test at 559°C.

(a) Low magnification image (b) High magnification image

Fig. 13 SEM micrographs of fracture surface
obtained by tensile test at 561°C.

(a) Low magnification image  (b) High magnification image

Fig. 14 SEM micrographs of fracture surface
obtained by tensile test at 595°C.
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Fig. 15 Deformation behavior of test piece
obtained by in situ observation of
tensile test at 615°C.
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Fig. 16 Deformation behavior of test piece
obtained by in situ observation of
tensile test at 625°C.
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Effect of Texture Variation through the Sheet
Thickness on the Bendability of
Aluminum Alloy Sheets

Shingo Ikawa, Mineo Asano,
Mitsutoshi Kuroda, and Kengo Yoshida

The effect of texture variation through the sheet thickness on the bendability of aluminum alloy

sheets was studied, using bending tests and numerical simulations. In the experimental investiga-

tion, clad sheets were produced by bonding two aluminum sheets in which the volume fractions of

the cube texture were different. In the bending tests, the specimens were produced such that the

volume fraction of the cube texture was greater in the outer surface layer of the sheet compared
to the inner portion. It was found that the bendability increased with a ratio of the thickness of

the surface layer that contains a higher volume fraction of the cube texture. The effect of texture

variation through the thickness on the bendability is clarified by using a crystal plasticity finite

element analysis. It is revealed that the bendability is significantly improved even with a rather

small volume fraction of the cube texture in the outer surface layer. On the contrary, it drastically

declines if a random texture develops in the surface layer.

1. ¥

IR, WERBRSEMR 2 OBS X D COHFOWRENRY
2 OPEHHEAES2FEOMETH 5, TDHKLE LT,
Ty =y AESICRE SN 2 BREME S~
e 5 &ick a0 E(LBHEES N TV B,
X5, WEmO/NMNULB LU Y » =7 BABANOER S
mE-THY, EHISIERA BINTAfER &SV %
427V =20 288 KO =— X 3RE WV, FZ 1L,
BE{boXkch s HEFHETIE, HEFHE7 - FORRE
AREEETICBWT, AElE Y v —7Icd 700,

jill]

* ROIBEAE 116 [MBFHASIcT—i¥E BERE, 61
(2011), 53-59 Bk

e WPEBFEE vy — BT, T

e WIFEBAFER v 4 — H—I

e (ERS K6 BETAARFSCR

FO/NED~ LTI Lok onTnWb, /2, / —
hovy 3 viB EOBTHREICB VT, BRI P
Wil % v v — 70T B DITEEE OfF R o/ L
MRDOEND, TOXHIT, ghFmIHorm kg, 7
I =Y AASROFIHENLKR T % 7o OEBENIIGRED
—DOTh 5,

T =Y AGEIROMIIMTIECBL T, B, fHx
OHFRPITThb TV s, HILE S 2 3R %
cube HHiAFEXH 5 2 &I T Fd 5 2
LEEBINTR L, $7, FEEO—AD I, KSR
T 7AW ICERERRITIC & - TREM LS
(copper, brass, S, cube, Goss) 2457/ =7
LG OMENT RN 21T - 7co £ OREE, FREH D
FHR IS B VT cube AHALIGERIF AT A Wi 23 FEE
LEEC, dimTicEN 2 EEHMTH 2 T MRS
Nice TNOORERE D, Eid Z OB O 51T
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BT cube SALEFHNF I LIEICENZ T EDBH S0 &
Mot LpLIAL, @BE, HEICXZRESLROAN
BH—109HEZOBROBWIIZ LY, BTOEEEH
TR - LB/ OIER S NS T, Do,
WRIZ 281 —HEIT cube TR EFES® 5 T & FHEL <,
WIEHFICEEHFRO AR A2 U 5, ThE i inL
PRI W TR 1] DB AR D 53 7l OS2 28 & S B
EllORAt S E AN

AW T, WRIES A DA D 5375 s hn Tk
IS RIF T B A SR B X OB I K DBl S 29 %,
Fric, et e Tk LicERETH 5 T & DM
HEINTWV S cube HFRLICESEZ M TS, WEHRIC
cube (L DHE ML 5 g% F5> Al-Mg-Si 58D 7
Sy FHCEESLL, HROIN LM RIE T E Ao E
B LT DWIZS ) DA REE D s 8% EERAIICHA S
ICd %, X561, EREEEF VARV GIRESELR
frick v, WEABIO cube H4LD 51 & B I LYED
B2 & b FEMICHRIAT 5,

2. 8 F H B&

2.1 HEMBLUERF®

WRIEH AN cube 567 DIETE S 8 E 1S 5 Al-Mg-Si
REED 2G5 v FRMAERIT 2 coic, EHELR
P RS 5 2 OFHRA(ER L1, ThTholy
BALLERSE 1, 773K T 24h 38X 08 823K T 24h & L
too SRR, Tablel IS/RTEBD TH 5,
HBHRoES, E, WEEZNZH 175mm, 175mm,
30mm T®H 5, A RLILEEER 1T cube AL D IRTE /A
=< 785 T E AR 28RN AMANCE T 5 & 9,
b —HoHIcERADE 2, £D%, ERIZ2O0
SO DS 30mm I A2 F T R N lEUHEIL 72, W)
Bt o 2B LT cube AL DRSS < 125 8
WG 28647 5 v FREERT 5, AHFKTI,
75y FE10% 8L 20% O2E 30mm D FHHE %,
BEAS 5 mm 1273 % F TRREL L 72, #HRE 1 mm
F TS OIIBMIERE L 7oy mRIERERZ v L b Y 2T &
D 823K T 30s DAL ILEE & L 2%, W EIEERY
20K /s THEHIZES OBEE ANE L, 7 Ao HARRhL
AL, 75 v FER10%, 20% otz cn<hn Cl
d10%, Cld20% &#£4  Eicd 2, igorevic, 7
7y FLBV2EFoFHREz0F AV, Fid&lHE
CTRICLXORE Ilmm OWME(ER LI, Thoo
M, cube L DAFESRAME VM 2 LC, @i %
HC :&£F &9 %,

Table1 Chemical composition of specimen (mass%)

Si Fe Mn Mg Al

1.0 0.1 0.1 0.4 Bal.

LC & & U HC D HEHLic W THllE L 72 ODF
(Orientation Distribution Functions) % Fig.1 IZ/R
9, ODF & X BrilE» o587 {111}, {110}, {100}
DO ATEMRH X 2 WIMV 329 20 CGEH L 7,
%72, ODF & 0 (REMISHKE RSOGO KRR AEFHR
LckERZRKTICRT, 08, 15°LINDO LA 2D
fEE AL, M OHEMS M OEES R E L THEIN L,
LC T3 cube L8 & U cube H LA EAR 1A (ND)
fhIE v vlfiz U750, Goss HAL, P AL~ DFEENS
RTE 5, LCITHBT % cube HHLO KT EIIH 8
% ThH - 7o HCIZBWT b [EBRD AL~ D FEE R
TE 51, cube AANDOERENES L ->TWVEI &
Db EBR, cube S OAERESHRIZH 17% Th -
720

wic, & 4fEEo Mz v, L@ S 0.1mm
Wi 5 4 ODF %2 Jll5E L, cube /57D (KR %
[A5E L 7o f 3% Fig. 2 1R 9, LCIZB W, &M
D ORERICE S T, cube HAL DK T
~13% Tdb - 7o HC TlF, cube HHins 17~29% & &
nTHO, S, HC OF5H cube L~ DERE A 5
W, Fiz, CldI0% BXU Cld20% icBWT, TN h
D7 Fy FEAID bERVEREROIETE, HRETL
BRI T cube HALOFRE RS E 0 T LR TS
%o

EBSD (Electron BackScattered Diffraction pat-
tern) 12 & O BIETTE DG TTN A 2 JE L kR %
Fig. 3 12/8d, [HM (o), (d) HHOWHRE, HIERT D5
BRECTD 7 5 5 FEPOHEEL Y 7 v FIRAOALE
RGP, LC A 24um, HC 5% 29um,
Cld10% 7% 23pum, Cld20% 7% 24um TdH b, HC O
RO A M T DML O 20% FREKRE D - 7,

JIS 5 il i 2 H W TR LM o EAE T R~ D 5 ik
WX 2 BRI E 2 JIE L 7o 5% Table 2 1IC/R 9,
HC @ 0.2% M1, slikmmx L bic LCOZN L LD E
WEZ/R L7, —4, Cld10%, Cld20% @< 5 i3 LC
LREELUTH -7, T/, 2TofElMicsuvTaf
E 28~29% TlAIFETH - 72,

B aBR Ic W 7288k P 1, A RN S 60mm,
g 25mm & L 7o, JIS Z 2248 o ffih i alimic 4EH L <,
PR >R 0.5mm o 180 FE i 3Bk % FE kit L 7o, 7
7 v FH (Cld10%, Cld20%) #ftitficH v s &=
1%, cube HALDOEIES RN EVEZ T AN 5 &
21T L1z,

2.2 EEHEHZR

Hh 1 a0 BB i T o i 38 U B Wi D S B
BEEIEGE R A Fig. 4 1”9, LC (Fig. 4 () TRy
MU D F i S NESIC A 2> > TH ARMTIZER DD 5 1
%7, HC (Fig.4 (b)) T AWTIEBIEIE
SNV, INid, cube FALOERAKE L &I
DAl B 5 & & Z4EH L 72 BREO SR 126 1 551
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dk
cube  Goss  bres S copper

Texture at mid thickness for LC and HC ; (a) ODF for LC,(b) ODF for HC,

() volume fraction of the texture component for LC and HC.
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Fig.2 Volume fraction of the cube through
the sheet thickness for specimens.
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Cld10% TREGITEAWIES S DT SN 505,
Cld20% TRIEETE W\, F7, Cld10% (&, LCIc
HRTEAWEOREN DIV B85, TOTE
Mo, 1EARED 10% BETH->TDH, cube LD
KRR REVESFEAT UL, ddinTkssE e
BT ENbNB,

10

3. BWREMBREREICLSZHITER ORI

RIETOEERRICB VT, HFAMIDOEED cube HHLD
KRN REZD L Ltk > T, WM Ed 2
T EEME L, AT, HFAMIDOED cube S
DRFEFRB LG T 5 v KRGO R 3 58
RN B o, fEEBEE T v E O ICHIRE
FIFITIC L » TRM OITETE 2 31T 5,

3.1 EREBEHEETIV

Asaro'”, Peirce 5 21Tk » TERAL & 7o f 98
ﬁ%?w%ﬁhéoﬂﬁxﬂi%ﬁ@ﬁﬂbﬁuﬁﬁé
TRNDAEFICL-TEIZbDET L, aFEHDTND
FITBVT, TR0 EE Y IO AR T
NEJTIKRET 5 EET 5,

()

7 —-rﬁgn(r()>kggfl/m

ey

T 2IT, 7, 3RMEET XV EEE, m 13O 9 A R U
B L0 g BT ROIETH 5, ¢ OFBHIZX
Rk E520Nh2bDET 5,
@ _ L ® _ hor, "1
g h;hf |, h hO[H WJ
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n I TR LR, ¢ 3T H 2,

ZAERMR D BTN I, SHEERIO AT (3 BRI
ZEH LW ERET 25K Taylor € 7L AEA S
5o BTOREBMORIEEELVEREL, BERNIG
G & EHIEEH O A DP 3, SEEERINICE T B
FNoDOMHOKEEEE LTk TEAoNEbDET
%,

I N R L e
6=— ) " D°’=— ) D° 3
N, kzl N, kzl
i, bfrET (R, SRko&s k=1,
N, ; N, #sfEhifi e &9) TH 5,

RD

L-L-R nan

Fig.3 Through the sheet thickness orientation
distribution for (a) LC,(b) HC,(c)

Cld10% and (d) C1d20%.

3.2 ESHBOETIVE

BAEFIT T W 2 & 7 OVESIRRORIE S, HE
SHINETICHOVAAELELTH S, HIER
DEAZEFAERT oI, EEGA bkl {uvw) |
x4 2% M 4 HAAEBEL, TN 52RO I
o IS THNHESGZ 5, AE o [FEERFE
wy DIEHINHET 5, AT, cube HiLE T v 5
LA AGDE TE FIVESHRZAIBIL 7o,
HH cube HHiH & DHMEIE w, =15° & L TH A 12,
1000 #& SR 2558 L, cube AL OKKEI S HFEEZ 0, 20,
50, 100% & L&/ 480 0BRSS EAISIT 5,
b % cube FLOKREFEIFEEREL L TERET N
V.0, V.20, V.50, V100 L&l T BT EEd 5, K
Ao {111} fiX % Fig. 5 1ICRd,

3.3 BAREZRMITBITET I

flih o R O FRE AT O E X b X OBERSM
FHO—ANY PO HELE L TH S5, KFFEICE T
BN E 7 L ORI % Fig. 6 105, Fig. 6 (a)
WKRd Lo, MIEEICBVLWTNEE T, Ex%L,
&ﬁéoiﬁﬁfmn/gzzétf@ﬁ%§ﬁém
Mo—&n %€ 7 Vbd 5, BRNENIRIEFANC
E&Hmic2 &L, gHEHRIC i8m5?4/n7xb
Vw7 ERB IO ARG RORBIKRER 2V 5, %
o micid 8 S A 28 b 29 C, ik Taylor € 7 v
AT 5, CN6D RSN, Fig. 4 1TRLE
LHH O 1000 #EFE GNP S 5 v & LIEIRL TH A
5o bR DHEIES R EMRIBTRZZ T HEE T
M —E S, sl smHIvc [olds 4 5.2 CRifh o &TE
T 5, ChioHd 2RI TEA 5N 5,

N . 0
7°)sm(i?) =0

qlsin( i%) +qzcos< ig) =0

ulcos<i%)*(u2+X2* )

(%)

2T, 0 REhI M, X, 3YIWIEE B T 2 EETH
%, Exuc %m10®m®ﬁﬁﬁ,ﬁﬁ%u%n%n
X, =Ly X, =012 L TV S, u; 3EMSY, ¢ 13

BME IC BT 2 PRI 72 D OREHTH 5, W1
ERxrlchons,

t, .
e:j"waezﬂg/n ®)
0

Table 2 Mechanical properties of specimen along the RD

0.2% proof stress (MPa)

Total elongation (%)

Ultimate tensile strength (MPa)
LC 205
HC 232
Cld10% 205
Cld20% 206

93 28
115 29
94 28
95 29

11
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(a)

(c)

(C))
100pm

Fig.4 Micrographs of cross sections at center of the specimen width after bending test
along the RD for (a) LC,(b) HC,(c) Cld10% and (d) Cld20%. Precipitation and
etching treatments were done to observe the shear bands.

At cid, HFAMIOERD» S 2 BROE LR &
LT, fhhl>0RSEIcsd 3L EE D ORK
FEDIED & BUCHE U 2R % O3 A O ST b o BilG A
LEFRT B, Fho, TOREOINT AE RS AE
LERT b,

A O 2o MBS A 13, ) =10MPa, A, =300
MPa, n =0.1, m =0.002, 7, =1.0/s TH %, KB
AR ONE E S oNfllofEicsEl L (Fig. 6
(b)), BEIcEL 2 EL5MBEE D T, AUEN
MofgizEl b YT 2 EEHRHE, Table3 (2789 Case
I~V 4@E0 DflAEbEE LT, Case I ~II T3,
WD IC 5 v & 2 EEMREELL <, SMiIlofEics
17 % cube AN ORI REL/L S ¥/, —7, Case
IV T3, #hiFsMilze 5 v & 226068, ANEloEE
AWTEDTER & Mic < W E SN 3 cube BAHLAE 100%
(V,100) & L7z, 2RIk d 2 A [0 REED S %
T, & LT, Case I~IVIcWLTT,, =0%, 5%, 10
9%, 25%, 50%, 100% O 6@ b 1T >\ THET 2 EHE L
720 1B, Case I~ 28T 2 T, =09% &, WLk
WS v I LAIEEMBETH L EITHNT %,

12

3.4 MRTHZR

#iph T Ic B 0 5 09 AJFELFEERE O R
[ & ARIE I3 Mo fEIEDE| G T, & OB%R %
Fig.7T 1c/”"d, Fig. TicB T B Htdho LR & L 1
0T,/ L, = 1.71%, AL B8 2 £ZEHLOHIH
MESth IO e N L E B 2HFHTH 5, HhiF
ZMANT cube HiL%E Z 121 100%, 50% DIARFESHET
fidi L7z Case I 88X U Case I I2BWVWTIE, FHlOE
[EDEIE T, QI PE > TRAMTHEEFL S LR
9%, Case I Tl Ty, 7 10% LI E, Case T Tl Ty,
2 50% Ll ics v, WIFEEMS 0T, L, = 1.7 1<%
LTHOFEOB[ILSET 5780, Case I TIE Ty,
=25% £ T T, DI > TRAMTMEDLS ERS
LHENPBETEBICEL TV, L LEsS, b
< &b, REHMNIT cube HALA 20% FEEE O (K FE 4>
FTFEL TN, F v 5 A REHIORIC TR
RdhrAmEd LR35, —7, ihdsMilics v & 258G
HHA% % B L 72 Case IV OBIA, T, DML - THL
CPRABF AR N 5, Ty, =5 % 1BV, Case
I 8L Case IV TIRIEBEFEUCRAMFHELL>T
W3, Case I TlRHHFAMUD 5 % DIRIEsAEIC 1, 100
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(b)

(c) (C))

Fig. 5

{111} pole figures of computationally
generated model textures with 1000
orientations with w, =15 ;

(a) V,0,(b) V,20,(c) ¥, 50,(d) V;100.

X : Integration point
O:Node

(a) (b)

Fig.6 Problem formulations for finite element

analysis ; (a) initial configuration,(b)

pure bending problem to described tex-
ture variation through the sheet thick-

ness.

Z, Thl o 95% OREMEEIC 7 v & 2 B 5%
M TTWBDITH LT, Case IV TRERAM®D 5% O
A5 vy LELSHBTEY © 95% OREITIE V, 100 %
FHOYMT TV B, WIEREIERIC LD 5 cube AL DIK
3 IZ, Case IV OLAEAIFNICEVIC HED & 4,
mE [ CRRAM T HEEA/R L7, ORI, B
THMEEEHLOEESHHIIC L > THhcE N 5 T & 26k
WKRLTWA,

Wiz, HMEEEOZIERE L i in T & oB%%
FEfIC R T B MNP EIERF O KT O 3 A D5
% Fig. 8 1T/R" ¥, Fig.8(a) (& Case I~ & T,, =0
%, DX OWEEN S v 5 A BESHMOEAE BT

13

Table 3 Texture variation through the sheet thickness

Texture
Case
Outer layer Inner layer

1 V. 100
il V.50 V.0
il V.20
v V.0 V. 100

1.7

L6 Case II

1.5

Case 111

&
~—
&O
)
) 1.4
o0
g 1.3
%D 1.2_
—g 1.1 __—___X“‘/CaseIV \
o %
S 1.0
‘E 09F ol 7
A 0'8 i 1 1 1 1 A
0 10 20 30 40 50 90 100

Outer layer thickness ratio Top (%)

Fig.7 Relationship between limit bending angle
and the outer layer thickness ratio for
Case I, II, IT and V.

509 ARt tFEOER (0T, L, = 09) DOfERT
b3, Fig.8(b) FCase I IHBWT T, =10% & L
KA OE—MFAEIcB T AEENTH 3, 2EHS
vy LA oL, i AMIER I FRTIC O 9 A
BREVERPBD 5N D, —F, Pl 2RED
10% 12244 2 i V100 2 E 0 4 T4 (Case 1,
T, =10%), AMIERTOVTARBBLZ—HTH
%, Case I 8L U Case M IcBWVWT T, =10% & L1«
BT O WT AR OERAEE L1z, Lich >, Hf
FHAMNC cube FI AL DIARE YRS W IEHFAET B T &
T, ZEHOEFo—HErsEE o, fhImIssmn E
TBIENDDE B,

4RI cube A7 (V. 100) ZHLiE L 72 Case IV @
To, =0%, BLUTHIAMD» S 10% OHRIEEIC S ~
5 LM AR T 5 Case IV D T,, =10% TOEK
FOoFAHDH % Fig. 9187, WA Fig. 8 &
WU 0T, Ly=109 & Lo WAaEKD V100 0 & &=
(Fig. 9 (a)) &, BEOETEO—HUImD TEL, —
J, HRFAMIERE D S 10% RKEE TOREIc s v 5 A58
BHfEERES 2 L, RETOEEO—HELFENS
(Fig.9 (b)) TO &2 iz, HHFAMTEC - 72 R H—
BT & 18 > THAMGAERE N 2 oI,
Case IV IZEBWTIE, T, OHEEIMTEE - TRRFAHIG HE
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WD T B EEZL NS, B, Fig. e80T, i
W JERERD 132 0T AoRFER R S i,
N, cube HALBEMFICH L THEAWESALIC
CWHRMTH B T EITHIBEL TV B,

Case I BX U Case I IzBVTIZ, HFZMAID cube
FRis 5 2 RIZ DI FE > Tl T A Eg %
AR L7zhs, Case M icBWTCDA, RAMTMHE
DD PIER S NI, £ 2T, ki< Case M T2V T
Wiafd %, Case I @ T,, =100% & OF Case Il Tihx
SIRAEFAERE W Ty, =25% ORKERNKO 4
i % Fig 10 1I2/R4, TN H1d, T, =100% I8 W0»
TP LFRE R HE S o P MR 0T, L, = 1.0 1T B
AR TH D, Ty, =100% (Fig. 10 (2)) T, ©
THRBIALRAEDHEN L SN b DD, WAL
WA OFAOREVEFTIZR OV, S50,
IR S RA AT M E W Case T, T, =25% @
Ba Fig. 10 M) LEFERLCTH S, Lien-1T, il
FAMDE D —H T4 AR LOHIESEsG o s 1
reboo, WELFNEL ERET 58 AWK 3 E
59, WERIFZ D% S LRE LB AMKE: L 7o &Kk
T&b%, COZ&EMS, OFAORMEMEL TS, £
NPBEOEIZICB VT, O BN—RICHET 2IREET
BN, WENTITHERET 3 X 5 58 AW O Z )
flcxs T EA2RLT,

4, &

jill]

AWFE TR, Seomrge i in Likm LicEETH %
CEDERSN TV S cube HLITHELE 24T, WEN

6] @ cube 5L D AR FEDS BRI LIk 12 Ko 13 9 881
SWTERRL S ITHENTIC L a7, BB—Ig,
cube &= &G T @M ANICEAET 2545,
cube SO DIERSFEPEWIRE, FRoARIFISHT S
cube T2 EGA T 2EEOHGNEWIEE, BTl
2B B AWRIERAMIE s T, i Ty A
TEHEIEEPESMIT L, BT, T vy L ELHRE
a9 s Ml 2356, Ml L
THicoFaoRpLyFHERE s, T BRI
THI LI THESETT 2 EERLI,
Dbk, thdnTEzmbsgscdicid, 490
bARIFIC Dz » TRAMBEHET 24221372 <, b
AN O R EMBHEIZ L b, BEO—EEE2EY, &
AW DI 2 HId 5 T EMREETH 5, L
HEICEKSEEL G2 2T /M OIE & 0 HZ 3 RE
D10% EETH 5, £, HHTHNAIOEEMEL,
IS E R cube HHND 22 < G ELTH,
SN N T D % 2 REMBSFAET 5 &, Wi &
LTcofdnItEELIETNT %,

14

os
ll-:l
B?
{1 ]
1}
a4
3
31
]
(a) (b) !

Fig. 8

Fig. 9

Fig. 10

Deformed meshes and contours of
maximum principal logarithmic
strain along the RD ; (a) T,, =0
% in Case 1, Il and Il (0T, L,
=0.9), (b) T,, =10% in Case I
0T,/ L, =0.9).

(b)

Deformed meshes and contours of
maximum principal logarithmic
strain along the RD ; (a) T,, =0
% in Case IV (0T, L, =0.9), (b)
T, =10% in Case IV (0T, L,
=0.9).

(b)

Deformed meshes and contours of
maximum principal logarithmic
strain along the RD ; (a) T,
=100% in Case W (67T, L,
=1.0),(b) T, =25% in Case II
©OT,/ L, =1.0).
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Effects of Crystal Orientation on the Bendability
of Aluminum Alloy Sheets”

Shingo Ikawa* *, Mineo Asano™ **,
Mitsutoshi Kuroda****, and Kengo Yoshida™***

We investigated the effects of crystal orientation on the bendability of aluminum alloy sheets

through experiments using single crystal specimens and finite element analysis using a crystal

plasticity model. In the experimental investigation, single crystal specimens having cube and Goss

orientations were made from a coarse-grained Al-Mg-Si alloy sheet. The cube single crystal speci-

mens showed an excellent bendability regardless of the bending direction, while the bendability of

the Goss single crystal specimens strongly depended on the bending direction. The finite element

analysis results were remarkably consistent with the experimental results.

1. Introduction

The reduction of the greenhouse gas, such as
CO:, is a critical problem for global environ-
mental protection. As a structural engineering
approach, lightening the transportation vehicle
by applying lightweight metals to their struc-
tural assemblies is a promising and efficient
strategy. Furthermore, demands for downsizing
of the structural members and sharpening exte-
rior parts are also rapidly increasing. This
situation has raised the need for the application
of aluminum alloy sheets with a higher form-
ability that can be easily formed into complex
shaped parts or members. The improvement in
bendability is one of the most important key
factors to expand the applicability of aluminum
alloy sheets to various types of structural mem-
bers, which demand a high strength and light-
weight.

The limit to the ductility of metal sheets is
usually set by the localized deformation in the
form of the macroscopic shear band (macro-
shear band) that suddenly appears at a certain
stage during plastic deformation. In the case of

* This paper is published in Materials Science and
Engineering A, 528 (2011), 4050-4054.

* % No. 1 Department, R&D Center., Dr. Eng.

No. 1 Department, R&D Center.

Graduate School of Science and Engineering,

sk kK

Yamagata University.
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bending, the macro-shear band develops from
the surface then into the inside of the sheet
thickness, and finally leads to breaking of the
It has reported that the
bendability, which is limited by the macro-shear
band formation, depends on amounts of solute
atoms®*’, population of the second phase parti-
cles’, and crystal orientations (or crystallo-

material. been

graphic texture) . In Refs. 4) and 5), a pure
bending problem of the aluminum alloy sheets
with typical texture components (copper, brass,
S, cube and Goss) was analyzed by a finite ele-
ment method that employed the crystal plastic-
ity model® . It was shown that the crystal orien-
tations have a significant influence on the
bendability, and especially the cube texture pro-
duces a remarkably enhanced bendability.

It is important to confirm these findings by
an experimental investigation. However, it is
difficult to extract the effect of one specific crys-
tal orientation from a test result for an indus-
trial polycrystalline material with a complex
crystallographic texture that consists of various
components developed during rolling and subse-
quent annealing processes.

In the present study, we conducted bending
tests on single crystal specimens to experimen-
tally verify the effects of the crystal orienta-
tions on the bendability. The single crystal
specimens were made from an Al-Mg-Si alloy

sheet with large-sized crystal grains. The
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experimental results were compared to the com-
putational results from finite element analysis
using a crystal plasticity constitutive model.

2. Experiment

2.1 Experimental procedure

Crystal grains in an AA6016-T 4 alloy sheet
with the thickness of 1.0mm were grown in the
range of 20-30mm at a cooling speed about
20K/s after a 1.8ks heat-treatment at 823K.
Fig. 1 (a) shows the surface of the AA6016-T 4
alloy sheet with macroetching. A part of the
large-sized crystal grains was cut from the
sheet, and the crystal orientations were meas-
ured by an X-ray diffraction method. The crys-
tal grains enclosed by the thick lines in Fig.
1 (a) were oriented in the cube and Goss orienta-
tions, respectively, as shown in Figs.1 (b) and
1 (¢). The bending specimens of 15mm X 35mm
were cut from these crystal grains. In the pre-
sent study, these are called the cube and Goss
specimens, respectively. We observed the distri-
butions of second phase particles, and confirmed
that the number of particles whose sizes were

vy :'h - "(

(a)

| —
20mm

l—"ﬁ

¢

larger than 2um was almost equal in both
grains.

The 180° bending test method specified in
1SO7438 (JIS Z 2248) was performed. Fig. 2
shows the procedure of the test. A rectangular
specimen is firstly bent by means of the three
point bending method, in which the punch has a
radius of curvature of 0.5mm. Then, the speci-
men is pressed so that the both sides of specimen
contact with each other. The total thickness of
the final hemming is approximately twice the
thickness of the sheets.

The bending tests were basically carried out in
three directions of ® = 0°, 45°, and 90°, where
® is an angle relative to the rolling direction
(RD) and measured counterclockwise in the
sheet plane as shown in Fig.3. In case of the
cube, the bending orientations of ® = 0° and
90° are crystallographically equivalent. Hence,
only the test for ® = 0° was done.

2.2 Results

Fig. 4 shows the optical micrographs of cross
sections at the center of the specimen width af-
ter testing. In the case of the cube, the specimens
were smoothly bent without any surface wavi-

Intensity (= Random)

L -30 0 30 -6 O il -
Dog-170 W20-150 W 150180
o, =0 g, = 45"

/] ||
T T

J i m IENEEE |
: .

R |
e FbLr B Fe L] L L LI T

(c)

Fig.1 (a) Grain structure after macroetching at the surface of Al-Mg-Si alloy sheet ;
ODFs for grains oriented in almost cube orientation (b) and Goss orientation

(.
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Thicknss of punch: o = 1.0mm

Radius of
curvature; r,= o2 Thickness of
sheet: 1 = 1.0mm

Distance of between
fulcrums:; L = 4¢

(a)

oo

(b) (c)

iy
il

Fig.2 An illustration of the 180° bending test method ; (a) Initial state,
(b) the first step of bending, (¢) the second step of bending.

A =,

(0)

(a)

Fig.3 Schematic illustration of the bending tests ;
(a) cutting direction of the bending speci-
men relative to RD, (b) bending direction.

ness and no breakage occurred both for ® =
0° and 45° (Figs. 4 (a) and 4 (b)). In the cube
specimen at ® = 45° (Fig. 4 (b)), many narrow
slip bands (micro-slip bands) were seen, but
they seem to be uniformly distributed near the
sheet surface and no concentration of them is
observed. The Goss specimen at ® = 0° was also
bent rather smoothly, but a surface waviness
with a small amplitude was seen (Fig.4 (c)).
Weak concentrations of micro-slip bands from
valleys of the wave into the inner region ob-
served. In contrast, the Goss specimen at ® =
45° exhibited clear concentrations of the micro-
slip bands in the form of wider cross-shaped
bands (two of those are visible in the
micrograph, Fig.4 (d)). In the present paper,
this type of concentration of the micro-slip
bands is referred to as the macroscopic shear
band (macro-shear band). A break along the
macro-shear band observed for the Goss at ® =
45° . The break was more pronounced for the

18

Goss specimen at ® = 90° (Fig. 4 (e)).

3. Finite element analysis

3.1 Constitutive equations and problem
formulation

It is assumed here that the most severely bent
region in the specimens of the pushing-bending
tests was subjected to a pure bending. In the pre-
sent numerical investigation, we performed fi-
nite element analyses of the pure bending prob-
lem, employing the crystal plasticity constitu-
tive model presented by Asaro® and Peirce et
al.”.

In the crystal plasticity model, the slip rate on
the a th slip system is assumed to be given by
the following power law relation,

)
)

T(a m
g(a

D

7@ = fosgn(r(m)‘

where 7, is the reference slip rate, ' is the re-

solved shear stress, m is the rate sensitivity ex-

“ is the hardness of the slip sys-

(a)

ponent and g

tem. The evolution law for g “ is given by
. . h A n—1
g()=h2|7(‘”|,h=ho[l+ 07':| ’

z @)
nZIOZIr'(‘”Idt

where 7, is the initial value of g, &, is the ini-
tial slip hardening modulus, n is a power law
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(c)

(C))

100um

Fig.4 Micrographs of cross sections at center of the specimen width after bending test. Precipitation

and etching treatments were done to observe the micro-slip bands ; (a) cube at ® = 0°, (b) cube
at ® = 45°, (¢) Goss at © = 0°, (d) Goss at ® = 45°, (e) Goss at © = 90°.

hardening exponent, and ¢ is the time.

Fig.5 shows a schematic illustration of the
pure bending problem. The formulation and the
boundary conditions for the pure bending prob-
lem are the same as those used by one of the
authors®. Here, 7, and L, are defined, respec-
tively, as the thickness and the length of the ini-
tial configuration of a rectangular part of the
sheet. The pure bending is a simplification of the
deformation mode of the most severely bent re-
gion of the real bending specimens. But, by use
of this simplified model, we can access the de-
tailed strain localization behavior across the
thickness of the specimen. The rectangular part
with 7,/ L, = 2, which is discretized by 40 (in
the thickness direction) X 20 (in the length)
quadrilaterals, is subjected to pure bending.
Each quadrilateral is an 8 -node isoparametric
plane strain element with 4 Gaussian integra-
tion points (reduced integration). 8 crystal ori-
entations are allocated for each integration
point. The crystal orientation was randomly se-
lected from the ODF shown in Figs. 1 (b) and 1
(¢) to model the cube and Goss orientation

19

X : Integration point
O:Node

fto |

(a) (b)

Fig.5 Schematic illustration of formulation of
the pure bending problem for finite ele-
mentanalysis ; (a) initial configuration ;
(b) pure bending problem.

specimens. The same three bending directions
were chosen (® = 0°, 45°, 90°) as in the bend-
ing tests of section. Normal direction (ND) and
D1 direction coincide with the X, -direction and
X, -direction, respectively. The pure bending de-
formation is given by rotations of both sides of
the rectangular part. The boundary conditions
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on the edges are expressed as

ulcos( i%) — <u2+Xz—%)sin< i%) =0
©)

qlsin(i%)Jqucos(i%) =0 4)

where 0 1s the bending angle, the plus sign in
front of 6 is for X, = L, and the minus sign is
for X, = 0, u; are the displacement components,
and g, are the components of the surface traction
per current area of surface. The bending mo-
ment is given by

" grdr on X, =0 (5)

Ti

Mb:

where g, is the surface traction per current area
of surface, which is normal to the edge surface,
7 is a coordinate along the edge X, = 0, 7; and 7,
are, respectively, the inner and outer radii of the
bent specimen.

The material properties employed in the
analyses are 7, = 10MPa, 2, = 300MPa, n = 0.1,
m = 0.002, and 7, = 1.0/s. In the analyses, the
localized deformation is said to start at the mo-
ment when the sign of the maximum principal
value of the rate of deformation at either of the
integration point changes from positive to nega-
tive on the tension side, i.e., the reverse of
straining (unloading) occurs. Once the unload-
ing occurs at some part of the specimen, the de-
formation tends to localize into a narrow region
in the form of the macro-shear band.

3.2 Results

The analyses were carried out for the cube and
Goss specimens at ® = 0°, 45°, 90°. The rela-
tionships between the normalized bending mo-
ment and normalized bending angle are shown
in Fig. 6. Here, M, is the bending moment and
0 1s the bending angle. The symbols 'X" in the
curves indicate a stage at which the localization
(strain rate reversal as defined before) starts on
the tension (outer) side of the bent specimen. In
the case of the cube specimen, the curves of the
bending moment versus bending angle for ® =
0° and 45° were rather similar, and no localiza-
until 07, L, reaches 0.7.

tion occured

20

Meanwhile, the amounts of the bending moment
significantly depended on the value of @ in the
case of the Goss specimen. The strain localiza-
tion did not occur in the case of ® = 0° when
the bending moment is the lowest. In contrast, it
occured at earlier stages for ® = 45° and ® =
90° exhibiting much higher bending moment
values.

Deformed meshes and contours of the maxi-
mum principal logarithmic strain of the bent
specimens are shown in Fig. 7. The form of the
clear macro-shear bands were predicted for the
Goss specimens at ® = 45° and 90° (Figs. 7 (d)
and 7 (e)), which suggest breaking in real speci-
mens (Figs. 4 (d) and 4 (e)). Such a pronounced
macro-shear band was not observed at all for the
cube specimens and for the Goss at ® =0°
showing a slight roughening on the surface.
These tendencies were consistent with the ex-
perimental observations (Fig. 4 ).

4. Concluding remarks

In the present study, we have investigated the
effects of the
bendability of aluminum alloy sheets through
experiments using single crystal specimens and
finite element analysis using a crystal plasticity

crystal orientation on the

model. In the experimental investigation, single
crystal specimens having cube and Goss orienta-
tions were made from a coarse-grained Al-Mg-
Si alloy sheet. The cube specimens showed an ex-
cellent bendability regardless of the bending di-
rection, while the bendability of the Goss speci-
mens strongly depended on the bending direc-
tion, i.e., at ® = 45° and 90°, the bendability
was very poor, while the Goss at ® = 0° exhib-
ited a good bendability, being equivalent to
those of the cube. The finite element analysis re-
sults were remarkably consistent with the ex-
perimental results.

We have found that the crystal orientation
plays an important role in the strain localiza-
tion behavior that governs the bendability.
However, the physical reasons for the observa-
tions, such as a good bendability of the cube tex-
ture and an inferior property of the Goss tex-
ture at ® = 90°, have not been clarified at pre-
sent. The mechanisms behind the shear band
formation or strain localization phenomena
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were theoretically investigated by several re-
searchers, for instance, Hill**, Hill and
Hutchinson'’, Rudnicki and Rice'”’, Rice'’,
Asaro and Rice' and Asaro®. Thus, the theo-
retical basis for the strain localization analysis

20

1.5
L 0 deg = W deg
: =
:;_._ 1.0 e
= 45 deg

0.3

00 G I e e ]

LI 0.2 4 . g
o7yl g
(a)

seems to have been well established. In the
authors' knowledge, however, no one has re-
vealed the physical correlation between the con-
figuration of the crystallographic slip systems
and strain localization behavior. Hence, this is

Fig. 6 Normalized bending moment versus normalized bending angle ; (a) cube, (b) Goss.

2.0
1.3
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E_ 1o
:
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Fig.7 Deformed meshes and contours of maximum principal logarithmic strain :
(a) cube at ® = 0°, 07, L, = 0.70 ; (b) cube at ® = 45°, 07, L, = 0.70 ; (c) Goss
at ® =0°, 07,/ L, = 0.70 ; (d) Goss at ® = 45°, 0T, L, = 0.68 ; (e) Goss at ® =
90°, 6T,/ L, = 0.69.

21



22 SUMITOMO LIGHT METAL TECHNICAL REPORTS

2011

still an open question. Our next target of inves-

tigation is to make a clear answer to this issue.
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Deformation Behavior during Superplastic Bulge

Forming in AA5083 Aluminum Alloy Sheet

Yasunori Nagai, Mineo Asano,
Hidetoshi Uchida and Kazuhisa Shibue

Deformation behavior during superplastic bulge forming by in-situ observation tests on a labo-
ratory scale were investigated in this study. A superplastic bulge forming equipment was designed
in order to directly observe the deformation behavior during the bulge forming. The changes in the
strain and strain rate during the forming of an AA5083 aluminum alloy sheet were investigated.
During the early stage of forming, the strain rate drastically decreased during the forming. Dur-
ing the middle stage of the forming, the strain rate was then constant during the forming. During
the last stage of forming just before the specimen was ruptured, the strain rate drastically in-
creased during the forming. The reason for the changes in the strain rate during the first and last
stages is considered as follows : the decreasing stain rate during the first stage of forming oc-
curred because the circumferential stress decreased. The increasing strain rate during the last

stage of forming occurred because the real circumferential stress increased by increasing the cav-

ity ratio.
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Fig.1 Schematic illustration of bulge test equipment.
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Fig.2 Schematic illustration of thermo couple
position for temperature measurement.
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Fig.3 Thermo couple position of bulge
test sample.
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Reduction in Extrusion Load by Ultrasonic Vibration

Takeshi Yoneyama and Masaya Takahashi

Ultrasonic vibration is applied to the extrusion process. When ultrasonic vibration is applied to

the die in the backward extrusion of pure aluminum at room temperature, the load is reduced to

40% of that without ultrasonic vibration. The plastic deformation zone appears concentrated just

under the die compared to that during the extrusion without ultrasonic vibration. On the other

hand, the reduction in the load was small in the case in which the ultrasonic vibration is applied

to the stem in the forward extrusion. It is estimated that in the backward extrusion, the material

just under the die is easily deformed and flowed out to the die exit because the free exit space is just

on the side of the vibrating die.
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Cu-Sn-Zr-P Alloy for a High-Strength
Heat-Exchanger Tube”

Tetsuya Ando* *, Hirokazu Tamagawa* * *, and Ikuo Shoji****

In order to improve the mechanical properties of a Cu-Sn alloy at elevated temperatures as well

as the heat-resistant properties of said alloy, the effects of adding a small amount of zirconium

were investigated. It was clarified that the addition of zirconium increased the tensile strength and

elongation properties after a high-temperature heat treatment, and the addition of more than

0.04% zirconium increased the tensile strength to approximately 300MPa. For a seamless tube, the
tensile strength of a Cu-0.65Sn-0.05Zr-0.008P (mass%) alloy was 301MPa, with an elongation of
47%. Furthermore, it exhibited high heat-resistant properties after brazing. Thus, it is expected

that the Cu-Sn-Zr-P alloy can be used to make superior seamless tubes for heat exchangers.

1. Introduction

Phosphorus de-oxidized copper is used in heat
exchanger tubes in heat-pump air-conditioners
and heat-pump boilers because of its high ther-
mal conductivity and good workability. Nowa-
days, to reduce the quantities of materials used
in heat exchangers and improve the features of
the heat exchangers, heat exchanger tubes are
required to have small diameters and be thin.
However, the limits of workability and pressure
resistance have almost been reached. Thus,
strengthened copper alloy tubes are in demand.

Cu-Zr alloys"™" were studied as a typical pre-
cipitation-strengthened copper alloys ; the com-
bination of zirconium addition and heat treat-
ment produces high copper alloys with improved
strength and heat-resistant characteristics com-
pared to phosphorus de-oxidized copper. Fur-
thermore, adding a small amount of zirconium
to Cu®™, Cu-Cr alloy®?’, Cu-Zn alloy*’, Cu-
Sn alloy"™, and Cu-Ni alloy” prevents
embrittlement at intermediate temperatures

* Main part of this paper was presented in Trans. JIEP,
3 (2010).

* No. 4 Department, Research & Development Center,
Dr. Eng.

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

«+x+ Professor, Department of Mechanical System
Engineering, Graduate School of Engineering,
Gunma University, Dr. Eng.

and intergranular fractures at elevated tem-
peratures, along with improved mechanical and
fatigue properties at elevated temperatures. On
the other hand, adding a small amount of tin
strengthens phosphorus de-oxidized copper and
also produces grain refinement ™.

In this paper, in an effort to improve both the
heat-resistant properties and the mechanical
properties at elevated temperatures, the effects
of adding a small amount of zirconium on the
characteristics of a Cu-Sn alloy were investi-
gated. Moreover, the applicability of a Cu-Sn-
Zr-P alloy to heat exchanger tubes was evalu-
ated.

2. Experimental Procedure

Ingots of the Cu-Sn-Zr alloys were prepared
by induction melting in a carbon crucible under
an argon atmosphere. The chemical composi-
tions of the alloys are listed in Table 1. After
these ingots were rolled to 10mm thick, a 50%

Table 1 Chemical compositions of specimens (mass%).

Specimens Sn Zr Cu
Z0 0 0 Bal.
Z2 0.42 0.02 Bal.
Z4 0.38 0.04 Bal.
ZT 0.51 0.07 Bal.
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reduction, solution treatments were carried out
at 1253K for 3.6ks followed by rapid quenching
in water. The quenched materials were then
cold-rolled to 0.5mm thick, a 95% reduction
when considering a manufacturing process for
seamless heat exchanger tubes. For these
wrought materials, heat treatments were car-
ried out at 723~1073K for 1.8ks and the tensile
properties were investigated. The tensile tests
were carried out at room temperature at an ini-
tial cross head speed of 0.2 per second using JIS
7 2201 No. 5 specimens.

The tensile properties and heat-resistant
properties as heat exchanger tubes of two differ-
ent materials, Cu-0.65Sn-0.02Zr-0.03P (mass%)
and Cu-0.65Sn-0.05Zr-0.008P, were evaluated.
Tubes with an outer diameter of 9.52mm and a
thickness of 0.80mm were prepared as follows :
semi-continuous casting, hot extrusion with a 27
extrusion ratio, solution treatment at 1223K for
about 1.8ks through a continuous heat treat-
ment furnace with instant quenching in water,
then drawing with a 99.5% total reduction. Fi-
nally, annealing was carried out for 1.8ks at
773K for the former alloy and at 873K for the
latter alloy. These tubes were compared to phos-
phorus de-oxidized copper (JIS H3300 C1220)
which was wrought under the same working
conditions. The tensile properties and heat-
resistant tensile properties after heat treat-
ments at 1073~1123K for 600s, which were as-
sumed to be equivalent to brazing and after
blowtorch brazing with JIS 73264 BCuP- 3 (Cu-
6.3P-5 Ag), were evaluated. The tensile tests
were carried out at room temperature at an ini-
tial cross head speed of 0.2 per second with JIS Z
2201 No.11 specimens. Furthermore, after blow-
torch brazing with BCuP-3, each tube was
measured at pressures of fracture, with water as
the pressure medium, which is schematically 1il-
lustrated in Fig. 1.

3. Results

3.1 Effect of Zr addition on properties

Figure 2 shows the effect of the zirconium
content and heat-treatment temperature on the
tensile properties of the wrought materials after
heat treatment for 1.8ks. The tensile strength of
the alloy with 0.02% zirconium annealed at 773K

36

was approximately 270MPa, which was approxi-
mately 20MPa superior to the addition-free ma-
terial. Furthermore, elongations of the zirco-
nium-containing alloys at elevated temperature
were superior to the addition-free material. For
the materials with more than a 0.04% zirconium
content, the annealed materials were strength-
ened based on the amount of added zirconium ;
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Fig.1 Schematic illustration of fracture
test method.
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the material with 0.07% zirconium exhibited a
tensile strength of approximately 300MPa,
which was the maximum tensile strength, with
an approximately 40% elongation at the same
time.

Figure 3 shows the effect of the zirconium
content and heat-treatment temperature on the
electrical conductivity of the wrought materials
after heat treatment for 1.8ks. The electrical
conductivities of the materials with greater than
a 0.04% zirconium content increased according
to the increasing heat-treatment temperature
up to 923K, then decreased above this tempera-
ture. On the other hand, the electrical conductiv-
ity of an alloy with 0.02% zirconium was not
significantly different from that of the zirco-
nium-free material.

3.2 Mechanical properties of Cu-Sn-Zr-P

alloy tubes

The mechanical properties of a Cu-0.65Sn-
0.02Zr-0.03P tube, a Cu-0.65Sn-0.05Zr-0.008P
tube, and a C1220 tube are shown in Fig. 4 . The
tensile strengths at room temperature were
281MPa, 301MPa and 244MPa, respectively.
There remained differences between the alloys
and the C1220 regardless of the decreases in the
tensile strength with the increase of the test
temperature.

Figure 5 shows the effect of heat treatment at
1023~1123K for 600s, which was assumed to be
similar to brazing, on the tensile properties of
the test tubes after heat treatment. For the

15
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Fig.3 Effect of zirconium contents and heat
treatment temperature on electrical
conductivity differences of wrought
materials after heat treatment for
1.8ks.

tubes heat-treated at 1023K, there remained a
difference in the tensile strength between both
alloys as original, however, the difference
gradually decreased with increasing tempera-
ture, and the tensile strengths of both alloys
reached the same value, approximately 260MPa,
after being heat treated at 1073K. On the other
hand, the tensile strength of the C1220 after
heat treatment at 1073K was approximately
225MPa, which was inferior to both alloys.
Figure 6 shows the fracture pressures of each

o
2
2 W=y
-
g s —
= — ——
= —‘1‘“1. é
i 10 T
& .
150
&0 "

il
Il

18 =42 -B Cu-Al 6550 -0.02 L r-003F
g O A Cu-006550-0.05Lr-0,008
-8 - J05 HA30 C1220
'2. IIFI
RT MM 40iF S(HE

Test temperature (K}

Fig.4 Results of tensile test of tubes at
high temperature.

'L
T

['4!:- Cu-06550-0.02Fr-0.03F }

A5

=0k Cu-0.6550-0,05r-0,0068F
[ - JIS HA300 Cl2i0

= i
=

300
E \\ﬂ\\\
= T
7 e ——f
% 150
2 o

:m l|'II

RT 1000 1050 1100 1150

Heat treatmicnt temperatare (K)

Fig.5 Effect of heat treatment for 600s on
tensile properties of test tubes.



38 SUMITOMO LIGHT METAL TECHNICAL REPORTS

2011

B Cu-baS5n-0.02 Lr-0L03 P
O Cu-LeSSn-0.05Lr -0 05"
B IS HAS Cl220

As annenbed

After hrazing

M as 41 45

Fracture pressure (MPa)

Fig.6 Fracture pressure of tubes as annealed
and after blowtorch brazing.

tube after annealing and blowtorch brazing. The
measured fracture pressures of each annealed
tube for the Cu-0.65Sn-0.02Zr-0.03P, Cu-0.65Sn-
0.05Zr-0.008P, and C1220 were 43.9MPa, 46.5
MPa and 38.50MPa, respectively. After blowtorch
brazing they were 43.0MPa, 46.0MPa and
37.0MPa, respectively. Notably, after blowtorch
brazing, both alloys were superior to the C1220.

4. Discussion

In an effort to improve the mechanical proper-
ties of a Cu-Sn alloy at elevated temperatures as
well as the heat-resistant properties of the alloy,
the effects of adding a small amount of zirco-
nium were investigated. It was clarified that the
addition of zirconium increased the tensile
strength and elongation after heat treatment at
high temperatures. In particular, an addition of
more than 0.04% zirconium made this alloy sig-
nificantly stronger. Because the electrical con-
ductivity changed before and after the heat
treatment, these effects were inferred as being a
result of the pinning effect of zirconium, that is,
precipitation hardening. Transmission electron
microscope observations of a solution treated
Cu-0.655n-0.05Zr-0.008P tube and an annealed
one were carried out to verify the pinning effect
of zirconium. Figure 7 shows a TEM image of
an annealed one. The existence of precipitates
was confirmed by TEM observation. The pre-
cipitates were identified as copper, tin and zirco-
nium by electron dispersive X-ray analysis as
shown in Fig. 8. Otherwise, the mechanism for
improving the strength and elongation of a
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Fig.7 TEM image of an annealed
Cu-0.65Sn-0.05Zr-0.008P

tube.
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Fig.8 EDX-analysis of precipitates of an annealed
Cu-0.65Sn-0.05Zr-0.008P tube.

material with less than 0.04% zirconium was not
clarified.

For the Cu-0.655n-0.02Zr-0.03P and Cu-
0.655n-0.05Zr-0.008P tubes, the tensile strengths
were investigated. The tensile strengths of the
former and the latter were about 15% and 25%,
respectively, superior to a C1220 tube. Further-
more, the tensile strengths of both alloys after
heat treatment, which was assumed to be simi-
lar to brazing, remained superior to the C1220.
These effects are due to the addition of metallic
zirconium of granules, which restrict coarsen-
ing.

In particular, in the case of the tube with
0.05% zirconium, which was more effective in
preventing the coarsening of the zirconium pre-
cipitates, the zirconium would act as a barrier to
spreading of the grain boundary. However, the
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tube with 0.05% zirconium had a reduced tensile
strength compared to the one with 0.02% zirco-
nium after heat treatment at 1073K. It appears
that the zirconium precipitates contribute to
strengthening the matrix. BCuP- 3, which is or-
dinarily used for assembling a heat exchanger,
was put through a furnace at 1043~1053K for
brazing. The tensile strength of the material
with 0.02% =zirconium was approximately
265MPa and the one with 0.05% zirconium was
approximately 270MPa after brazing. After
blowtorch brazing, both materials with zirco-
nium did not decrease in strength in comparison
to the C1220 tube. They exhibited a superior
heat resistance compared to the C1220.

Overall, these Cu-Sn-Zr-P alloys may be used
as the heat exchanger tubes in heat-pump heat
exchangers, and when considering fractures due
to pressure, the thicknesses of the heat ex-
changer tubes can be calculated by the following
formula'™ :

t=PXD/(2XTS—P)
t : thickness of the heat exchanger tube
P : designed pressure
D : outer diameter of the heat exchanger
tube
TS : tensile strength of an applied
material

For the C1220 tube, the tube has a 9.52mm
outer diameter and a 0.80mm thickness. It is ex-
pected that the Cu-0.65Sn-0.02Zr-0.03P tube and
the Cu-0.65Sn-0.05Zr-0.008P tube can form heat
exchanger tubes that are 0.10mm and 0.13mm
thinner, respectively; a reduction of about 11%
and about 15%, respectively.

5. Conclusion

The characteristics of Cu-Sn alloys with small
amounts of added zirconium were investigated
as part of an effort to improve both the me-
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chanical properties of these alloys at elevated
temperatures and their heat-resistant proper-
ties. In particular, the addition of more than
0.04% zirconium increased the tensile strength
to approximately 300MPa. Applying the alloy
for use as a seamless tube, the tensile strength
of a Cu-0.65Sn-0.05Zr-0.008P tube was 301MPa
and the elongation was 47%. These values are
superior to C1220 which is the standard heat-
exchanger tubes for heat-pump units. Further-
more, the tube exhibited a high heat-resistance
after brazing. Thus it is expected that the Cu-
Sn-Zr-P alloy can be used as a seamless tube for
heat exchangers.
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Effects of hot-forging on aging behavior of
a Cu- 3 mass%Ti1 alloy

Tetsuya Ando

The aging behaviors of a hot-forged Cu- 3 mass%Ti alloy were investigated. Hot forging at

higher than 823K made restraint to introduce remarkable plastic strains, and both a high-strength

and a sufficient electrical conductivity were attained following aging at adequate conditions with-

out recrystallization. It was deduced that fine precipitates, which were quickly precipitated by the

hot forging, contributed to the compatibility. Meanwhile, the forging and aging at too high tem-

perature decreased the strength and electrical conductivity, which was considered to be caused by

the cellar precipitates in the metallurgical structures. It was suggested that the hot forging at
823K following by aging at 673K for 14.4ks to 28.8ks should be recommended as the fabrication

conditions of a Cu- 3 mass%Ti alloy used as a resistance welding material. This alloy with the fea-

tures of a 310 Vickers hardness and 20%TACS electrical conductivity after aging can be substituted

for the Cu-Be alloy as a class 4 resistance welding material.
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Fig.2 Microstructures of forged Cu- 3 mass%Ti alloys at (a) 773K, (b) 823K and (c) 873K.

Fig.3 Aged microstructures of Cu- 3 mass%Ti alloys at (a) 673K, (b) 723K and (¢) 773K

for 14.4ks after forging at 773K.

Fig.4 Aged microstructures of Cu- 3 mass%Ti alloys at (a) 673K, (b) 723K and (¢) 773K

for 14.4ks after forging at 823K.
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Fig.5 TEM images of Cu- 3 mass%Ti alloys. (a) BF and (b) DF images as heat treated at
823K for 1.8ks (before forging), (¢) BF and (d) DF images as forged at 823K, (e) BF

image as forged at 873K.

Fig.6 TEM images of an aged Cu- 3 mass%Ti alloy
at 673K for 14.4ks after forging at 823K. (b)
High magnification image of selected area of

(a).
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Moundless Pitting Corrosion and its Prevention
in Copper Tubes

Shinobu Suzuki, Koji Kanamori, and Kozo Kawano

More than half of the leakage problems of copper tubes for the pass-through potable hot and

cold water plumbing systems were caused by the moundless pitting corrosion. The leakages have

been found after 4 ~1lyears of service life. When the moundless pitting corrosion appeared, the

inner surface of the copper tubes was covered with a glass-like amorphous scale and the morphol-

ogy of the pitting did not change with the SiO: concentration. At the SiO: concentration below

20mg /L, the moundless pitting corrosion was found when the conductivity of the environmental

solution was less than 10mS/m and the Ca hardness was less than 20mgCaCQO 3 /L. The tin-coated

copper tubes developed for the cuprosolvency problem exhibited an excellent resistance against the

moundless pitting corrosion by inhibiting the dissolution of copper ions.
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Fig.1 Classification of corrosion for the pass-through
potable hot and cold water plumbing copper
tubes.
fatigue crack, [] type I pitting corrosion,
type II pitting corrosion, # moundless pit-
ting corrosion.
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Fig.2 Service period until the leakage problem
caused by the moundless pitting corro-

sion.
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Fig.3 Water condition in which the leakage problem

caused by the moundless pitting corrosion was

found.
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SiO; : 10mg/L SiO; : 17Tmg/L SiO; : 28mg/L
SiO; : 36mg/L SiO; : 66mg/L
Fig.4 Appearance of the moundless pitting corrosion in the inner surface of copper tube.
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Fig.5 Relationship between SO 42~ /HCO;  and
Si0y for occurrence of the moundless pit-
ting corrosion.
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Fig.6 Water condition in which the leakage problem

caused by the moundless pitting corrosion was
found at the SiOj, concentration higher and
lower than 20mg /L.
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Table1 Analysis data of test water.

pH 6.9~ 7.0
Conductivity (mS/m) 9.9~14.9
Ca hardness (mgCaCO3 /L) 13.9 ~22.5
M-alkalinity (mgCaCO 3 /L) 7.6~11.8
HCO;~ (mg/L) 9.3~ 14.4
12 (mg/L) 15.2~21.6
Cl' (mg/L) 111~ 17.2
Si0y (mg/L) 5.3~6.5

Fig.9 Appearance of the inner surface and
the cross section of (1) copper tube
and (2) tin-coated copper tube ex-
posed for 12 months.
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Fig. 10 Amount of copper ion dissolved from
copper tube and tin-coated copper

tube.
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Development of Isotropic Patterned Shell Structures
with High Stiffness

Masaya Takahashi

Aluminum alloy sheets and plates are commonly used in automobiles, trains, aircrafts, etc.,

when a lightweight material is required. Lower costs and lighter weight materials are demanded

for these applications. In order to satisfy the demand for lightweight without changing the mate-

rial, it is necessary to raise the second moment of the area in order to increase the bending stiff-

ness. The purpose of this study is creating isotropic patterned shell structures to increase the

bending stiffness of an aluminum alloy sheet and plate. In this study, patterned shell structures

which have a large second moment of area in arbitrary cross sectional dimensions were developed.

The FEM results and experimental results indicated that the developed patterns reduced by half

the weight of sheets with equivalent bending stiffness conditions.
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Al-Mg Alloys

Hideo Yoshida and Hidetoshi Uchida

Al-Mg alloys are widely used in many applications because they have a moderate strength,
higher corrosion resistance, higher formability and better weldability as wrought aluminum al-
loys. In this review, recent results over the past twenty years are mainly classified into four
groups and summarized including the basic and indispensable information about the Al-Mg alloys.
In the first chapter, the structures and constituent phase of the Al-Mg alloys are reviewed includ-
ing a new phase diagram, solidification process and the formation of porosity, the minor addition
of transition metals and the formation of intermetallic compounds, high temperature oxidation,
the decomposition of supersaturated solid solution and precipitation process. In the second chap-
ter, the workability and microstructural changes are reviewed including brittleness at high tem-
perature, microstructural change during hot deformation, work hardening and annealing
properties, the structures during cold rolling, recovery and recrystallization. In the third chapter,
the properties of the Al-Mg alloys are summarized including the effect of magnesium content,
temperature and strain rate on the formability, yielding phenomena and serration, creep,
superplasticity, cryogenic property, corrosion and stress-corrosion cracking resistance and
weldabilty. In the last chapter, their applications are summarized including cast alloys for auto-
mobiles and wrought alloys for can ends, body panels for automobiles, substrates for computer
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Fig.12 TEM structures and corresponding
diffraction patterns in Al-10%Mg
alloy aged at room temperature for
(a) 24h, (b) 168h, (¢) 550h, (d)
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Fig. 14 Precipitates in the Al-9 % Mg alloy
solution treated at 450°C and aged
at 150°C for (a) 24h, (b) 96h, ()
384h, (d) 1440h°%°.
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Fig. 21 Schematic diagram of geometrical dynamic recrystallization %,

)

As the deformation progresses, the serrated HAGBs (high angle
grain boundary, thick line) become closer, although the
subgrain size remains approximately constant. Eventually the
HAGBSs impinge, resulting in a microstructure of mainly high
angle boundaries.
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Microstructure showing the diamond
grain shapes ™™, (¢ =0.5, T=673K,
é=2x10"3%s"1)
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Fig. 25 Effect of hot rolling parameters on earing
behaviour of AA5052 and AA5454 sheets
after hot rolling and annealing (constant
strain rate) ™.
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Fig. 26 Effect of Z parameter on proof stress of
Al-2.0%Mg and 1050 hot rolled band ™.
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Fig. 27 ODFs of warm rolled sheets before
final annealing (as warm-rolled) 7,
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Microstructure evolution after 60% cold
rolling for Al-5at%Mg alloy®’. Many
of the MBs (microbands) are aligned
with the rolling direction DL.

Fig. 33 Shear bands in cold rolled
Al-4.5%Mg alloy 8.
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Fig.35 {111} pole figures of Al-0.5, 1, 2, 3, 4 and
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8).

nealed at complete

recrystallization

Share bands in Al- 5 %Mg alloy sheet
cold rolled 70%. Nucleation of shear
bands occurred in (a) only on one side

of grain boundary, whereas in (b) on
both sides of grain boundary .
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Fig. 40 Failure directions along the rolling and
transverse directions in AA5182-O alu-

minum sheets stretched in equibiaxial
tension. Failure along RD (a) was as-
sociated with mechanical fibring of the
grain structure whereas that along TD
(b) was associated with the presence of
shear bands. In (b) traces in the sheet
plane of the shear bands developed dur-
ing rolling can be seen. The rolling di-

rection is indicated by an arrow %’.
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RL, TOBENROE L — v 3 v (Serration) %4E

S

i Al-6% Mg
L]

¢ Al=2% Mg
MJ%Px
u:_-—---. Ai ? = = —— e
] 20 W 1] & 100

Mominal strain (%)

950°C 101,
s I 5 150°C
& ALSK Mg | i
< 2 = Al-6% Mg
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Fig. 45

Engineering stress vs engineering strain curves at 25°C, 150°C and 250°C for

the high purity Al, Al-Mg alloys (initial strain rate : 2.9 x 10~ s~ ). The

arrows indicate the maximum uniform strain.

74

101)



Vol.52 No.1 Al-Mg %R&4 75
.
3 36
E MHr,
:2 32 S
= ,.""'--.________-‘ i
30 &
g aﬂ_ -H‘H‘-""""i_.____
L & I
=
E 300+
— g tm—— —
(11 Te— - &
= % e | —a—y _ ; 100mmimin
%xﬂzm- . 200mmJimin
c Pl .
@ = T
= 160 = _
@ _ ot Q |
£T i . - -
w
- = 100p Beginning of
K] 0 ; : tension test —
= 10 10 10+ 101 —+ Displacement
Strain rale (s™')
(a) Strain rate sensitivity of (b) Effect of strain rates on the
Al-4.5%Mg-0.3%Cu alloy occurrence of serration
Fig. 46 The strain rate sensitivity in Al-4.5%Mg-0.3Cu alloy, the effect of strain rates
(a) on the tensile properties and (b) on the formation of serration ).
e ] ¥
A T
513 S omw ]mgﬁ:_ﬁ
F -] mcu  [FIEETE
S o3 | 1 R
g L ‘f‘ 0 wlra [017 52000
: = T
=T ] | - E At {091 K100
§ 3 10p En |88 K
5] - - - 5 s
0.5 06 a.? 0.8 oA 1.0 0 —
T 052 03 0.8%
v
= N
E b} Fig. 48 Relationship between r value and
§ 19 crystallographic texture (ratio of
main component) 137,
T B
g \I\
= 7 A, TypeB) @V a—F—REHA MLy Fr—R b
- | . . -
= L4 v < —72 (Strecher Strain Markings) &FEiEh
i i i i - N
T WSE o8 o7 o8 08 14 5O BB A R L RERHAIC 155 9, Type A 1

=]

Fig. 47 Relationship between a) stretch
formability, b)
ability and Lankford value (r
value) of 5182 alloy sheet 1%,

deep draw-

U %o mUIOETFRREIR, BRSMTD, BPEREL
roxv e vy b ) (Portevin-LeChatelier, #%L <
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12k b, WEIICE Fig. 50 12Rd & 5 75 @ (Type

75

SEREE O EST 2 5 v 54~ —2 ("foliated,
"flamboyant" markings & &FEiEN %) T, Type B &
) 2 — &= 25 [ERATNCR L TREDAE A LT
SPATIAEAE T BN LAY K ChH D, TV T Lw—7
D Wil DE A % Fig. 51 1R 9o DM 5,

N3 kinking D~ ELEZ oNTVLE N, 5 v 5 A
RIS 2 DRBIBHA TIN5 72 THH1, 2L —
v oa V3RO EZEPHR (solute atmosphere) 1T &
% [l & BURIGTIIC & B[ D 5 OIFIIC & > TAEL,
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IEEN 5, PLIREVS DIE, TOFREOZKIHA
TOI oNIEIFTH 5 1%,
ZhLyFr—RNLArve—70fEEELTRE,
I VYA — 7 DGR, BEBIRAF 2B 50 IdE —
S=IBIENILHONT VWS, /ST LNV FIZOWT
13, BRI T ERLIACHIET 5 & & IdREET
bbb, okl LEEOHER, Y5 Lv oy FidH
A EVbNTOV S, B S I3 Ms kR
ZHAVWT, mAMEAEISTEEAEE LT fhofEL
810 (Hi)~8:8 (% ) F &bz, Al
5.5%Mg-0.3%Cu &4 O 22 BEstAF Gk SR 2 55
um) /¥J LIS Y ROFRFEZFHN7, 2 0FEHE %

Siress

Sirmn

A: Random mark
B: Parallel band

Fig. 49 Schematic diagram of the occurrence of

Liiders band in stress - strain curve®’,

A : Random mark, B : Parallel band.

Paralle] band
e sireich

Ramidom mark
1%a strdch

Fig. 50 Stretcher strain markings of Al-Mg
alloy surface!®™’ Type A : random
mark (1% stretch), and Type B :
parallel band (8 % stretch).

The arrows show tensile direction.

Table 2 IZ/R 9, 5T/ F Lov N v B ORI
SN7oF, Fig 5219 & oI, Hicia<110>7
EHTEATIS = A 7 v N v R is—J AN FE LA —ZE T
T 5, ZHITRIET TN RO X D IERT BN
YRR E N, AR Ifls Nl EEZS
N5, OGN RICIERIC L 2ESHMBOZEA
SEBETH L EMERIN TV S,

WFNDZ MLy Fr—Z b LA v=—27DBIEICE

Fig. 51 Stretcher strain marking and Talysurf trace
on the upper and lower surfaces along A-A'
cross section of Al-3.11%Mg alloy annealed at
400°C for 2h and 0.5% tensile stretched 1%,

Table 2 Effect of stress ratio (oy, : orp) on

the formation of Type B serration %,

Stress  Major  Minor
Stress State  Liiders bands™ *

*

ratio strain® strain”®

8:0 0.093 -0.046 Uniaxial Observed, 57°

8:2 0.065 -0.014 Observed, 60°

8§:4 0.053 -0.001 Plane Strain Observed, 90°

8:5 0.053 0.003 Observed, 90°
8:6 0.048 0.009 Observed, 90°
8:7 0.039 0.018 Not Observed

8:8 0.033 0.033  Balanced biaxial Not Observed

= Tensile tests were stopped when the tensile load became
15.5kN in major strain direction.
#* The angles show the direction of Liiders bands to the

major strain.
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Fig. 52 TEM structures of bi-axial tensile

t109)

tes , stress ratio (ogp, : Opp)

(a)8:0,(b) 8:8.
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) 7V =7EEo&ET, AMLIEEHIETH
BRI O A E A U0,

TN S DFEHRR FEBNELAL I 2 A E SIS
RKEWEHIZAET S, UL, EEIEHICEEESHL
FlEF ikt (ERIETD Eho T, EhiE+LoE
PREEAE BAE R 1o 5  IEBVEMAL O NEHIL I 0 F S b &
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FHBRE—120m L T0 5 12, WEIGI IR &R
KL ->TOHRE B, BRUBES ZbhnE, ~NEFE[)
7)) =TI BT BEROIINTHIET % O3 B,
H B WVIIFED VT BEEIHIET 2 ARG EHZ

i

Bircss
n

HMram £ ——
Fig. 53 Schematic stress-strain curves and
the classification of serration in

substitutional alloys 7.

Tin*C

1000/ T in /K

Fig. 54 Conditions for various types of serrated
flow for AlMg5 (Al-5 %Mg-0.2%Mn)
alloy 191100 (O means no occurrence of
serration. A, A+B, and C  are referred
to Fig. 53 .)
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Fig. 55 Relationship between modulus-compensated
stress 0 /G and strain rate for the steady-
state deformation of Al-Mg and Al-Mg-Mn

alloys '3,
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(b) Fine grain specimens

Fig.56 Changes of elongation at elevated temperature and a strain of 10~ s~ ! in Al-5.5%Mg (C-0)
and Al-5.5%Mg-0.3%Cu (C-3) alloy extruded rod with coarse grains (grain size : ~350pm)

and fine ones (~100pm) .
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Fig. 57 True stress-true strain curves at 440°C
of Al-5.5%Mg and Al-5.5%Mg-
0.3%Cu alloy extruded rod with fine
grains (grain size : ~100um) %,
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ZDE4%3 Fig. 61 1Tk & 912 5083 &4t T+ +
BT 1 OFERBEFITDE VIO 0k S I
BCEHoBPEAE 2 RT C EICBIL T, kSN,
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Fig.58 SEM-ECC (electron channeling contrast) images of Al-5.5%Mg (C-0) and Al-5.5%Mg-0.3%Cu
(C-3) alloy extruded rod with fine grains deformed at 440°C and the true strain of 0.095, 0.262
and 0.405%.
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Fig. 59 Effect of Cu addition on the cavity formation

in Al-Mg alloys at elevated temperature
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Fig. 60 Effects of temperature and strain rate on
elongation of Al-Mg-Cu alloy sheet. The
elongation of 5083 aluminum alloy sheet

for superplastic forming is shown as ref-
116)

erence
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Fig. 61 Relationship between cavity volume fraction

and elongation in Al-Mg-Cu alloy and 5083

aluminum alloy for superplastic forming '8
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Fig. 63 Weight loss of 5182 aluminum alloy sheets
cold rolled 60% and annealed at 323 to 623

K in immersion tests*’.

Fig. 64 Cross sections (LT-ST) of 5182
aluminum alloy sheet cold
rolled and annealed at 398 to
523 K for 1000min after immer-
sion test *”.
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%182 Scaman o (& Mg ORKFEALM R FRicAE L Tr
5w 0 DFEEEHELTVDE EZZL TV D B,

M TR I X 24O UGS xR b 5 2 & %
Conserva 5 ¥ K 5 13545 LT\ 5, Table3 (3K
5D Al-8 %¥Mg &4 0N TAMLER% OMEE L, B/
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Fig. 67

Effect of cold rolling reduction on stress
corrosion resistance of 5356 aluminum
alloy sheet (Al-5.16%Mg-0.11% Mn-
0.11%Cr-0.09%Cw) cold rolled and aged
for 168h at 100°C 2.
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Table 3 Effect of thermo-mechanical treatment on stress corrosion cracking life of Al-8 %Mg alloy. '’
Heat First Deformation | Second step Tensile Proof Elongation SCC life
treatment aging %) aging strength Stress (%) (s)
process (K)-(ks) (K)-(ks) (MPa) (MPa)
— — 473- 36.0 312 132 19.9 3.3x10°?
T - - 473- 57.6 329 146 15.0 2.9%102
- - 473- 86.4 343 162 7.0 3.1x10°?
- — 473-172.8 334 159 7.4 4.6x10°?
423-86.4 - 473- 36.0 323 132 23.0 1.0x10%
SA 423-86.4 — 473- 57.6 337 150 13.5 8.0x10!
423-86.4 — 473- 172.0 344 163 7.3 —
423-86.4 - 473- 86.4 340 154 6.2 8.7x10!
423-86.4 50 473- 3.6 359 214 15.7 3.8x10°?
423-86.4 50 473- 8.6 368 202 13.1 6.0x102
TMT 423-86.4 50 473- 36.0 414 202 14.1 1.1x10*
423-86.4 50 473- 57.6 421 216 14.2 1.9%x10°
423-86.4 50 473- 86.4 403 190 14.2 2.7x10°
BN, TR ThATOMEMEBIEZE L P d <

o, INHEEENGGbEC 5, —F, TMT WL
TRKENRBT DITEb 6, Mtk In IR e
NbE -l S O, TAUIKRIATH OINH] & BL AL
FICERT DL, KESBEZTWS, IWIEEE
nalf+ 2 Hgks LT}, fE Cu & Zr ORIEHRM
L BIRNMAETH 5%, FHlt TEHED Cu * Zn,
Zr ZURIMML T, 5083 &4 & 0 biA#EHZOME, Mk A
BAEZE AR E S 75383 A4P & 51T 5383 A4 &
D& Mg, Zn &AL L5059 (P45 Alustar) &
EMPAFES N TNV B 3,

4.3 BEMN

TV = A OIS LIEEEEN, BETot
FED G ENED, —MRIIC BRSNS L TRl & N
b, TV =9 sGeOEEINEESRINTHD, &
BB EE 9 2B E U 2 BHEINEEIN TH 5, T
WY =y AldEERN AL I 0, Cu, Mg, Si
Mg,Si, MgZnEMEAET 5 EiEHEHNAECE I
v, brETE—-2 %KL, TN LORMETIRHY
BRI T 5, AlMg %2 TR, 1~2%Mg TA
BENEZMERRKES S, L L, Al-Mg R Al-
Cu %, Al-Mg-Si %. Al-Zn-Mg ZZicH~,
RIS /NS <, BEERICHVWS N S E
Me@cRisEiingsd oS0, —7F, &
P O TFoR & 13, IFEAGE BT () 35
DOTOMOE L 505, FARIC, ThALITNITE2
T eI,

R T, BEESTcoENEIET 5 7/cHic, Scb
IS NI DsBEFE S T\ B BL1 0 2 o —fi] 3
Mg % 4.5~6.0%, Zr % 0.10~0.20%, Sc % 0.05~
0.55% T, #F D Be &A1 5025 54 TH 5, Fig.
68 (L D 7000 A4 & Se AN E Ntz 7000 %44
Xt LT, IRINM A @ 5356 &4 & Sc AL
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- 1 —Corventional 5356 Filler
I —5c-Maoddied 5% Filler

Crack length (mm)

cos858838
I I

Conventional TXXX Sc-Modified 7200

Fig. 68 Effects of Sc addition to filler wire of
5000 series alloy and parent material
of 7000 series alloy on weld crack
length in Houldcroft test (Fish bone
test) 187138,

4% IV T Houlderoft Test (7 4 ¥ 2 R — v ikER)
AT o TIREEINIEZ A i U 72458 Th 5, Sc i
U fziaitAHs, 7000 2540 Sc koA D 5
7, BNOEISWREKHDPLTVWS, ScidZrs s b
IS HREAL AR O W L RS RO IIHEICKE CHFE LTV
5o

5. H '

5.1 ¥

54 Hh 2 MHAIMg &4:& LTJISiCE, ADCS,
ADC6 MBS N TV EM A H 2+ &K fH L
R 130.1%, 0.3% EHARBBESNTV S,

F4H 2 FHESE LT ALMg-Si 2 TiEdb % 09E
BJLIRCE i, S ESTE S5 5 Magsimal-59 (Al-
5.5Mg-2.25i-0.65Mn) %% Rheinfelden . (i) 12 & v
FFE S n U QAR EGD E LTERHS R
TWa, ZoHeE, WHIETH LD, Aok
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Fig. 69 Rear cross member of Alfa Romeo
156, (Magsimal 59). 111

-LL ALUMINUM CA

L mamiEr asm Ant

Fig.70 Aluminum DI can of the
first industrial product
in Japan ).
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Fig. 71

Application of superplastic forming

to Panoz Roadstar 2.
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Fig. 72 Schematic diagram of structure
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Large passenger boat, "Bianca"*®’.
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Influence of Cu and Zn Contents of Core and Filler
Alloys on Corrosion Resistance of Aluminum
Brazing Sheets

Yuji Hisatomi and Naoki Yamashita

The furnace brazing technique has been widely applied, especially for the automotive heat ex-

JAth A 5

changers, since it can form a significant number of metallurgical joints at once. During the early
times, vacuum brazing had been mainly used for the aluminum heat exchangers, and the brazing
methods have gone through changes to the Nocolok brazing in which no evaporation of zinc in alu-
minum alloy occurred in order to keep the corrosion resistance in progressive reduction of the
thickness in material. In the Nocolok brazing, the brazing sheet, which is the core alloy with a
filler metal cladding, is generally used. To maintain the performance of aluminum heat exchang-
ers, it is important to investigate the corrosion resistance of the brazing sheets. In this report, the
influence of several factors of the brazing sheets on the corrosion resistance, such as the elemental
contents in the core and filler metal, thickness of the filler metal, brazing cycle, etc., were reviewed.
The corrosion resistance of the brazing sheets could be improved by keeping the corrosion poten-
tial difference between the surface and core. In addition, for improving the corrosion resistance of
the heat exchanger, it is important to design the potential balance of all parts when considering
the brazing cycle.
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Table 1 Chemical composition and thickness of
filler of specimens.

Compositions of filler Al-10%65i

(mass%)

Al-10%85i- 2 %Zn

Compositions of Core Al-1.2%Mn-0.16Ti

(mass%)

Al-1.2%Mn-0.16Ti-0.6Cu

Thickness of filler (um) 15, 30, 60 (one side layer)
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Fig.1 Maximum corrosion depth after SWAAT.
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Fig.2 Microstructure of specimens at maximum
corrosion depth after SWAAT of 4 weeks.

(Specimen; Zn of filler metal : 2 mass%,
Cu of core alloy : 0.6mass%)
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Fig.3 Perforation period after SWAAT.
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Fig.4 Distribution of corrosion potential across
thickness of specimens.
(Specimen ; Zn of filler metal : 2 mass%,
Cu of core alloy : 0.6mass%)
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Fig.5 Maximum corrosion depth after SWAAT.
(Specimen ; Zn of filler metal : 2 mass?%,
Cu of core alloy : 0.6mass%, thickness of
filler : 60pm)
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Fig.6 Microstructure of specimens at maximum
corrosion depth after SWAAT of 4 weeks.
(Specimen ; Zn of filler metal : 2 mass%,
Cu of core alloy : 0.6mass%, thickness of
filler : 60pm)
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Fig.7 Zn concentration by EPMA line scan analysis
across the thickness of specimens.
(Specimen ; Zn of filler metal : 2 mass%, Cu
of core alloy : 0.6mass%)
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Fig.8 Cu concentration by EPMA line scan analysis
across the thickness of specimens.
(Specimen ; Zn of filler metal : 2 mass%, Cu
of core alloy : 0.6mass%)
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Table 2 Brazing heat patterns.

Mark Keeping time Average cooling rate
above 600°C (s) above 450°C (°C/min)
SR 40 152
SS 59 14
LR 1539 176
LS 1510 14

Mamimusen coemosicen dopth | mm

0 z 4 L] B o 12
Tl pard [ weak

Fig.9 Maximum corrosion depth after SWAAT.
(Specimen No. 2 ; Zn of filler metal :
0 mass%, Cu of core alloy : 0.6mass%)

-m

Fig. 10 Microstructure of specimens at maximum
corrosion depth after SWAAT of 2 weeks.
(Specimen No. 2 ; Zn of filler metal :

0 mass%, Cu of core alloy : 0.6mass%)
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Fig. 11 Distribution of corrosion potential across
the thickness of specimens.
(Specimen No. 2 ; Zn of filler metal :
0 mass%, Cu of core alloy : 0.6mass%)

Fig. 12 Mn and Cu distribution by EPMA map scan
analysis in core alloy of specimens.
(Specimen No. 2 ; Zn of filler metal :

0 mass%, Cu of core alloy : 0.6mass%)
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Fig. 13 Assembling of joint coupling on specimen.
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Fig. 14 Cross section of the fillets after CASS of
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Fig. 17 Influence of the flux painting on SST
corrosion resistance.
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Fig. 18 Influence of the flux painting on SWAAT
corrosion resistance.
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Tribology of Aluminium Alloy in Rolling

Takamichi Watanabe

During metal working of aluminium alloys, an adhesion often occurs on a frictional surface. On
the other hand, the aluminium alloy product has required a fine metal surface more than ever in
recent years. Therefore, tribology is one of the important technologies in aluminum metal work-
ing. This report describes the tiribology technologies used in aluminum hot and cold rolling.

Oil in water emulsions are generally used in hot rolling for cooling and lubrication. Therefore,
the mechanisms of hot rolling lubrication consist of "plate-out” and the introduction of oil into the
roll bite, and boundary lubrication. In addition, it is necessary to consider both the generation of
metal soap in the emulsion and build-up of roll coating on the work roll surface during the indus-
trial process. Neat oils are generally used in cold rolling. The mechanisms of cold rolling lubrica-
tion consist of the introduction of oil into the roll bite and boundary lubrication. In recent years,
less aromatic hydrocarbon mineral oils are used as the base oil of a cold rolling lubricant for envi-
ronmental conservation. Those oils decrease the adsorption of oiliness on the metal surface. New
additives were suggested to increase the adsorption.
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Table1 Transition temperature of oiliness agent.

Fatty acid residues
Oiliness agent Transition tempereture (°C)
Carbon number Molecular Structure
TP10 10 Saturated 275
TP12 12 Saturated 300
TP14 14 Saturated 325
TP16 Trimethylolpropane esters 16 Saturated 350
TP18 18 Saturated 350
TP1-18 18 Side chain 300
TPO-18 18 Unsaturated 300
PE Pentaerythritol esters 18 Unsaturated 400
NU Natural fats 16, 18 Saturated, Unsaturated 325
OA Oleic acid 18 Unsaturated 275
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Application of Aluminum Alloy Extrusion to
Automotive Parts

Kiyofumi Ito and Masaki Kumagai

This paper is an introduction for aluminum alloys used as extrusion products and examples of

weight reduction for automobiles by mainly using aluminum alloy extrusion products. Also,

newly developed aluminum alloys are presented. Some functional alloys, forging alloys and the en-

ergy absorption shapes are used for automotive parts. Lead-free machinable alloys, heat and wear

resistance alloys and high strength and tough alloys are described. The specific use of aluminum

alloys are presented as bumpers, door sashes, sub-frames, outer tubes of shock absorber, hybrid

frames, etc.
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multi flow tube for condenser
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Fig.2 Air vent tube

Fig.3 Examples of suspension arms (Forged) !’
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Fig.5 Parts made from heat and wear

resistant alloy ¢’
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Fig.6 Tolerance of precision extrusion shape®’
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T =y aeefEMEER L flbb 5 (Fig.
8%, 7, AUDIO TT 7 —~<icidfiiE 70 3 =
Y ABEDNA Ty FRAR=—Z27 L—aWBEHENT
B, 7T =TLG5EEHM, $EESHEHAINT
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Fig.7 Example of bumper reinforcement !0’

FAF a—7, EEME (Honda FCV Clarity) H
Y77 L —nicHSNIF G B B, T ORI
# 77 L — 24 Fig. 4" IicRd L5, HHEM, )
Y B X O FSW & hTWw 3, FSW ZFEHIES
Th 2 OYTNENF O LM TH D, 5%ETH
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FEADIGHM =GR, AEsrEEROSE
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Fig.9 Hybrid space frame of Audi TT coupe '’
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Fig. 11 Example of outer tube of shock absorber
(BMW 5 series 2003) 12

= R NI RT LR

Fig. 10 Door sash of Nissan Fuga Fig. 12 Example of instrument panel member
13)

and its cross section

Fig. 13 Hybrid frame of McLaren MP 4 -12C %)

* Tiypetr 0 muwldrial

D Exirndad parts; AGNOTS-TE

l Gl paris: ABDG1P-TES1

ﬂ Cither paris: ABMES-TS, ASDSZP -0

- FSi foining

Fig. 14 Sub-frame of Honda FCV Clarity for fuel cell 1’
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Practical Use and Promising Future of
Friction Stir Welding

Masaki Kumagai

Friction stir welding has been successfully applied to the production of wide aluminum alloy

panels since 1997. A wide extrusion floor panel for the superexpress Series 700 Shinkansen had

been produced by friction stir welding in our mill shop. Other FSWed panels had been used for
bridges from the viewpoint of reducing the Life Cycle Cost (LCC). The FSWed tailored blank is a
good material for the total cost savings of automotive parts manufacturing. Friction stir spot

welding (FSSW) was developed in order to assemble the autobody sheets instead of resistance spot

welding. Double action FSSW without an endhole and a flush was developed by our company. Also,

self-reacting FSW, which did not need backing jigs, was used for the H-1I B rocket fuel tank dome.

Double action FSW technologies will make progress in the future.

1. £ 2 » ZF

HERERIRREE D 72 o H B B bk ek H & D HIH
B O] LHBIHEN B 157>, BRSPS OB E L i
SIRNHZLEEONTED, BOT VI =9 4580
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HETHD, T T, TWI (The Welding Institute)
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D X EET B,
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] dme o

Fig.1 Principle of FSW.
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Fig.2 Cross section structures of 6NO1-T 5 weld.
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Fig.3 Effect of post-weld heat treatment
process of 6NO1 alloy.

6NO1
(Extrusion)

ADC12
(Cast)

2mm

Fig.4 FSW between extrusion and cast material.
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Fig.5 Mechanical property of weld on rapid
solidified powder alloy.

_——

Fig. 6 Wide extrusion floor panel of the Series
700 Shinkansen both sides.

Fig.7 Wide extrusion deck panels of
the Shin-Kakogawa Bridge.
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Fig.8 FSW of complex shapes.

3. F=5—FT5vY
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Welding

A~D : different thickness or strength of sheets

Fig.9 Principle of tailored blanks.

FSW

Improved FSW

Fig. 10 Apparatus of 6016-T4 FSW welds
after tensile test.

Base metal (No weld) Improved FSW

Fig. 11 Apparatus of FSW weld after bulge test.
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FE L/ NS FSSW A v 28I L, [ELEE: T AT
JEE I mm BELOERBESEIT-> 7. HERDLHITY 5
Wy — (F10mm) &7 e —7 (R5mm) % —&EKH)
SENRENY ZELCHKTE C, BB S € TREES L
TTB, 75 v 7Ty a sy —OARBEMEZ TR
ENY M LR A 2ERL L 7o, BRI 7T B —
THENED IS 0.3mm A S BIRREE T & L, &
tz, EROFESE22BL0 3mm ICZEA TE UHE#EET
HTRem Lichbo, a7y —T7oRI B LE
EEADEICEDEEETo b DRI L 72, #KF
DFHMiE, AHAREIEE, 5REWS X Oy iR <

s —
080 Bmermt
25
E.- 20 082 Ormimt
5
s 1§
£
5 i
2
5
ﬂ ]
Improved FEW F5# LO-Lager i Setal
[LE T ]
Joimning method
Fig. 12 Bulge test result of various welds.
2 m/min -
8 m/min -y

1.mm
Fig. 13 Cross section structures of FSW welds
of thin sheets.
Table 1 Performance as tailored blank of
various welding methods.
LD- YAG | DCEN-
FSw Laser Laser TIG
Weld quality | Surface | good | good |medium| good
Porosity | good | poor poor poor
Crack good | medium | poor | medium
Distortion | good | good |medium | poor
Welding Speed (FSW=1)| 1 0.9 0.5 0.7
Stamping formability good | medium | poor | medium
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1o 7%

Fig. 15 12 1 mm K [A 4 @ ERET 0 £l o 7V %2 /R
To RENY SMOHRT A 1ZEH DM A D5 0.15mm L
TTho-t, ZNZTNOMT WA E Fig. 16 12/~
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FRIAHBFM & 1ZIEE CERTH B0k L, N S
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%2 <, &AM 0.3mm LI E &7 - 7,

Fig. 17 i<k F o 5[ik3IHr (TSS) B X O +F 5[k
(CTS) HEHEREZ/RT, sIRIIWIHAE IR A K » b
IBHERETF- D JIS-A #FEfERY 2 kN 2K E < Elal- 72,
B 18I 3 K O TR IR & & Rm O KA, oA
HAVEHORMEII I TELTE D, Kb HED
F A TIIRAVKR E < Rtk O W 9 2 BAHAY 7R g ©

4l =1
Tool = =S | [ ]
H "]
Backing Plunge Stir Remove
(a) Fixed pin tool
Pin
'-—-.E"_’_ Shoulder =
Clamp . ... |
Siikg g0 €l +[11
f— = .
Plunge === Stijr . Refill Remove

(b) Double action adjustable pin tool

Fig. 14 Principle of friction stir spot welding.

Fig. 15 Apparatus of various FSSW joints.

Fig. 16 Cross section structures of various
FSSW joints.
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Fig. 17 Strength of FSSW joints.

Fig. 18 Cross section structures of joints in
upper sheet thickness of 3 mm.
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Fig. 19 Strength of FSSW joints in thick
upper sheets.
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Fig. 22 FSSW between aluminum sheet and
steel sheet.
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Fig. 23

Self-reacting bobbin tool.
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One-meter Long Seam Welding of an Aluminum Sheet
to Another Sheet by Applying Magnetic Pressure

Tomokatsu Aizawa and Masaki Kumagai

This paper describes a one-meter long seam welding technique of an aluminum sheet to another

sheet by applying magnetic pressure and its experimental results. When an impulse current from

a capacitor bank passes through a one-meter long one-turn electric coil, a magnetic flux is sud-

denly generated around the coil. Eddy currents are induced inside the one-meter overlapped parts

of aluminum (near the coil) and another sheet placed on the coil. The sheets have a gap (1 mm)

between them. The parts can be joined both by the joule heat generated in them and by the high-

speed collision with magnetic pressure applied to them. The bank energy required for the one-

meter long seam welding is about 4 kJ for an aluminum (A1050, 0.5mm thick) sheet and a mild

steel sheet (0.5mm thick). There is a proposed new joining method of long sheet metal ends (coil

ends) using this welding technique.
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Fig.1 One-turn electric coil for seam welding.
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Fig.2 Principle of seam welding by applying
magnetic pressure.
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(a) Overall photograph (Sheet thickness : 1 mm)

SPCC

ABOBZ

(b) lllustration

(c) Enlarged photograph of joining interface

Fig.5 Optical micrograph of joining interface
of welded sheet (Fig. 3).

4, RS 1mChicY o—LBETIEE
ELUERAE

EE O % Fig. 61, 3 v 7 4 &R, KEXA v
F, BIRT v & — v a4 i 515 2 BRI O A B 4
Fig. 7T1cRd, BHEAELEBL, KHEXAM v FE2HAL, 2
A WVICIEBRAPRTEETH L5, 3 v 7 v T
DHBRET 100 % 7213 200uF TH %, WKk 11
HRIE 3 mm © 7 v Afil&4eElc, hiREsOnEiE 5 mm,
Ex05Fi31lmThsb, FELEHMETHZ, 1
m ¥ — AEER, MENROSA Y57 5 v RFH
0.23uH, 7V 3 = Atk & EBRFES L3 1 viEksy
DA VY5 v ZFH021uH TH %,

O 7V =y £3ikE LT, I8 100mm, £
500 3 &£ ¥ 1000mm, E X 0.5 88X 1mm @ LEMH
T =Y s AL050 I EEFHT 5, i aEEifk &
LT, BURES, Exofld, #l, 27 v L 24i%H
W5, V- AEEET AR (280 ofEAIEIEH 50
mm, BRI AR 1 mm TH 5,

FEE 05 BLTP Im v—LEHE BRO LS ITiTb
ns,

D k7 v —vaqsn (Fig.7@) Z#HEHY— b

THfR T 5,
Q) #fFLicaa v bicERLET IV =0 oKL

115

Discharge circuit
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Fig.6 Block diagram of discharge system

for welding.

(c) Fixation of coil and sheets with clamping vises.

Fig. 7

Appearance of discharge circuit and
procedure to fix coil and sheets for
welding.
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———== Time (10us/div.)

Fig.8 Waveform of discharge current.

Fig.9 Seam welding joints of aluminum sheets
for 1 m (upper) and 0.5m (lower) long.

Fig. 10 End enlarged picture of above joint.

Fig. 11 Seam welding joints of aluminum/steel

sheets for 1 m long.
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Fig. 13 Joining outline of long sheet metal ends
by applying magnetic pressure (a) and
making outline of joint for treatment
line passage test (b).
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Fig. 15 Treatment line passage method of
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Fig. 17 New joining outline of long sheet metal
ends by applying magnetic pressure.
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Metallography of Aluminium Alloys by
Optical Microscope

Yoshimasa Ohkubo

This paper explains the metallographic techniques used with an optical microscope for examin-

ing of aluminium alloys. It includes many illustrations of how to prepare the specimens, i.e.,

mounting, grinding, polishing and etching techniques, and how to observe the microstructure.

These techniques are available for students, new employees or less experienced engineers who use

a microscope. Optical microscopes are used in many laboratories and factories, but all the opera-

tors do not know the optical principles and functions in detail. For the routine observations, e.g.,

product inspection, they may use a limited technique. However, when they research new materials

or investigate unknown defects, they should use a combination of different techniques, i.e., bright-

field, dark-field, differential interference-contrast, to get a better understanding of the micro-

structure. It is important to understand the functions and to use a microscope by themselves.
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MBI > THBITE 2 L5, SENXIHIS X%
S B PEBNEEE O 5 VAR - THEE & R
Ftlgdc b IAL DRV B AICEE 2 2 HOLE L
THLAR, WHEY 1A2EH L TEbTRETH 245, HWHO
F L ealihic LT oL Lo o = v 7 v S FRE R —
HI 2L LBINER S0,

Rl ic i, BARLA A8 & AL fIER H 0,
ZNZNICE L OFMENTHIRE N TV 5, BATHELA 24
B3 HHOMIAAL 7 L 2D TRE & JE 1% 0 Tl b
SH L0 L, BEEAARER, FHE L TR A
Tt 5, HKIGE U THEYIES 02 HONIEE
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WO THBEIAABIEEZH VS C ENE WV, B8, 24,
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INRECBIIE S SR LI WS b 20T, —E, T
TioEE, KLk #EdsER0,

2.3 HFEE

HhAE N7 EENE, ML, == (R
X WS, NTHREE, R BB NRIC, k&R
A RA BRI T Tu L, 20RHEIER, R
HE DG FLHE 78OS 1T & OB AR O (SR L
WOMMYO S HEZFES, HICEIED NITEEd 500
TIEARITID B 2 BN B 5o BSOS LAY
D e % Fig. 11277,

2.3.1 mfiL

U, DRI 2 s o/ N e 2 (0 - <, Uk
BRHL 72 & E o Ui 0B 38 & OH - 7B % o Fii
£ THIRINTWHIERIZ 0S5 21FETH 5, 58, BIK
MOHEMO T LTHL &, T 2 &L E0MET 2
EZITHD VARG,

2.3.2 R—IIN—FFE

R—N—HFEE L, ¥ — MRIFBER AL IRl S &
PR FIcE E, T - n R A EE S THIET 3
FEAELE, MBS Bl R B R [EE L
[l 9~ 2 SRR IS G240 U AT Tt 9 2 i vk
dH b, VIEND SIC T 25 S B ik EE
VT, KEGR LD OB CORMEIMA, T
AR L83 56179, ke Fick- TilEd 5 & &

120

1F, WFEEIR RIS R T SRR LT, B
EHAMRICE Sk ST LT Ssn, FEa
T, W HBOD BT % ANt DR EA 3
W B Rd v, Hil L SN RERESEVELD T
B ZDO MM ILEOERSAIMELTVWEDT, FETIE
WFEEHE DRI A FL W S D S50, BB OUFESIC £ 2
FRATEICHES Y, FEOTONMLEEH L WHE
WCHY LR S S TR S 035, BRI WhE
FEICZEZ TV, WEKEOIEF o —fliE, 320 HF—
500 % — 800 F— 1200 F— 2400 HETH 5, @HEE <
LA > THIREHRET T EDND B, RIEPEDSIRDH
VLT ERRE & WFEE AT A& 90°E A TS 5 & & ChERE
T&E b, £, RENSHIN 2 ZEBEZITEREDT,
FEEETERIO T DI LD FEEMA 5 X&ETH 5,
Fig.2' iz, iMoo E&Th 20, FEBLOUNLE
DES LR ORE OBIRAESH ITRT, SiC KL DL
FEM 400 B L /NS85 EMTIBOES BAHITEAL
MBI EMRINTV S,

2.3.3 INTHEE

NI, =BT NS VWEREB LU
MTEEE NS KD BRWTWAEETH 5, N7
FELIME A KR NG b & 5o [aliE AT TR o [
BT T 2V N RO A EEICES S ETT
XEWEGAZEE, 20 Lo R— S —HHETHiITT %
BRRL & O & K7L DA WKL & B & & 7ol IR 27/ T L
T, R EE L T0 <, MO RIEREU R O FREHE
e & FE D FEEBS 1E D 72 1T 300rpm FEELI N IcilZ 5
DOWBEV, PEEfGICIE, FIEOEE - EROMEE S v,

(a) Abrading on #2400 SiC

abrasive paper

(b) Polishing on a cloth with
3 um diamond particles

(d) Etching with 5%HF
solution, 60s

(c) Final polishing on a cloth
with colloidal diamond

Fig.1 Metallographic preparation procedure
(Hot rolled A1050).
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LEERESEPTV, BB G IcHETH 2

EWVWS MRS B, TV =T LTI,

FIZoEWH

MFENTV B, BERICIZ S A ¥ 'V FRIT—8Ic

RSN S, ic7 vy FRITHHH S5,

E AN g

v FRAOHED, BENEL, HuAZE->Twaik
HECHETE, L balBNiceEitatnnt L
TOLTHMNDEWE EADEERPT VDO THEN S,
R= =B L ERRICIE E MDA R A IS4 5

T ORER 2 K E 75 & D H/NS 1L S DARIEIC,

%7z,

A EfE Ao B bHPESC L, REERILTY
<o N7WEDOH ETHNIE, HREEO T B ERF>FEM
ZHL, 6um D5 A ¥ E Y FRTOBEIKRD SR,

Rz

3um TH EFTH 2, 6 um ki1 TORIARIIZD

PHEWES)TR— N —EmETEEL, RICEN%E
T, EF2E5129 %, 1umE, ISR RRRL
R L CREREICH B, AT rs8d22Eb
TELY, WERTIVI =9 A0EE, dRHICIRRA
HE > TR W END B, 3um FHEE
TTHA (Fig. 1 (b)), IROEAE LI THEICHEITT
HIMBOWEEZEZ OGN D,

2.3.4 mEMELITHE

[z P 2 O 722N 7 BFBE I G - 2o ol e SR B L O
I %, HREEZEICRIE & 72 5 WIRREE THY R %,
BRI B BT (Fig.1(0) 3% TH %, N
T LAk T d 28, IEEITHID WIRKLZ R L <A
VRIHEIC & - T B B, (BB, Ak
EEICHE S S EA AL ICEE L, T o ki 0.05
um D5 A v EY FRFOMEREES L, iWlkzFic
o TRWIENCHESI S8 5, ¥4 ¥ €Y FRTFO
LIV Y ARTEHAVWLZEbd 5,

Damags depth o um)

-——-——
a

¢ B ®m N w W w m m
Abragie size (pm)

Fig.2 Relationship between damage depth and

abrasive particle size!!).
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Fo, LECWFE T LW SRS A L, EETE
BITH T EMD B, BIAE, EM PR ORI E R
21556, BilgICHAA THET 5 C &N oT, &
RIS 2 SRV, skl 2 & L CREfifikh cEfig
T5E, AR L TEBIER O N5, ALK O F
12, H3;PO, : 800ml+H,SO, : 200ml+CrO; : 50g T
b B TRETFEE, BHEICET RN WIET Tl ],
MITERECBWE WS FENS 50, BRILEIEE
ORI BZHBBEAET 25K TREI EL VLB VEEND
%,

2.4 HERE

Fig. 3 (CERARN 7830k L < 78 WAR BRI 2 3> R g
Fig.3 (a) ORI, Bo5VvoRKEL -2, Wk
% T TG B & EBRNCA - 72 HFEER K s Yk HY
LCHIRERAEF LT 5, BEBETEAELIEL
R EE = B S ¥ THiEd %, Fig.3(b) o5 L

-

(a) Gap between specimen and  (b) Dull edge of specimen

poxy resin

(d) Inplanting of abrasive par-
ticles (1 um diamond)

(c) Score of drop-out
intermetallic compound
(Comet tail)

...........

(e) Seizing of polished powder (f) Scratch appeared by etch-
ing (The same sights be-
fore and after etching)

Fig.3 Surface defects in the preparation process.
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T EWIEST 2 2 EMEE LS, REAED S
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ZEbTE A,

2.5 TyFvT
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FRICK S 5 e ice@gillfik 2 R v, 22T, HHF%
WG Lza vy b IR NEE LTIy F VT ETI,
—EEITIE, EMEERE 23 T oV A ) IRIRIC G R A2
L, ZThEFEML L EmcEd 2904 Te, B
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TR RS A TE 5 L9 1cm s (Fig. 1 (D)),

Ty F IR, ToHAEORHLYE L SITH
¥, [HEESOICZ L OENMBNEN TS DT,
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RIS —KiEEHHT 22 &2 0, 2200, =y
FrroIhFiE, GofE FECEE TR & OERR
Mc kDB, i, BEERNC X 5 HMARA LS
5120, 2L ogh, RRNic y F v SOEEY T v
F v TR E RS B DWNEETH %,

FEFICHM SN TV EIRBNR T v F v 7% 5 1E
FEY, ThThiclz s pirs e s, Hiczy
F Uk BB ERI S S B D BEICERRK T 5 7
v 7 L1 % Fig. 4 1ZRd, PlAE, A6061 &4
WTHIR Mg Si iTHHZBIZE LT s D id 3 o kK
HBT, WMOTOABTH B, 75— K TlRIrtyhs
PEIRTd 2 T &2 <, KEBILF b ) 2 LKA
TRITHYEBRECTCEL VL, A0 HG&ICB VT
AlsMn (Fe) #H& a -AlSiFe (Mn) #HZXHIL D4 L
DIFHABTROTKEBILF MY T LKERTH S (@
-AlSiFe (Mn) #HD AR, 7 7 — KK & 3 - bk
FIETIFIEEAEMHZXBITE R0,

3. #

3.1 FPEHE
SRR L, EAUT DR F 15 SU 2 VIS A R,
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RN K ZEEBROSNE 12 DIRRE D RICHE S
N5 ENHE LWL,

LB I TR A 508 L 75 b O TRFEMES 1 & 25
I ISPEERIH T 5, T8b 5, AIER AR
KIS, (i & - TR 2 EDEomE %
MHEFD 2 v b5 2 b & LTHET 5, BMEO &N
iid, REE 27— viclie, REErE L o BEKd
2 IESBAMEE &k 2 RO W e 2 7 — VIR & IC#
W, T OHIET 2 EE AN S B, LB 3
BHEtIy v oM ERREER L EEOBETE, 1§
TEER BV, CONEZ Fig. 5 1IcRd, BISLEAME T
L A - o o B E S 2 7 — Vi L Ok
i & B TEE IR 72N 5 DT, IEEAMEEAES &
= LS CER AR Flcs Y R L 2 EHOTREIE
TARENIL N, F12, 27— ViEEFIic A B8 REE
Th 5 ofiitErnE<, EROH 250 TOHILTE %,
ENFNITHER DD, EHEO5EHi-THHEL,

PSR T3 L v X TIER S B AEE IR L v
XTHRT 2 DT, BEBEHFE M IHH DOBROMRE
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BT mget
(as cast)

iils

HF desgodves the oher- dendite componds bod Lems B Strong conlrast

ABOET axtrimien L-LT plans
[J00°C=24h m] e

A0 bt robed plate L-LT plane
{as hot rolled)

100 08 2201 190 150

HaOH and HPO, discrmicate betwaen ALM~Fel wmoluble snd o -815iFeiMn) soluble The sthars ane urabils.
sialer’ & raagent: HF 2 & BC1: 3ml + HMO,: Ssl + HD: 180

Fig.4 Comparison of etching method (Upper row : proper condition, Lower : over-etching).
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Optics path chargeoer Mayer
[ erental mbeferess
eontrait chasgecvar laver

Fig.5 Optical microscope.

HTlkE b, BlAE, BIOENA A50.75 OFEHEER 7S 50
fEtry v xR, d=0.45 (um) EEHEEN B,
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n AL v X5 &SRR IR O TR
(ZEL 56 1),
0 il & —FAEELRED B TA (Fig. 7)

@

TRINDE, COHIEDEGWTIN, Hfife, LR
M2 s E< 785, Bifid, Fig.61aRd koL
Y 2O fERFRO%Z A1/ THY SN TERENT
W3,

3.2 BEBAHE

3.2.1 BAREEIE : Fig. 7% L U Fig. 8 (a)
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KR GEE vy Sy, HELED 5 v 7 b dHB)
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SN, L v XA - CRRERE A RS U, Sk
RSSO, BE, I v X e ok, N —
73T —%dm LTSS (R Y X E TV
B AT) AIE B,
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Fig. 6 Indication of an objective lens.

Epesiece
[}
" T cameia
H
g
:': Focusing
B e Apetlure Light
' daphragm  diaphragm e
]
I'.:L;} 4 ,*":- T anssil=a
L e -
. = =
hEE - o .
INER L
,.HL."';'&':; Kohber Eherminglion
L
i
Chjective lens
]
Anf
[
Saecavain

Fig.7 Light path in an incident-light microscope
(Infinity optical system).

T DT, INEK-TVWSET VY FT AR,

AR RIERT 20, HERIIET T 5, HIICES
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DT HEVDNGE, WL v XOBEIEHERY v X%
T AR E I EEEIE 2l 2AA 72 & I Y 24
Blic LicE 2 RA B8HPAT (Fig. 9 (@), TXWASK
prlickniREAEERTcE % (Fig. 9 (b)), Fig.10
KOO 2B Lt RS- s x (ERD
20% FEEE) O A6061 &4mEFt oMk 2 ~d, KZ
ABET VMR MBEMNL, 2TIBRETCEEL -
R AR TS EnTE s (Fig. 10 (b)) —4H,

BT B ENREENE F B 120, KiET LAY EH %
WEkBIT x 720 (Fig. 10 (2), (LEPIOIR =R L ©
TV (Fig. 10 (0), WEKD &1, HREmEICBE T 2
KooK& SEFEST 20 T, BELEICLL BT 2
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Fig.8 Light paths in various microscopy.

'

(b) Narrowed down

(a) Full open

Fig.9 Changeover of the aperture diaphragm,
watching through the eye piece.

Fig. 10 Difference between aperture diaphragm
(a)(¢) full open and (b)(d) narrowed
down at the same sight.

(A6061, 0.5%HF etching for (a)(b)
120s, () (d) 70s)
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Ny g VEETE T b, A, IV FI RN, T4 —
NR2EE=IERBPOFHEL, MRELLLTRETS
LOTHATH 2, ©vRIEEICE LGRS L,
LML TH, MEKSEZ THIITHESKEV, 774V
ZaEDOFTNY I VNIRGET 2O TEEG LYV,

3.4 EZH

At o7 v = v A OLEYRRER D EIE
Pl a2 TV B D, Fig. 14 1B L TN 5,
PORET D E LT, Fig. 14 Q) 13 A6061 &4l
HIELL-T 6 M OSBRI TH 5 FIRGR L7 T6 A8
A LIC WA, BmE <~ oy Fr ks LTH
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745 ik IR ORNATE 23 LTV
%, Fig. 14 (j) (3 A5083 &4:-75% ISTEIFEIEM @ & A
Wi Td %, BEERIC 130°C-3day BULE L, KA
LU AW BIHANT S B 7% 5 % 3 > (LK%
T30s Ty F Vs LTWVb, Fig. 14 (k) (FHEWNEES
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Fig.11 Bright field and dark field (right side)
illumination at the same sight. (AC9B,
5 %HF)

Fig. 12 Bright field and polarized light (right side)
illumination at the same sight.
(99.99%Al, anodic etching in H3BOj3 : 6¢g
+HF : 15ml+H 50 : 280mD)

Fig. 13 Bright field and differential interference
contrast (right side) illumination
(AC9B, 5 %HF).
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(a) Dendrite structure of as (b) Grain structure of as (d) Non-metallic compound
cast A1050. (0.5%HF) cast A1050. (Keller's reagent) in the cold rolled sheet.
(anodized and viewed (as polished)
with polarized light)
Exrae .
(e) Thickness of anodic (f) Corrosion mode (5 %HF) (g) Crack propagation (h) Welding part of A6063
coating. (as polished) porthole Extrusion.
(as polished) (5 %HF)
I L, el
b Al s SN
(i) Metal flow line of cold (j) Shear bands of cold rolled (k) Grain boundary of hot (I) Etched pits of 99.99%Al
forged A6061 AB083. (Thermal treat- rolled A3003. (Ga penet- foil.
(10%NaOH) ment for segregations of ration— 5 %HF) (electropolishing and pit-
precipitation on  de- ting treatment)
formed areas — 5 %HF)
Fig. 14 Some examples of micrography.
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