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Prediction of Geometry of Extruded
and Drawn Inner-Fin-Tubes

A Numerical Simulation of Geometry of Products in
Non-Axisymmetric Extrusion and Drawing Prosesses (Rep. 3)

Manabu Kiuchi, Shigeo lijima and Michihiko Hoshino

An analytical method based on the upper bound theory is developed for extrusion and drawing
of inner-fin-tubes which have straight radial fins on inside surfaces. The generalized equations of
the velocity field of the workpiece between die and plug (or mandrel) are formulated and the mathe-
matical procedure of analysis is proposed. By this method, the power requirement, the extrusion
pressure, the expectable geometry of extruded inner-fin-tubes and the optimum geometry of die and
plug to build up fins as highly as possible are successfully calculated. Through the analysis, effects
of the working condition and the geometry of die and plug on the geometry of extruded inner-fin-

tube are clarified.

Additionally, the experiments on drawing are achieved and compared with calculations. As a re-
sult, the adequateness of this method becomes clear and konwledges which are helpful for the design

of die and plug can be systematically obtained.
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Fig. 1 Schematic illustration of a workpiece in
the extrusion (or drawing) of an inner-
fin-tube which has two straight fins.
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Fig. 3 Schematic illustration of cross-sections of
workpieces at die exits.
(a) the square cross-section
(employed for the present calculation)
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(c) the parabolic cross-section
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Table 1 Values of parameters employed for calculations.
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Fig. 4 Analytical models for expanding process (Type A)
and shrinking process (Type B).
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Fig. 5 Effects of the plug (or die) length on the
maximum fin height 1.
(A) Expanding process
(B) Shrinking process
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Fig. 7 Effects of the geometry of plug and the
reduction on the maximum fin height.
(A) Expanding process
(B) Shrinking process
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Fig. 8 Effects of the frictions factors at the inside and
outside surfaces on the maximum fin height.
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Fig. 11 Effects of the geometry of plug and the width
at root of fin on the maximum fin height.
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Fig. 13 Effects of the geometry of plug and the top
angle of fin on the maximum fin height.
(A) Expanding process
(B) ‘Shrinking process
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Table 2 Tested condition of drawing.

Symbol Raw tube size Die angle Product size
ymbo (mm) (deg.) (mm)
A—25 25
A-16 16
A 217 x2.0¢
A-—-12 12
A- 8 8
B-25 25
B-—-16 16 17.5% x 1.0*
B 212 x2.5¢ x1.6¢
B—12 12 (n=15)
B- 8 8
C—-25 25
C—-16 16
C 217 x3.0¢
C-—-12 12 w1
C- 8 8 w1

#1 Break down because of overloading.
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Fig. 15 The modified plastic zone in the calculation.
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in the calculation.
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Fig. 17 Comparison of the calculated result with the
experimental measurement with respect to
the cross-section of drawn product.
(Thickness of raw tube=2.0mm)
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Fig. 18 Comparison of the calculated result with the
experimental measurement with respect to
the cross-section of drawn product.
(Thickness of raw tube=2.5mm)
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Fig. 19 Comparison of the calculated result with the
experimental measurement with respect to
the cross-section of drawn product.
(Thickness of raw tube=3.0mm)
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Fig. 20 Effects of the die angle and the
reduction on the fin height ratio.
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Formicary Corrosion in Copper Tubes in
Wet Atmospheric Conditions

- Takenori Notoya, Takao Hamamoto and Kozo Kawano

Uniform oxidation is the most common type of corrosion of copper tubes in refrigerating and
air-conditioning units. Recently an unusual type of corrosion, “Formicary corrosion”, has been
reported in such copper tubes at the final leakage test before shipment of those units or in the
extremely short running after installation. The corrosion is characterized by complicated microscop-
ic caverns of porous copper oxide connected by tunnels. The microcaverns have voids and microcracks
and the surface of the copper tubes is tarnished greyish-brown or blue-violet without bulky corrosion
products and shows no obvious defects indicating the leaks. Twenty one cases of such premature
failures of copper tubes discovered during the four years from 1984 to 1987 are shown in Table 1.
In a few cases carboxylic acids may have been the corrosive media, because formic and acetic acids
were detected in the atomosphere where the copper tubes were placed. Experiments produced similar
corrosion after copper tubes were exposed to a humid oxygen atmosphere with small amounts of
carboxylic acids for a few months. The carboxylic acids were formic acid, acetic acid, propionic
acid, and n-butyric acid. The mechanisms of propagation of the corrosion and preventive measures

are presented.
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OTHEC I, BRERELC TV, -1,

(2) BEIRIR
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W ABATE D, AED SWEICE » TE LMD
WSO BIRIERTH - foo BRI Z OO D
SRS, BRI oA L -1,

BERHOEPMARE R X b, BELRNEL» 5, C,
0, Cussigiish, bEmics, F, Cleiishi, KR
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BiciR Li-boThhid, S, F, CLEFARICEARE &
HOBATHETH S, Cl, FikoW0 T, ERNICHAZ

Table 1 Cases of premature failure by unusual type of corrosion.

No. Date Application Service life (year) Dlrr(l)e];smns(’r;lm)m Attack from I or O Corrosives
1 | 1984.1 Heating pipe 3 12.7 0.6 I Unknown
2 | 1984.1 | Cooler 2 10 0.4 0 Unknown
3 | 1984.10 | Coolant pipe 0 9.5 0.8 (0] Unknown
4 | 1985.3 Heat exchanger — 15.9 1.2 I Organic solvent
5 119859 Refrigerator 6 — — (0] Unknown
6 | 1986.2 Heating pipe 3 8 — 0 Rubber
7 1 1986.5 Heating pipe 3.8 8 0.5 I Unknown
8 | 1986.5 Hot water pipe 0.5 15.9 0.7 6] Freon
9 | 1986.6 Hot water pipe 0.3 15.9 0.7 (0] Freon
10 | 1986.7 Cooling unit 1.9 9.5 0.8 (0] Acetic acid
11§ 1986.7 Cold water pipe 34 22.2 0.8 0 Unknown
12 | 1986.7 | Heating pipe 0.6 8 - O Unknown
13 | 1986.7 Heat exchanger 0 9.5 — (6] Formic acid
14 | 1986.10 { Heating pipe 0 9.5 0.7 (6] Unknown
15 | 1986.11 | Air conditioner 2 9.5 0.4 0] Unknown
16 | 1987.7 Air conditioner Manufacturing 9.5 — 1 Trichloroetane
17 | 1987.8 Heating pipe 0 8 — 0 Antifreeze
18 | 1987.9 Refrigerator 5 6 - (6] Unknown
19 | 1987.11 | Air conditioner Manufacturing 9.5 0.3 I Trichloroethane
20 | 1987.11 | Air conditioner 0 9.5 0.4 1 Trichloroethane
21 | 1987.12 | Heat exchanger 0.1 20 1.1 I Unknown

MOD : outer diameter, T . thickness

10

@7 : inside, O . outside



Vol.30 No.3

BRI VRV BEESCEERBCBY 2REOBRORIRNER

125

NTWwie7o vRR2ILk3bDEEL LN, 7uv YR
2EME W L TRBEESL L, £k, BAKAH
POETLTVWA I EDS, FIfIcClA C D&k
BlLTtwikE3dEAH G, £/, SOEARL LTED
N, TORARBRKREHSPICTEIERTELL -
Too ABFILSNC FEIE B 2 BoEREADRK
BERPEHRONSE & s, BSHBELERICE Uk
BEIEEZH, FARECS TN IBBOERER,
R R R SRS i

Fig. 1 Surface appearance of a “hair-pin” section of
the copper tube. (magnification 5X)

Fig. 2 Cross section of “hair-pin” sections.
A, C : as polished X 10
B,D : as etched X100
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Fig. 3 A glass vessel for reproducing formicary
corrosion in copper tubes.
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Cross section of copper tube exposed to humid
0. over 1 vol% formic acid solution at room

temperature for 125 days. (A) showing
presence of voids and Cuz0 and (B) microcracks

in porous Cuz0.
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Fig. 5 Cross section of copper tube exposed to humid
03 over 1vol% acetic acid solution at room
temperature for 125 days. A as polished,
B : as etched.
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Fig. 6 Cross section of copper tube exposed to humid
O3 over 1vol% propionic acid solution at room
temperature for 125 days.

Fig. 7 Cross section of copper tube exposed to humid

02 over 1vol% n-butyric acid solution at room
temperature for 125 days.
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Hydraulic expanding of copper tube (to
aluminium fins)
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Organic solvent degreasing (of inner surface)
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Brazing to U-bent tube fitting at 730~780%C

l

Pneumatically leakage test at 28kgf/cm?

l

Treatment of inner surface (before shipping) I

Untreated

Corrosion

Tube ends sealed after vacuum drying
Tube ends sealed after nitrogen purging |

Fig. 8 Improvement of manufacturing process of
air conditioner.

Hot air drying at 75°C after steam purging
No corrosion
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Effect of the Surface Streaks on Ironing
Formability of Aluminium Deep Drawn Cup

Tatsuya Hikida and Yoshio Takeshima

The effect of surface streaks in different directions on ironing formability of aluminium drawn
cup was investigated.

All test cups were drawn and ironed to erase the rolling streaks on the materials. Then some
of the cups were given the surface streaks with surface roughness (Ra) of about 0.1 zm in two
different directions (oneis circumferential and the other is axial) by diamond paste polishing. The
three kinds of cups, as-drawn, and with circumferential and axial streaks, were adopted for the

(T

ironing tests.

The circumferential streaks decreased the frictional coefficients and the axial stress, resulting

in effective obviation of the tear-off and seizure of the cup wall. On the other hand, the axial

streaks increased the frictional coefficients and stimulated the tear-off and the seizure.
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DEDER VI, Ih5O{bERKS ETable 11T, #B
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Table 1 Chemical compositions of test materials.

Chemical composition (wt%)
Material
Si Fe Cu Mn Mg Ti Al
1100 0.15 | 059 | 0.07 |<0.01]<0.01}<0.01| bal
3004 0.25 | 043 | 0.17 1.10| 1.20| 0.04] bal
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Table 2 Mechanical properties and surface roughness

of test materials.

Tensile properties

Foval Surface

- : -value

Material | Yield | Tensile | Elon- |, vajye ! uz roughness
strength | strength | gation (kgf/mn?) Ramm)

(kgf/mn?)| (kgf/mn®)|  (%5)

1100-0 35 10.8 32 0.25 17.7 0.30
1100-H18 | 19.3 21.4 4 0.08 23.2 0.30
3004-0 8.3 18.7 20 0.16 29.0 0.28
3004-H18 | 30.1 31.0 3 0.08 35.2 0.28
Table 3 Deep drawing conditions..
Punch Material : SKD-11(HrC60)
e Diameter : 33.05mm
Di Material : SKD-11(HrC60)
€ Diameter : 33.68mm
Blank diameter 60mm
Simultaneous
L ) 19.2%
ironing reduction
Drawing speed 5mm/s

Lubricant

Paraffinic base oil (5119¢St,20°C)

Blankholder force

200kgf

Table 4 Ironing test cups.

L . . Surface roughness
Test cup Polishing direction
Ra (um)
A Non-polishing 0.04
B Circumferential 0.07
C Circumferential 0.12
B Axial 0.07
C Axial 0.12

FAYEYFR—Z M 2SR BAEMLAITE T
Lk - T, BWHAIEREC OWEAE S » T L
BT, MFHRICTESREIEIRE-T, FNETNMT
foo WHEMOM S 13, MAKE, #AEE & @Dt
Ato TOHLITERHBHSY v 7OBEORAMS £
Table 4 Ic, A% Fig. 1 icRd, BREAHSE, BRO D
FEDOH v T OoWTREHENS, BFEBH AT
FIOWTIE, WIS EBEMAEICHEL 2, LIS
BHA o 73, B0 EEA, HELRIEG %M
b0 %B, C, WAHEBHENTLb0ER, CL
L, 2o s bEHEMSIBNEVEAEB, B, K&
HEC, C, & LTXBIL K,

3 B A &

LZEEBICE, BT AE LRy FERHOT
RYFHEEBESNEZAEL, ChorosTREEMBO
D BRI O 7 A AR D A v TEERIN 2B H
L,

Table5 iz L & S REBGMHEATR T, T O8MEE, —&
BB TEROINT. Uich » 758, LI EEN RO
fTEFETTICMTLES &5 0EEL, RBMAKE,
BEHICSEIH Y TTEDE LI,

Table 5 Ironing test conditions.

Material : SKD-11(HzC60, Ra=0.08,m)

Punch .

Diameter : 33.0mm

Material : SKD-11{HrC60,Ra=0.06,m)
Die Semi-angle : 4°

Bearing length : 0.2mm

Ironing reduction | 37%

Ironing speed Smmy/s

Lubricant

Paraffinic base oil (321¢St,20C)

(a) Testcup A: 0.04umRa

(b) Testcup B, B : 0.07umRa

1.0mm
| ———

(¢) TestcupC,C':0.12umRa

Fig.1 Appearances of test cup walls before ironing test.
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LIEMTic&->T, =M@ L TEEN, £ 7238
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LOEGDTRELEZ ko, LIEE ik
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REUHBASIAEL, 20O R % Table 6 IRT, BE
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WK LD H 2BAHEL, £ ORE % Table 7 127K
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Fere Utids - 18, REMHIOBAEZOCTIR, LIEHE

Table 6 Tear-off in ironed cup wall.

Test cup
Material
A B C B C
1100-O QOO | 000 | OO0 | X xx | xxx
1100-HI8 | A X X [G]e]e)] OO0 X X X X X X
3004-0 OO0 | 000|000 | OOX | XXX
3004-H18 | a6 | OO0 |1 OO0 | XXX | XXX
O . Non-tear-off
A Partial tear-off
X : Entire tear-off
Table 7 Seizure in ironed cup wall.
Test cup
Material
A B C B C
1100-0 XXX 1TOOO O00 | XXX | xxX
1100-H18 | A X X O00 Q00 X XK X KK X
3004-O AAAN T OO0 000 XXX | XXX
3004-H18 | AAX | OO0 1 OO0 | XXX | xxX

O : Non-seizure
A 1 Partial seizure
X : Entire seizure

CHFEfSERE L, —F, BRUCK2VLTH’, £T
AR 23T L, 3004 — ORIz & 8ic £ A E h o8
HUt, 1100—OK 3004 —0ld, AlcBWVWTL T EH
NS - 1o s, BT A5 U foo 1100—HI8K 13004~
H18i, AlcBuwT L Z&Eh, B OmEFNFLEL 2,
LI&EEhE, WEMK OBEEMOABRELPLTH -
foo MEMERMCBAL T, B UCFHE TN % £3004 07 A3
BNTVIOE, MnGEESEZ VLD EEZ LN EY,
MR BT 12, B M I > W TE AT )k
W, EMIc>WTEAW, L I SB ik OIS
M iz, 2 ENSIESS SNt B RIBTERD,
HO0DEMIT > VTR L CEENEEETSE, Z
Ofthd M IO W, ML TE BN, T A
WTNHET S ® i,

Fig. 3ic & A HEHIRE 1 LB 0 OB KR %
KT o

wold, EHOFME I AEI L > TENDH D, B,
C (MARmETER) <A @FEfHE L) <B’, C’ (i
HEWER) Th -7 0,43, A, BRUCIKDWVWTI,
U IRIEBIFEREVEBICS - 7245, BRUC IS
VT, ALBERIETH -7, EHOMH S ICELT
1Z, 3004 —O% Wi IF R S AR E WHD n 3/ NEh -
7o 3004—01%, B'OHHC & 0 bET/NEWEEHE -
tro Fo, 3004—013, LIEHEBHA v 7ORMIC L
Budsd0ido DEBREMOTTR/NE {, B
HOREEZ T WHEITH » 7o —H, 1100—-013
ALBRUCEDENFERKTH Y, HELEINFER O
EELZTCTVHETH - 12,

Fig. 4 1T p & R v FHIBERB 1, OBIFR%ERT,
Fig. 3 1/R L fRY po& o DOEICIAESHEB R A 5
NI - 1ehs, w.& u, DGR SEEBEKE o, ORI
ROBURHRD Stz o WREFEETH 1A B
ROCEER 1= nDEFTH > e LT, 0,5
INE 5 HBRUCH 1< i , DR TH » 720 T,
O ld & OBEBEPOERTD, p WP pdoxt L TRE
WIRE o 3/NE L, Table6 IR L RAEET 5 &,

(a) Non-seizure : O

(by Partial seizure : A

0.2mm
| S—

"(c) Entire seizure : X

Fig. 2 Classification of ironed surfaces.

17
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(a) Pure aluminium 1100 (b) Aluminium alloy 3004
25
20
3E
o~
2% 15¢ 1100-H18
<
23
g
g g 10
5 L
Ironing travel . £ =15mm Ironing travel . £ =15mm
0 ] 1 ] 1 1 I ! !
0 0.05 0.10 0.15 0.20 025 0 0.05 0.10 0.15 0.20 0.25
Frictional coefficient Frictional coefficient
on die surface, uq4 on die surface, y4
Fig. 3 Frictional coefficient on die surface vs. axial stress in ironed cup wall at
ironing travel of 15mm.
(a) Pure aluminium 1100 (b) Aluminium alloy 3004
0.25 o
Ironing travel : £ =15mm Q// Ironing travel . £ =15mm N
5 »
. Q
0.20 B B - )
&
= 5
Q@ 5
2§ 015 c /qu - <§%
s &Y :
Q wn
&5 010k - ¢
= a : B
2 e N A 0 Hi8 5 / 0 His
C o ° C A ® o b
A A O A A
0.05 A B ] ] — . A 0 =
g B v v
c vy C
<& * <& *
O I l | 1 i | J L
0 0.05 0.10 0.15 0.20 025 0 0.05 0.10 0.15 0.20 0.25

Frictional coefficient
on die surface, 44

Frictional coefficient
on die surface, ;4

Fig. 4 Frictional coefficient on die surface vs. that on punch surface at

ironing travel of 15mm.
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Table 8 Pressure between tools and material
during ironing test.

Pressure (kgf/mm?)
Material
A B C B C
1100-0 13.9 16.8 16.1 134 13.5
1100-H18 19.7 22.7 22.4 20.0 20.1
3004-0 24.1 25.2 26.2 24.4 23.4
3004-H18 28.7 301 314 28.8 28.4
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2%,
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Adhesion Properties of Polyurethane Coatings
on Aluminium Alloy Substructures

Tsutomu Usami, Masaya Imai and Yosifumi Hasegawa

The effects of surface pretreatments of aluminium alloy and polyisocyanate as hardener on adhe-

sion of polyurethane coatings have been investigated.

Both sulfuric and phosphoric acid anodized aluminium alloy surfaces provide good adhesion of

polyurethane coating which is compatibly consisting of acrylpolyol and polyisocyanate. As for those

of alkaline degreasing and chemical conversion coating, the adhesion strength is short of one fifth

of the anodized surfaces.

As to sulfuric acid anodized surface, the pore size of the oxide film and structural bulkiness of

the polyisocyanate seem to be critical for good adhesion with the coating.

The oxide film produced by phosphoric acid anodizing yields excellent adhesion with polyurethane

coating which contains bulky polyisocyanate as hardener, and the coating maintains good adhesions

after the dipping treatment in hot water.
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Table 1 Polyisocyanate as hardener.

. Compatibilit
Type Structure of polyisocyanate P v

with polyols

Isocyanurate type
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Coated aluminium

/

/— Polyamide film
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Peeling test

Fig. 1 Preparation of peel specimen and
testing method.
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Fig. 6 Surface morphology of alkaline degreased and chemical converted
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Fig. 7 Surface microstructure of anodized surfaces. (X 75,0000.7)
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Fracture Mechanism of TiAl

Takeshi Kawabata

This review describes the recent our studies on the fracture mechanism of TiAl intermetallic

compounds. The observation of fracture surfaces in bent specimens of Ti—56at% Al single crystals
with the [010] and [001] orientations shows that TiAl fractures in {010}, {001}, {110}, {101} Cor
{011}) and {111} planes. A fracture mechanism was proposed for TiAl with an L1, structure, which

is related with the Lomer-Cottrell type dislocation reactions, and could reasonably explain the

fracture surfaces observed.
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Fig. 8 Cross section microstructure of anodic coatings.
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~(010) ~(010) ~(010) ~(001) ~(001) ~(001)
~(011) ~(TOO)S ~(()lf) ~(TIO) ~(110) ~(011)

CIE iR E = - ] ~(011) e ~(011) ~(010)s —(01T)
~(001)s (11)t ~(101)
~(100)s (1Nt

11

C C C C C C
~(010) ~(010) ~(010) ~(001) ~{001) ~(001)

s oD SRS & T s - - -

o SRR O RIS R, & T oD o0y oD 6
~(011) ~(110) ~(011)

C C C C C C

. ~(010) ~(010) ~(010) ~(001) ~(001) ~{001)

TE & 0 0 R 5 & T ~(00D)s ~(001)s ~(100)s ~(010)s
~(100)s ~(001)s ~(100)s

(111t (111t

e o T A ~0 ~0.07 ~0.2 ~0 ~ 0.05 ~0.1

C:~E3, WL : Wallnerd#t, ( s ( Mok, AInt: D/ P —A
Grain boundary
(101) oo :
N
S1nl-aoo ! s
A
(001) /:/ 5,
D=nb /
L o
(111)
o1y / | S
(a) Cotirell;miBZE L 14845 (b) Gilman& StrohiBE L 7-44% =
(beo e B (00 EH ) (hep® BZN D00~ = b)) O on R LI
M8 WREEE I 2025y 7 ik
_ o (4) 1/2<112> (F7131/8C112) D/N—=H =27 |
5. TIAl R 0 & fI NEBSRBERT, T 5,
TIAIFOEFESERINIC TRl h, EBCEESE TS DIRALIZIRD & 5 IR T B EREED S B,
BETFEMEIC X VRSN TV BERALE, @ 1/2€1105—>1/6¢211) +CSF+1/6<121)
(1) Q10> D= H =27 b E DA ® 101>->1/2¢101> +APB+1/24101>
(2) 101> BRU 011 dx—H— 27 b EE-D 7213, (101)—1/6<112) +SF+1/6¢514)"
BB fi 1% @ F713, 101)—1/2¢110)+1/2¢112>%
3) 1/6<112) D N—H =27 + VEEDHR @ 1/2412--1/6<112) +SF+1/311D%
ﬁl—Lls)ZG)

30
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BriEEE LTS, CSFOL 2 AFE, K& - il
B4 3E, APBT R AVFESFx x v FOMERMTC
EHTE B, QOAMEIGE, TIAIF TR REES h
TV,

6. EmEIRIGIZLS
NEFRRERREE L Z OBIE

DRI DRSS I3, ~EFBEMSERARUSIC L » TE
UBTEEMBIIRL TV, JCT, BURKIGOBRE%
EZETHIERC L&D, BRBZTNOE LD 2 A0HEH
BARIGT B, RIBic&k - THEL AEEERME >
DT ROEOER LIBT3, b L, KIBILL - TE
R NFEEMAREE, bbb, RF 7oy FERMAT
BHB O, FOARBIEIE, & 5EBROKRMOIGS
#rho b & T, BROENERGEELT, 17005y
7 &RHEL BAREEMNH B,

Stroh (%, FRERAIHE RO MICEEQD/NSTET T v
IBBEATEERELLE, 280ZE LW A—H -2 X
7 F VA OERMNE SRS E B DISEE T EEANE,
WA EER N OA A EE L CHHE LB ORKRI &
DHPNIVWT EAERLE®, Stroh®d, TOEZE LE
OECERAT %, Tibb, BELNN—H—-2X7 b
b, (1R 2) 28D 2 KO & &K S ¥ 58
BT 5 &, SRCET ARATIE,

_ .. Gbb
Frs=k* 67 0=3) & )

LEF B, TIT, k32RO IER T 5 REH
BRI EEROME S KX SR RTHRETH B, 2K
DERRPEHEL WK E X OB S FIRENTH S & &, k=
1 ThH b, 2ARDERMBILEN—H=ZXT FIVEFR
D&, ROMEMER 1 LD b/hESWV, ZTLT, TOR,
EIIELWAN—F— 2~y b vEBSIERABICIERT 5
HEEHDCET 2, BREN—H—Z27 FVERD
AR ER T A EEERDOkE LTEZ N %, G
IR, b(i=1RK2) B Ar (Superpartial)
$ BB ONN - — 2R P VORkEE, yIE>IRT
Vv HR Gl N—H— AN b b0 S B, KHKE
1B IREERIES (b)) PROKRESIKBERELWVWET
Hb, bL, F<K0, bbb, RIGHSIINTH 1S
S, 2ADRRZ L TRYELOEME, JGEIEF DO
FRLICKIELTAET 5, F> 00K, §48b5, &
URIBHRERTH B & &, RIGIKET 25K ER
RO HERIC L - TELZ oD, B¥EA (/&
HBIRAD) O&EIE, ROFRELMSHRE s BRICAET 5,
Nt > Fou/ b (2
T oT, N 3R o 2B, kU
i, 20T XDELOACAMENTHSE, TIT, N
OE/MEEHEL TA S, TIAITWE G =71.4GPa, b=
2.86X107"m, » =0.236 KT 7aes =0.47J/m’® T

31

b3, BERMMETIE, 1=80MPaTH 5%, 0E, kil
DORIG (22) DIFEEEZELZBE, k=v /4 KT =05
bie =3%b/4TH B, 25, NOB/MER, 4 &
5, Thid, B¥ENOERKCTHS, §8b5, T
NoDEMOERESIE, 100umi b bF-LEEVE
Eiohd, TOHERRER, RBRAFEREID, K20~
100 u MARINA - B S, ~ZEAHRESHRT 5
B L LT WE, JIT, AL, BT R
DD 2 ROFETREMBORIGEZEL TV S, L
L, Whelanic X - Tisfia ©72® k5, Bl 39X
DZIZBT B 2 KDIRALORIEHS I, FETARICE
KTV, LichinT, 779 2 (T 2kdicE, &
ORISR BBE IR S WA BBEBH S D,

wic, APBIC & » TRl E hcBizfEEORIBI >0
T, BEREEAED LS, RIEOEMHE, bRoFa &EE
LT,

Nt > (Fux— Y arn) / bp,i (3)

THEE B, TIT, 7aps BAPBZ R F— b, (i=1
RO 2) WM O N—H— AT bV TH B, T3
O NOB/MER, RRQDENREID B/hE WV, Lizdi-
T, APBIT & » THlfE & N7z, i8I0 A KL T EE
MOBEEID bEBICEE 5, NKRUVEBIE, bi=b=
2.86X 107" MK UK =15 H WV T, #PERL O &S
AET AN OB/MEIRN S Th 5, ERIRAEE ORI
I TIE, 2 A®1/2101) BUBHERALIE, T T, 1A
o Q01 BEMIEGELTVWLEIEBTFHENE, ©
LT, WiEMEoSERIGIE, B0 2 h & ER
P Th B, RRT@D b, (=1kU2) il
MO =F—27 P VvORKEESERAL, kODHD
kA BWT, BEAOERIRMBOR/NMEEZRD 5 C
EDBTEB, TIT, kid, i b, SHENTH 556
(BB, biebDEL oI TH 354) O
A ERRI TS 5,
RISTERES N AT 7oy Figfi s, ERELCZE
Hox B OMEEBER Fnf OEM O &EIT X » TE
Baht, KELRAF7oy Figfife, Zo0 3T XA
Fon+ 1 FH AL E ORI  BAROHELERA I
ST, RADEFMELEREEH L TEET L L, nO
e &EBRERNMETT S, 74b5, BURKIGICK -
TBENE 2 5y 7 ORESEFICEE 5 T Lh40h
%,

wic, EOBRELEET 5, B9, TIAIHERO
[001] B Frics i 3 (001) HOBEOREL,
BWRETRL TV B, B E— 2 v MHEREYT 55 3R
TIHEREF OEEE C TEI, TR, KK (2a) (&
BOE 2B HELBTHEESS B, (111) & (111
D, nflOTXOEHHEIEHE, 1, 2, =« *n &7
3o (111) HE.ED1/2[101] D= =<7 b AEH
SEFEOMEER &, (111) FLo1/2[101) ~—#—
ARG b VEHOBEEMESRKIEL, 1RKORFTa Yy
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R BT o CORFT Oy FEERIR (111 &
& (1D EORTH S [110) HEcELT (110)
B HEEL, N—H -2~z it [001] TH B,
FORFT Oy FEENE, BROEEERMEAFAE SIS
WL, KB LT, SVKDI v 59 0 %
s 5, #ho0isuvs sy s GEVICEEL, —
DDI 5y VILEET S, £ LT, 07571, n
oG LIcRF 7oy FERNOFIEED flicikET 5.
TIT, BalE, GBRRIGI LRI N IR DN —
H— 27 FVOFRERSCE ﬁuETW@ﬁ$U5&
WA IREBIAIRES B, FRD 2a) ORKIGOEBEEICIE,
%ﬁéhéﬁ%@i(wntﬁtméoCmu&m,mc
SBRUEEPTIRAKIGK X 2~ ZBELIREL

722, TiAlh DAL RIGD & FRAS W 2B ICBE 4 2
BRE 2ORIGOREESERT/ 5 4 — & OIBEI,
CottrellldED—D ORETH 5,

I
]rw
| B
=
| ¥
| B

R ]\g
AN N X o

B RE (010)

9 TIAIH#E SO [001] il R I BT 5

~ & BB 2 BT B EIN,

7. FTRERERALRIG

BRI K > THEL B ONN=H =27 b, 4
DE R IR O 7 b vhs, BEALR SRR O AT
BERMHEIEE L BICR2IRINTV B, SEEEAA
ARETHOVES, BPCEIWEROR D iTglissileE &
BN TW5B,

F-FBHORIEO LB E2RT N5 4 — s R
THBLBORIEDO LB X ERT /N5 A~ SR U k%
B 7 LTRI0ENMICERFNTRT, Bid, BEA
EORIGOEE, BOME, b5, 5IINTH 3, kA
RO R IR, $78b5, BREMCELL, KEIEH
1/2TH 5%, thld, FAEOHARENLEGHETIEEZD
WLEREOAIGHT, GERBELCZ T EEEKLTY
3, $12, & BOEBSEEBIEEE 5, TOBEIE,
THED ORI A RDENMBEET 2 THAH T LEE
L, R2TFllLniddim s B 2 oHiEd 2 Waelt
D,
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RIS RBEMOHESED S, 6 BEICOHHETE 5,

(1) N=H =27+ 1/2A10) %o EEixArE
OMEMER (E2H0KIEG (1a) & (b))

Q) N=H—z~27 o Q01 2FE->HBEAMOM
AHER UG (2a)~(4b))

(3) 101> B#BIRAL &1/2110) L@z f oM E(E
A &6 Ga) & (6Gb)

(4) W—H =27 b ym{112) (n=1/2,1/3F 2
1/6) ZF->mBishr (73R & 1/2¢110) #
@A OMEIER UG (6a)~(6c))

(5) <101) EV#EERGI & m112) (m=1/2, 1/3 £ /212
1/6) BUEERA (F /o zs) MoMEER (R
i (Ta)~(10c))

6) md112> (m=1/2, 1/3F 72131/6) BIiEIxr(F
foldEAD BEROmM12) THBERAT & Hixfr i
OMELER GG (11a)~14c))

6¢ 10c 1ilc 12¢ 13c léc
1b 2b3b 4b 5b 6b 7b 8b9b 10b 11b 12b 13b 14h
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IS (A0b) &, G (102) ARG TEREE
BEhid, B & OM TRV TR C 35I6TH 5,
BILBOENRIGTH > Th, Fo TR TROEIE
nhE, B smEEmsfifFah s, A, (la) &
(1), (a) & (@b), Ba) & (Bb), (Ta) & (Tb), (Ba)
& (8b) R (9a) & (9b) 18ETH B, (6a)~(6c),
(10a)~(14c) T, RESDBRBEN—F—2~7 b
WERESE CBEOKIGY, WAWVWAIL TN H & B
HAEFHESE TS, Hio, (6c) & (13b) ORIBE,
BLREC &, (1) N0 HEOBEETFHT 2, K
Ji (6b), (Ta), (8a), (8b), (9a), (9b), (13a), (13c),
(142), (MUK T (14e) 3, #h®Fh, (255), (332),

(772), (10,1,1), (552), (411), (552), (332), (1,10,1),
(141) RU (161 o &5 EERROWRELFHT 5,
NSO, BE LRSS VE, MIELEROHEK
KE5T 3, KIS (4b), (5a), (10b) & (10¢) T
S h B, FRSNTWAELTTHTH B, L
L, ChoDRIGTERSNLEAE, BRE5TX0DE
e A BAPBER - TW B, LEh-T, £hb
WERST I EEIT A C L RTER VL, o RIGRRET
(ZF78y F) BEEES, KIE (Ta) & (Th) kU
(10b) & (100) 1, 1/2[211] Ro'1/60121] &1/6[211]
DIN=H— A7 b WEREOEAEENRT 5, N5,
WAEREXRN (CSF) 2FKd 3, RIS (10a) &, 2

#2 EMEGETHE N EWEH
IG5 B W B D S iy B & T /K g FLIG A% O AL RGE & TR I AT TRy FEADHH TS N B BIEE

(a) 1/2(110)(111) (010)(101) (101) (010)
+1/2(110)(111)

(1b) 1/2(110)(11) (010)(100) (011) (011
+1/2(110)(111)

(2a) (1/2(101)+APB 1/2(101)(I11)+ APB (110) (001)
+1/2(101))11) +(001)(110)+ APB
+(1/2(101)+ APB +1/2(101)(1T1)
+1/2(101))(111)

(2b) (1/2(101)+ APB 1/2(101)(111)+ APB (011) (017
+1/2(101))(111) -+(0013(100)+ APB
+(1/2(101)+ APB +1/2(101)(111)
+1/72(T01)11) '

(3a) (1/2(101)+APB 1/2(1013311)+APB (110) (110)
+1/20101))(111) +(1003(001)+ APB
+(1/2(101) + APB +1/2(1013(111)
+1/20101))(111)

(3b) (1/2(101)+APB 1/2(101)11T)+ APB {011) (100)
+1/2(101))(111) +(1003(01T)+ APB
+(1/2(101) + APB +1/2(101)(171)
+1/2(101)(111)

(4a) (1/2(101)+APB 1/2(101)(111)+ APB (110) (110)
+1/2(1013)(111D) +1/2(1103(001)+ APB
+(1/2(011}+ APB +1/2(01T)(111)
+1/2(011))(111)

(4b) (1/2(101)+APB 1/2(101)T11)+ APB (011) glissile
+1/2(101))(111) +1/2(110)(T11)+ APB
+(1/2(011)+ APB +1/2(011)(111)
+1/2(011))(111)

(5a) (1/2(101}+APB 1/2(101)(11D)+ APB (101) glissile
+1/2(101))(11T) +1/200T1)(111)
+1/2(110)(111)

(5b) (1/2(101)+APB 1/2(101)111)+APB (011) (011)
+1/2(101))(111) +1/2(0T1)(100)
+1/2(110)(111)

(6a) 1/2(112)(111) _ £001)(100) (0113 (011)
+1/2(1703(117)

(6h) 1/3(112)(171) 1/6(114)(51T) {011) (255)
+1/2(110)(117)

(6c) 1/6(112)(111) 1/3(1113(21T) (011) 11
+1/2(170)(11T)

(7a) (1/2(101)+ APB 1/2(10D)A11)+ APB (110 (332)
+1/2(101))(T11) +1/2(211)(113)
+1/2(T12)(111)

(7b) (1/2(101) +APB 1/2(To1)1T) _ (011) (100)
+1/2(10T)(LIT) +APB+1/2(211)(011)
+1/2(112)(111)

(m5¢)

33
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(8a) (1/2(101) + APB 1/2(101){I11)+ APB (110 (772)
+1/2(101)(111) +1/6(521)(117)
+1/3(112)(111)

(8b) (1/2(101)+APB 1/2(101)(111)+ APB (0113 (10,1,1)
+1/2(101)(117) +1/6(521)(155)
+1/3(112)(111)

(92) (1/2(101)+ APB 1/2(101)(111)+ APB (110 (552)
+1/2(10T)(A11) +1/6(A1T)(115)
+1/6(112)(111)

(9b) (1/2(101)+ APB 1/2(10D)(111)+ APB {011) (411)
+1/2(10D)ULD +1/6(411)(122)
+1/6(112)(111)

(102) (1/2(101)+APB 1/2(101)(111)+ APB (011) glissile
+1/2(101)(111) +1/200113(1T1)
+1/2(112)(111)

(102) 1/2(101)(111) 1/2(110)(111) - glissile
+APB
+1/2(011)(111)

(10b) (1/2(101)+APB 1/2(101)(111)+ APB (10D glissile
+1/2(10T)(111) +1/6(121)(111)
+1/3(112)(111)

(10¢) (1/2(101) + APB 1/2(101)(111)+ APB (101) glissile
+1/2(101)(111) +1/6(21T)(111)
+1/6(112)(111)

(11a) 1/2(112)(117) (1103(001) (1703 (110)
+1/2(112)(111)

(11b) 1/3(112)(112) 2/3(110)(001) (110 (110)
+1/3(112)(111)

(11c) 1/6(112)(117) 1/3(1103(001) (110) (110)
+1/6(112)(111)

(12a) 1/2(T12)(111) (010(101) (101) (010)
+1/2(112)(111)

(12b) 1/3(T12)(111) 2/3(010)(101) (101) (010)
+1/3(112)(111)

(12¢) 1/6(112)(111) 1/3(010)(101) (101) (010)
+1/6(112)(111)

(132) 1/2(112)(111) 1/6(552)(115) (170) (552)
+1/3(112)(111)

(13b) 1/2(112)(111) 2/3(111)(112) (110 {111)
+1/6(112)(111)

(13¢) 1/3(112)(1171) 1/6(332)(113) (110) (332)
+1/6(112)(111)

(142) 1/2(112)(111) 1/6(152)(515) (10D (1,10,1)
+1/3(112)(111)

(14b) 1/2(112)(111) 1/3(122)(212) (101) (141)
+1/6(112)(111)

(14¢) 1/3(112)(111) 1/6(132)(313) (101) (161)
+1/6(112)(111)

BIEICSUS LT, BREi31/2[110] E@inhr 26 5,
BIGHIRD /N =5~ 227 s VOEFH o4 i L <,
Bel3, CORIEHT 2 VFIICREEBZ 5 E S 2
MiT&Es, G a)~4e) Bz x V¥R ETFTSH3,
T LT, RIG (1a)~(Gb) 13, bakoBifh 75k E
Kk ->TlR, EHEP TR VFOBIEE O, KL i
078K TZ L7 TiAlhic, (1a) # #2132 (1b) © KA
HELTVR02HELELY, Thid%s, TiAlic BT 3
BERTHED 2 VIR OSBEC X260 TH A S,
RIGQa)~@Bb) bR U & # RO & » THE =

34

BHEREMEM S 5o KIGOD (1a) & (Ab)1E, HE20) 1of &
N fec BFEHT 2RISR M, = LT, Kk
(52) & (5b) i, [ L < XHk20) RIS, 81O,
ML TW3, Greenberg™ It & » TEEI WG
(1/2[011) + 1/2(1011) (111) — (1/6(112] + 1/6
[121D) (11D + (1/6[211] + 1/6[112))(111) — 1/6
[112] (111 + 1/6[132] + 1/6[112] (111) T 5.
CORIGE, BAa OMEDRIG (4a) K U (4b) & 13575 2,
TIAIFICETER G, 873L 113K DB E OEHE T L I3
LEBIZES hic, 2LT, 2OWRK, 1/6¢112) Bk
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MBI L » TERENEEELZONE, LLE
Mo, Ti—56atBAIBEFERP T, BERETHEES
N R O WREF O A 45, 293K THE s i, &
HEoBEIE, 1/6<112) BIERAIAS, 800K T TAS
KEHTER W EERELTWVWS, TIAIOER L, ¥
A OEH LB S EBESYTEL LTV R, %<
OEFEWEDS MRl & > TEMESEE X W TIAID
i‘i@%‘i%#ﬁﬂ%ﬁbb:&ﬁ%é N3 ENPEINLPD, |
WD X DT, £ ORIGHFIEALH 5 W IdFERAL & il
ORIDEEALE DR LB S, Th 5 ORIGIEHEIEA D
TEHMEEBBRLTLW A s LAk,

T ORI & AR L. NLAIR U 2 Dfthd
LIRS A >, (LAYOBEICER T2 2 A i
b5, THbLE, KK Qa)~b) KU (6a)~(14c)
OEMIRIGE, APBRUSISFAHE>HBERMIC L B b
DTH B, Eic, {111} ¥ XOHEBPEECMA T, &iF
KERUF v 28y FOBERATORED, Ni;(Al TD
BiER o IERBRA Ric, RELEHEFOKICAEL S
TEBBEENTVWAY, Ni;(ALTI) Foh s ol
B, G Qa)~b) kU (6a)~(14c) DMK
Bk - THATE %,

3.2 TRk 90z, TIALTIE, BEdEss {010}, {001},
{110}, {101} (F# {011) Ko {111} @THEL™,
ML LR EED - 7122, RO, Thb0
WEREFETEBLLEERLE, MGtk - TES N
BAERALIZ, AIEhERAL OB L THMWEEY & L
THE, DIE{LEOHIMIFESTLTHA D,

8. & N =

JETHNE I, Bard, FBRoBEREILL
BiiE A O TIAlO BRS¢, L1,k U Z Ofho s
PO SBELAYOBERICEATELILELTY
%o BT, EAPKANEE LS VSRS BT
BB T A E, LROBEERE T AT
Db B, ll, ko TiAl OBFBEIFEICE VT, NizAl
DEFERD U Nip(ALT) BEER™ Wi, D0pR
WiEEA T 5ALTIC, FekUVERML, L1,IIM#E
KEES S EBRLAYNOBESHES ATV S,
Nig(ALTD &, {111} $~N0EEESKEN TS D™,
ALTi—Fe—VA&IE, {110} Kot (111} BN ZE
BT, (010) FREEIRA CRWS 2 EaEah TV 3,
C OBEE O RA R, oS &R RGO
BHETHREIZ DEELIONS, 51, ChOOEEM
L&Y BT BEARIEE R T 240 ND A D,

2 E x #®
1) J. H. Westbrook : Mechanical Properties of
Intermetallic compounds, John Wiley and Sons,

(1960).

35

2)
3
4)

5)
6)

b
8
9

10

1D
12)
13)
14)
15)
16)
1n
18)
19)
20)
21
22)
23)
24)
25)
26)
27
28)
29)
30)
3D
32)
33)
34)
35)

36)

W. B. Pearson : Handbook of Lattice Spacing and

Structures of Metals, Pergamon Press, (1958).

J. H. Westbrook : Intermetallic compounds, John

Wiley and Sons, (1967).

D. P. Pope and S. S. Ezz :
(1984), 136.

N. S. Stoloff : Inter. Metals Rev., 29 (1984), 123.

WOIER, ElEE . £SEREAY, BRI TR,
(1984).

MR & 2EMEEY, EEXE (1988).

BAR O R B OASBE¥Eesk 43 (1979), 1190.

T. Takasugi, O. Izmi and N. Masahashi : Acta

Metall., 33 (1985), 1259,

H. A. Lipsitt : High Temperature Ordered

Intermetallic Alloys, Edts. C. C. Koch, C. T. Liu

and N. S. Stoloff, MRS Symposia Proc. 39 (1985),

351.

T. Takasugi and O. Izumi : Acta Metall., 31 (1983),
1187.

T. Kawabata, T. Kanai and O. Izumi :

Metall., 33 (1985), 1355.

T. Kawabata, M. Tadano and O. Izumi : Scripta

Metall., 22 (1988), 1725.

E. S. Bumps, H. D. Kessler and M. Hansen :

Trans. AIME, 194 (1952), 609.

H. A. Lipsitt, D. Shechtmann and R. E. Schafrik

: Metall. Trans., 6A (1975), 1991.

N. Fat-Halla, S. Bahi, T. Kawabata, and O. Izumi
: Mat. Sci. Eng., 61 (1983), 227.

T. Kawabata, Y. Takezono and O. Izumi : Acta

Metall., 36 (1988), 963.

W. M. Lomer : Phil. Mag., 42 (1951), 1327.

A. H. Cottrell ;: Phil. Mag., 43 (1952), 645.

J. P. Hirth : J. Appl. Phys., 32 (1961), 700.

T. J¢ssang, J. P. Hirth and C. S. Hartley :

J. Appl. Phys., 36 (1965), 2400.

A. H. Cottrell : Trans. AIME, 212 (1958), 192.

J.

A

A

Inter. Metals Rev., 29

Acta

J. Gilman : Trans. AIME, 200 (1954), 621.

. N. Stroh : Phil. Mag., 3 (1958), 597.

. N. Stroh : Proc. Roy. Soc. Lond., A223
(1954), 404.
D. Shechtman, M. J. Blackburn and H. A.
Lipsitt : Metall. Trans., 5 (1974). 1373.
G. Hug, A. Loiseau and A. Lasalmonie : Phil.
Mag., A54 (1986), 47.
A. N. Stroh : Proc. Roy. Soc. A232 (1955), 548.
M. J. Whelan : Proc. Roy. Soc. A249 (1959), 114.
mm &, &HEST, IR & HREEESHEEEE
%, (19844E10H), 468.
B. A. Greenberg : Physica status solidi, (b} 55
(1973). 59.
BAER, LIEEEL B B SARE HASEF
ST (19844E10H), 465.
T. Hanamura, R. Uemori and M. Tanino :
J. Mater. Res. 3 (1988), 656.
M. S. Kim, S. Hanada, S. Watanabe and
0. Izumi : Trans. JIM, 29 (1988), 790.
S. Hanada, M. S. Kim, S. Watanabe and
0. Izumi : Scripta Metall., 21 (1987), 277.
E. P. George, W. P. Porter, H. M. Henson,
W. C. Oliver and B. F. Oliver : J. Mater. Res.,
3 (1989), 78.



Roprinted from SUMITOMO LIGHT METAL TECHNICAL REPORTS  (Title No. R-352)

17 & #t

mABSEME BT

FOH R £ O R ot B

Toughness in High Strength Light Metals

Teruo Uno and Mitsuo Niinomi

EABEGRB T 2HRA L EN RN



17 & #

mABEE MR &

]

.3'_

=

F R O£ OH R X B

Toughness in High Strength Light Metals

Teruo Uno and Mitsuo Niinomi

High strength aluminium and titanium alloys have been widely used for aircraft and transporta-
tion applications due to their high specific strength.
Recently, the development of new advanced material and new fabrication process have been carried
out to improve strength, toughness, resistance to stress corrosion cracking, heat resistance, etc. of
those alloys.

In this paper, the toughness on high strength aluminium alloys and titanium alloys are reviewed

and discussed.
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Recent Development of Aluminium
Rolling Technology

Hiroshi Kimura, Akio Sugie and Ikuya Hoshino

This review describes some recent development of thickness control techniques for aluminium
rolling. As for cold rolling, the automatic gauge control system based on the multivariable control
theory and the roll eccentricity control system using both of thickness and rolling load are intro-

duced.

For hot rolling, strip crown control techniques are discussed from the standpoint of the

difference between aluminium and steel rolling, and an example of the strip crown control system

is shown briefly.
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