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Influence of Cold Work and Aging on the Tensile
Properties and the Fracture Behaviour of High
Purity Al-Zn-Mg Base Alloys

by Teruo Uno and Yoshio Baba

High purity Al-Zn-Mg alloys often exhibit low tensile ductility and typical grain boundary
embrittlement occures if the alloys were aged to maximum strength levels. The influence of cold
work and aging on the mechanical properties and tne fracture behaviour of high purity Al-6%Zn-
1.5%Mg base alloys has been investigated to improve the low ductility of the alloys.

Marked improvement in tae ductility of coarse grained alloy can be obtained by proper cold
working and aging, and the fracture mode changes from brittle grain boundary fracture to ductile
dimple type tracture. These phenomena are observed only in coarse grained alloy but not in Zr-
added fine grained alloy. Preaging treatment after quenching is not desirable because of the drastic

loss of ductility.

The cause of the marked improvement in the ductility is attributed to the absence of precipitate
free zones along grain boundaries and coarse grain boundary precipitates and the precipitation of

coarse intermediate precipitates in the matrix.
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Table. 1 Chemical composition of test alloys. (wt%)

T - Element F Si
Alloy — Zn Mg Zr Cu e i
Al-6%Zn-1.5%Mg 5.98 1.47 — <0.01 <0.01 <0.01
Al-6%Zn-1.5%Mg-0.05%Zr 5.85 1.44 0.05 <0.01 <0.01 <0.01
Al-6%57Zn-1.5%Mg-0.15%Zr 5.98 1.51 0.15 <0.01 <0.01 <0.01

Fig. 1

(b

Effect of Zr additions on microstructures
of Al-6%7Zn-1.5%Mg alloy quenched from
733K. (x100)

(a) none (b) 0.05%Zr

(¢) 0.15%Zr
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Fig. 2 Effect of cold work on tensile properties of

Al-6%7Zn-1.5%Mg alloy quenched from 733K,
cold-worked and aged at 393K.
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Fig. 3 Scanning electron micrographs of fracture surface of Al-6%Zn-1.5%Mg alloy. After
quenching, alloy was (a), (b) aged at 393K for 172.8Ks (c¢) cold-worked by 20% and
aged at 393K for 86.4Ks. (d) cold-worked by 50% and aged at 393K for 86.4Ks.
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Fig. 5 Effect of cold work on tensile prorerties of
Al-8%7Zn-1.5%Mg alloy quenched from 733K,
cold-worked and aged at 423K.
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Fig. 6 Tensile properties of Al-6%Zn-1.5%Mg alloy

quenched from 733K and aged at 453K.
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Fig. 7 Effect of preaging time on tensile properties
of Al-6%7Zn-1.5%Mg alloy quenched from 733K,
cold-worked by 20% and aged at 393K.
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Fig. 9 Effect of cold work on tensile properties of
Al-6%7Zn-1.5Mg-0.05%Zr alloy quenched from
733K, cold-worked and aged at 393K.
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Fig. 10 Effect of cold work on tensile properties of

Al-6%7Zn-1.5%Mg-0.15%Zr alloy quenched
from 733K, cold-worked and aged at 393K.
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Fig. 11 Effect of cold work on microstructures of
Al-8%7Zn-1.59%Mg alloy quenched from 733K,
cold-worked by (a) 20% (b) 509 and aged
at 393K for 86.4Ks. (x<100)
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Fig. 12 Transmission electron micrographs of Al-6%
Zn-1.5%5Mg alloy. After quenching from 733K,

alloy was aget at (a) 393K for 172.8Ks (b) Fig. 14 Transmission electron micrograph of A-6%Zn-
423K for 57.6Ks (c) 453K for 10.8Ks. 1.5%Mg alloy qenched from 733K and cold-
(% 10000) worked by 50%. (x10000)
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Fig. 15 Transmission electron micrographs of Al-6%Zn-
1.5%Mg alloy. After quenching from 733K, alloy
was cold-worked by 50% and aged at (a) 393K
for 86.4Ks (b) 423K for 7.2Ks.
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Fig. 16 Dislocation structure of Al6%Zn-1.5%Mg alloy.
After quenching from 733K, alloy was cold-
worked by 50% and aged at 393K for 86.4Ks.
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A Study of Filiform Corrosion of
Coated Aluminum

‘by Toshio Suzuki and Hiroshi Ikeda

In this paper, the effect of surface preparation, pre-treatment and organic coating on [the
filiform corrosion of aluminum sheet, having relatively thin organic coating (thinner than 10 pm)y,
is examined by some filiform corrosion tests based on ASTM D 2803-70 method.

The results obtained is as follows;

(i) The greater effect is observed on surface preparation and pre-treatment rather than

organic coating.

The degree of filiform corrosion tends to increase with increasing of roughness of metal
surface.

Among the examined pre-treatments, chromate phosphate conversion coating, chromate
conversion coating and anodic oxide film have good resistance to filiform corrosion. Non
chrome type conversion coating have only a little resistance to filiform corrosion.

The effect of organic coating is not apparent. The reason of this is seemed that organic
coatings used here are very thin and have no resistivity to the penetration of moisture.
By ASTM method, only a few filamemts are formed, and the degree of filiform corrosion
increases with increasing of the acceleration effect of chloride solution. The exposure condi-
tion at the growth stage of filament also changes the length and density of filaments.
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Lo TCRINE RO RICHEM, B, ERLZion
TO—REMTIBEERINTVEE VAL, Lal, 7
NHOYFRDIE LA L REA RO FKH i Bt
(50« ) HWEIBINTTHEC >V TD L DTH
b, BESRIR & L TR VBN T3 & 572, ik
V(10 p R BBE X OFmE AL IO TOME R IE
EAEFEODNTORVWESIThH D, ZLTHRETE, &%
Bofd buyEc g EEREofanicfrrt =
UAENBREL T, TNRREET ZRRNERCHEET 57
HF ORI TOFEMRERL 12,

— 12 —



Vol 20 No. 1, No. 2
FoUE =9 L EE IR ORI A 1 3T
— (13)
- A LU %Eﬁjﬁ—ﬁi Table 1 Condition of surface t
2.1 2 # No. ofl Surface reatment of samples
SRyl ST L R sampl 3 Pre-
chz’u j@ix,&éﬁﬂ.hh‘ TR, WA R 2N ENE A 113 e - preparation re-treatment Organic coating
WE%%@%W54>fﬁﬁmg%mbrm7wz—jA y | e preshing one Sise +  Mat
Bkt (1100 720> " = 7 :
50w x 100¢ Lol 1070-05mm) TH %, RELEEIC 3 | Brighten as roll : 7 +Cleart
- 0 (mm) &Z—%’%mfb ’ ?fi:i{_zéfﬁ]‘ i razaBhy b %J\ﬂ 4 V4 W ” + V4
THESLL 72, BEERM OFER S iz Table 10 & E L Td 3 5 p . ” J+C1ear
o 7o+
2.2 REFH i . Chromate shosphate , ., o
. ing
BRI, HKEEHE , “ "
o il i % [E 8 / Non ch + 7 +Mat
c,l % ASTM D 2803-70 @ﬁiszljﬁ@TEAAb@ . Non chrome t¥pe |/ 4 4 |
B A R x Z:’ %O)'{}ilﬁ& i K
L s . . %0 1 , Y
iafgﬁé@t 221 DEBHETH B, 36, 2.2.2D 1(1) /’ Anodic oxide film | # -+ ,: " Mat
R, 2B e T 4 /,
- SEAT § 1T - air line cu I 4
I, ZBEROMEBIZOWTOHREE LT -1, 12 Hai > cut / + Mat
221 BRHR 5 |roushening | Tone ,
q) Ak 14 , ” 7 +Cle
i HUKEERB 4 o0 b, ERiEERR | 15 /: Chro S ar+Mat
500 ﬂi{}fﬁ] (ASTM Vik:9) 16 COancac;tgt&thSphate A 4
. F b e eER A o ” > .
) Ak SABHRR U MEOOD, KA ERR v ” , .+ Clear
ok 78
- 3»H, 18 ” Non chrome type v 4 7  +Mat
i) B¥:; ®=E5%NaCl BHIEEE 60RO L, HiEE ;9 ” Col'iy- coating- | :: ;}— 7
T i B 500 185, et 2(1) ” Anodic oxide film | ~ i /: et
1) 73 %98 5% NaCl /AR E % 608 4 ” /i
CmannHEeR, A i Sﬁﬁ?“”wm“,;+:~+Mm
(v} Cik; %5 6 ” v ’
a“ : N HC] fé(&&l‘&& 10 E;ODODB ’ ‘tﬁifﬁ‘fﬁ@ 2 Cork 1;/ ir i 7 i +Clear
w SR 500 FERA H 25 | o nhgne et Nome 4+ # +Mat
(vi ‘s sy o 26 , ” -+ 2
% étﬂ?ﬁ{ 6N HCl HlE i 10000, s ¢ o7 4 y # +Clea /
Bk 3 A, e ’ , e
121 L 2 7 Chromate phospate T Ma
R s | A
07 WEE B DA iE, MINIEE 35427, By 30 p . # +Clear
65%NaCl K& (pH 6.5~7.2) T HEW ) 31 % Nom chrome type | . T
JIS 7 23719 Z'_»;ggmb 1 ’ %@{Lﬁ-‘?%ﬂ} =4 32 // COn/;l. coating- | 7oA
* ‘ 33 . 7o+ 4+M
EIRIEIREGR D&, MPYIERE 40-42C, f " % Anodic oxide film | » + # o
SHEAE85+10% & L Iz PyAE #” " p
POy -o 35 o Chromate conversio + #  +Mat
Fd < TR DSIE I, A . coating n.,
. 5&”‘(&;, [E%A_]]njy 7J<‘\Vlii)> 6 @ﬂﬁ%{» 36 7” V4 -+ Y
R T S A R 52 et | a0 | , # +Clear
Uiz, 53, 134 BHl e Tsc ke 38 Y Non chrome t # 4+ 7  +Mat
BN MR (& con ne tybe
BRI 19786 6 A 6 _ T (BHB), 39 ” /y. coating- T ” + ”
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RS I T, REHSWENRZ Fig. 2 (@) ~) WrLI, 21
1200f%5& L, 2< Sickiug, REM S, MELEEYY avr o b7
HORMER IS DT B 12D X 2 A 2 (LR A7 D HREEY, OHTH -1,

DU, LB - EOREE B ST BB OB S, KEH & % X OLARALEIE T Al

h ORI TIT -1, s OMER R Table 2 D& TH B,
F B O A % Table 3, 412, [ RERE (A,

3. #& R C, A/, C'i) THRERL 1 REMERMONE R Fig. 3 (a)
~@@), 4 ()~0), b @~ wRLIE,

WagkELizOb, 7E
DHREEL T2, 7 DB

65 AR AT O AR D

(¢) Hair line cut roughening (d) Cork hair line roughening

(@) Scratch brusing (b) Brighten as roll
Fig. 1 SME image of sample surface (x200)
A
4 § h =
i P 1 A
{i1n )
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‘- ¥
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af Ak e ! i ’ v S b
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(a) Scratch brushing (b) Brighten as roll
5 % o Vi) ¥
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(¢) Hair line cut roughening (d) Cork hair line cut roughening

Fig. 2 Results of surface roughness measurement
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Table 2 Results of measurements-of total film thickness, surface roughness
and chemical components of pre-treatment layer.
Pre-treatment
;C}l;rorrlllate |Non Cr Anodic Chromate 'Non Cr Non Cr
None gog\?? ate %conv‘. de £il conyv. iconv.. _ conv.
g;lerézgzeltion Organic coating _coating | coating- | ; oxice nlm | coating coating-1 |coating-If
No. of | Total |\ o | Total {ng op | Total o oe Total |y o Total yg oo Total o e g Total |Surface
| film ! film film film film | film {fim  roughness
sample ;}éisik' sample“ :;l;i:sk— i sample E}éggk_ sample thi(fk' sample S:s(;k“ {sample El;isc;k— sample | géis(;k' Ra
() () () | () ) () () (&)
Size + Mat 1 2.0 - e - .
Scrach # +Clear - 0.95
brushing
7 4+ s +Mat 2 5.5
. 7" + Mat 3 1.2 e e e e e e e =
aBS“fxe“ / +Clear 4 38 6 25 8 28 10 | 4.0 - 0.04
v - o +4Mat, 5 7.4 7 4.6 9 4.0 11 | 6.5 -~ 0 o e
o ’ +  Mat| 12 3.1 15 3.5 22 3.1
Hair line cut = ooy 13 29 16 31 18 3.0 2 3.9 23 24 0.17
roughening
7 4+ # +Mat 14 6.8 17 5.5 19 4.3 21 6.7 24 4.7 s
Cork hair | 7 + Mat 25 | 3.1 28 3.0 — e 35 2.9 38 0. 40 1.0
line cut # +Clear 26 2.7 29 3.0 31 3.0 33 4.4 36 2.8 I - 0.63
roughening  ~ -+ ~» +Mat 27 | 5.6 30 5.1 32 5.0 34 @ 6.4 37 53 39 50 41 | 5.8
cr — 0.17 0.00 0.07 0.00 | 0.01
. i, 0.00 0.03 0.00 0.05 0.01
Chemical components |
§ _ layer | Zr 0.00 0.02 = e 0.00 0.00 0.00
of pre-treatment p 0.24 0.00 0.00 0.02 0.00
S — 4.81 ——
Table 3 Results of filiform corrosion tests. (by Method A’, B’ and C’ test)
Testing Method
- Atmospheric exposure¥ Method A’ | Method B’ Method C/
of sekok] Ay, densﬁ’;%MaXA lengfh | Av. density | Max. lcngthf | Av. density Max. length | Av. density | Max. length
Sample | Appearance éof filaments!of filament @ Appearance | of filaments | of filament H Appearance éof filamentsiof filament Appearance | of filamentsiof filament
‘ (pieces/cm) (mm) i (pieces/cm) ‘ (mm) (pieces/cm) 1 (mm) (pieces/cm) | (mm)
12 ® 25 2.0 ® 24 15 ® 18 2.0 ® 23 2.0
13 ] 12 2.5 P 16 1.5 €] 13 1.0 <] 11 205
14 ® 8 1.0 € 8 2.0 ® 12 1.5 L] 9 1.5
5 B 10 1.0 ) 14 1.0 @ 6 2.0 ) 9 1.0
16 €] 4 1.0 4 16 1.0 4 3 1.0 ¢ ] 4 1.0
17 » 6 0.5 ¢ 13 2.0 €] 13 1.5 €] 5 1.0
22 ) 2 1.0 o 1 0.5 €] 4 1.0 P 1 0.5
23 €] 2 1.0 O 1 0.5 D 2 1.0 <} 1 0.5
24 » 2 0.5 @ 0.5 ¢ 3 2.0 € ) 2 0.5
25 ® 29 3.0 @ 38 4.0 [ ) 48 5.0 @ 54 4.5
26 ® 34 2.5 ® 18 2.5 L] 36 2.5 @ 27 1.5
27 (-] 38 1.5 [ 23 2.0 ® 29 4.0 o 34 2.5
28 ® 4 0.5 » 12 0.5 4] 6 1.0 4 8 0.5
29 3 5 0.5 4 6 1.0 > 4 0.5 ® 7 1.0
30 ] 3 0.5 ¢ ] 7 0.5 4] 1 0.5 4] 4 1.0
35 3 3 0.5 ¢ ] 9 0.5 ¢} 5 1.0 ®» 11 0.5
36 €. 3 1.5 P> 6 1.0 ¢ 2 0.5 ) 5 1.0
37 €) 1 0.5 €] 4 1.0 € 4 1.5 > 3 1.0

* None of Cl solution treatment were done. Exposure

¥k Measured only along scribed line.

#% () Not corroded

P

Slightely corroded

@ Corroded

15 —

condition was same as method A’ ~ C’.
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Table 4 Results of filiform corrosion tests. (by Method A, B and C test)

Testing method
umber Humidity chamber exposure* Method A Method B Method C
of - skl Av. densif;k Max. length Av. density | Max. length Av. density | Max. length Av. density | Max. length
sample Appearance | e ¢ ments| of filament | Appearance | of filaments | of filament | Appearance | of filaments |of filament | Appearance of filaments |of filament
(pieces/cm) {mm) (pieces/cm) {(mm) (pieces/cm) | (mm) (pieces/cm) {mm)
1| — | — — O — —  — ! e 8 1.5
2 | — — | — O — ] — ® 9 1.5
3| — | — — o - — ® 16 0.5
4 — - — ¢ 1 0.5 - — — o 4 0.5
5| — _— ] — O — — | > 1 €0.5
6 — — — O — = — o 6 0.5
7| —- — - O — - — ® 4 <0.5
8 | — — o O —— — — o 4 <0.5
9 - —  — O — ] — - o 5 0.5
10 SUUPNNES J— (] 1 0.5 | — — - ) 4 <0.5
11 — | — — O | — - — > 4 0.5
2 O | 1 o 1 1.0 ) 2 2.0 ® 7 3.0
13 o » 2 1.5 > 2 2.0 [ 12 1.5
14 O ® 2 0.5 > 3 1.0 o 9 3.0
15 O O 0 1 1.0 ® 1 1.0
6 O o 1 20 1 O 1 0.5 ¢ 2 1.0
17 | O O > 1 <0.5 ® 3 1.5
18 | e e L e € ) | — - S ) 8 0.5
19 - — — @) - — — ¢ 1 0.5
20 - | — o - — o ] 5 <0.5
2 - O — | — — o 6 0.5
22 O > 1 2.0 O ¢ 4 1.5
23 O O O » 4 1.5
24 O O @) o 4 0.5
25 O > 1 2.0 > 1 <0.5 o 6 3.0
26 O ¢ 1 2.5 € 1 1.5 o 6 3.5
27 O o 1 2.5 € 1 2.5 ® 5 5.5
28 O 0 1 0.5 D 1 2.0 ¢ 4 1.0
29 O > 2 1.0 € 1 1.0 > 3 1.0
30 O P 1 0.5 o 1 1.5 < 3 1.0
31 - . 4 2 5 [ [EUNRREE (- . 13 2 . 0
32 — > 2 1.5 — - — J 5 1.5
33 e — — P 1 0.5 — — - P> 5 1.5
34 — ¢ 1 1.5 e e € 4 0.5
35 O () 1 0.5 o 3 2.0 o 7 2.0
36 O o 1 {0.5 D 2 1.5 D 8 2.5
37 C O <] 1 £0.5 ¢ ] 3 2.0
38 e — O 3 1.0 O e ] — ® 14 2.0
39 - — @ 8 3.0 e - —— @ 19 3.0
40 - — ® 7 1.5 | - — e S ® 18 2.5
41 - — ® 4 2.0 — - e o 17 4.0

* None of Cl™ solution treatment were done. Exposure
**  Measured only along scribed line.
*k (73 Not corroded (P Slightely corroded

Table 3 TRANERORENRR ZRDOERES LI 0
299 FOREE DI OFREN CEYBEE) TRUK
D5, AHEEEE OBM TRFOVEBEEDIR I B L h BE
WEHARE2EBRL TVA X5 Th- 10, BARBRORE
b, BERUR3TED) b RINEEDRE K E L g#
PRATT S O, FEMLEY & THAEETS - 2, Riln
Ry ERREAORAR & OBFRE Fig. 6,7 oc& <,
FHEHIVKTH 5 3 ERNEAPFEEL LT VEAEH

condition was same as method A~C.

@® Corroded

51 FITFHIALERE & R IRNE A DFRA R & DB #Fig.
8,9 IWRLIH, ZRHRINIEERIFBEL L LEDE
YUy v X — LB, O TEREBR{CIEE, o x —
bALBE S BT I TR 2R L T, AR EORED 65
ERFE xN>DH 3IFS o L RIANBEH O feltk i3, O
MIOVEBAFTH- TV EREF L DRE - Tz, $12
BRI 2 Tl & U 72 b O CRIEEERO R bk
LT, HlBEROEE oL T, Fig 6 ~ 91TRE
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(a) (b)

) (d)

Fig. 3 Appearance of samples after A’ and C” method testing (xI)

Upper (A’ method testing) ;

Salt spray 24 hrs — Atmospheric exposure 3 months

Lower (C' method testing) ; 6N HCI dip (RT) I0 sec -» Atmospheric exposure 3 months

Mark Surface preparation Pre-treatment
(b) Cork hair line cut . 7
(c) ” » Chromate phosphate conv. coating
(d) 7 » Chromate conv. coating
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T b B, AR TRERD THIVCSR i 6wk
UTWizdizwl, CHERTIEL D ROARP B EIFELEL,
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R e 2 RKE BEREBCHE AT A'~C' HHDH
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Fig. 4

Apperarance of samples after A method testing (x1)

(A method testing ; Salt spray 24 hrs — 40% RH 500 hrs)

Mark Surface preparation Pre-treatment _Mark Surface preparation Pre-treatment
(a) Scratch brushing « None _(f)  Cork hair line cut « Non Cr conv. coating-1
(b) Brighten as roll . () ” » Anodic oxide film
Hair line cut . 7 (h) ” » Chromate conv. coating
Cork hair line cut LR (1) 4 « Non Cr conv. coating-}
, Chromate phosphate . . s
” conv. coating ’(]) ” Non Cr conv. cc?autmg i
Van Loo ™ G Al i< K e 3, P, WIERE, B GREARERO D R ot

Hidd 5 & 25HL T b, Slabaugh® iz
HE OB R N IF TS B ERNT D, ARO
L & DRI 1 &SRR B FE/

e
%
Wb AR AEE 2 iR A o & R . &5H
RN b GEE IO 3T CHRT
HBHLEREZSDES &, REMIVRINEERIHE S
B STV, UL, BMECHENT 32
K TN OFERI & A E ORI

HPE AR DFE PRITLILDIES S,

T B & SRR A & BRI D D T DR IROIE
BIFLHESE 2R 2D vy o« — FMERUEE, B
MR (CALEE, 7 o 4 — MMERMBITH » T2, 25D 5
BRI (CALER T > WV T, TR & DB A i 2
Stuc <, K- BROBRE LN, RRELE O
EME SR TRFRTDIT, BBORICARINEROFE
EBERINTERMPRELIZLVOTHA S, ML,
BETHe LN, BOBEEBLEEE G5 Al-Mg
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Fig. 5 Appearance of samples after C method testing (1)
(C method testing ; 6 N HCI dip (RT) 10 sec —40C - 854 RH 500 hrs)
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Fig. 6 Relation between avaraged density of filaments and surface preparation of sample
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Ironing Reduction Limit of 3004, 1100
and 5052 Aluminium Alloy Sheets
in DI Can Body-maker
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Troning Reduction Limit of 3004, 1100
and 5052 Aluminium Alloy Sheets
in DI Can Body-maker

by Shoji Okamoto and Shin Tsuchida

The ironing reduction limit of 3004 aluminium alloy sheet has been investigated by means of
the STANDUN's DI can body-maker. The drawn cups made of 0.4mm sheets are formed to 22%¢”
in diameter-544¢” in height can bodies through a redrawing and three stages ironing process.

In this study, the ironing reduction limit has been determined in the first ironing stage after
redrawing under the condition of mean punch speed 2 m/sec.

The ideal ironing reduction limit for 3004 alloy has been obtained to be about 48%, but the
practical ironing limit falls down to 43% because of the forming instability nearby the cup fringe.
Little effect of tempering is observed by reason of fully strain hardening in the redrawing process.
In the case of higher reduction, the ironed cup breaks down at the outlet of the ironing die in the
ring pattern.

These results are explained by Fukui’s theory based on the stress balance between the strength.
of strain hardened material and the force for the deformation, when the effect of temperature rise
during the ironing is taken into consideration.

1100 and 5052 alloy have been also tested on the ironing formability. Consequently, the ideal
and practical ironing limit of them are much the same as 3004 alloy.
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Fig. 1 Equipment of DI can body-maker (STANDUN).
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Table 2 Diameter of used die.

. Diameter Clearance Ironing

Die ) . reduction

(mm) (mm) (%)
Redrawing  53.43 0.39 —
53.23 0.29 25
53.13 0.24 37
53.09 0.22 43
. 53.05 0.20 48

Ironing
53.01 0.18 53
52.99 0.17 58
52.95 0.15 63
52.91 0.13 67
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Table 3 Punch load in DI can body-maker.

Schedule [ Schedule [

Redrawing Ironing die Ironing die
die No. 1 No. 2 No. 1 No. 2
Cup wall thickness (mm) 0.39 0.29 0.20 0.24 0.20
Ironing reduction (%) 7.1 25 31 37 17
Total ironing reduction (%) 7.1 31 52 43 52
1100 —0 815 370 420 520 300
—H138 880 500 475 630 320
3004 —0 1245 610 560 930 385
—HI19 1450 700 600 1020 460
5052 —0 1300 620 570 835 365
—H19 1550 670 580 930 410

Ca— 1 EUTHEHBEAVSONGL CEERS (No. 1 L
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2 Ta—nvIEUTNo LR F1TEmMI2E A1z
BAEICDWTHFL - 12,

24 BRRLIEEORARLE

ARL 1B b 234D Hh » 728, 1BOLCEM
IEMALFOLCxRBRA 2RI, T4bb, FIEBL I
Table2 DL Cx #14% Fig.2 ODNo. 1 LT 2414 &0L T
EEL, No.2, No.3RLCE £ 1 DMBITIE A<~ H~—
AN, LT &3 325, 37, 43, 48, 53, 58, 63 &5k ox
67% Lz nEFNEAI,

3. R B B B
3.1 RyF A
F o F NMERR % Table 31WRT, 12, BRA o
7o 7L YEERENIE 1 RITEDO—Fl % Fig. 3 W)

Redrawing
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200 kg . .
: No. 2 ironing
T SEC
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Cup hold pressure

Die clump pressure

!

Fig. 3 Punch load pattern obtained redrawing
and ironing for 3004-H19 (Die shedule I).
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Table 4 Ironing reduction limit.

Ironing
reduction (%) 25 37 43 48
Material e
1100 —0 OO0 OO0 000 #xX
~—H18 00O 000 000 xxx
3004 —0 OO0 CO0OO0 000
—H19 OO0 000 000
5.52 —0 Q00 OO0 OO0 #x¥X
) —H19 OO0 000 000 xxx
C  Formable Fracture
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Fig. 4 Typical fracture pattern of ironed cups.
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Fig. 5 Fracture position of ironed cups for
3004, 1100, and 5052 alloys.
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Fatigue Crack Propagation in Aluminum
Alloy 5083-O and its Butt Weld

by Yoshio Takeshima

Fatigue crack propagation study was conducted on aluminum alloy 5083-O and its butt weld
at temperatures in the range of room temperature to —185 ‘C. Center notched plate specimens were
cycled under stress ratio R=0, 0.33 and 0.5. Crack propagation rates were experimentally measured
and correlated with range of stress intensity factor.

The results obtained are as follows:
)
in the range of —100~—185C.
(2)

Crack propagation rate decreases as temperature is lowered, but it is almost invariable

Crack propagation rate in air is higher than that in nitrogen gas.

(3) The effect of stress ratio on crack propagation rate in air at room temperature and in
nitrogen gas at —160C was successfully explained by Elber’s equation.

(4) The exponent m of Paris’ equation was about 2 at room temperature and about 4 at —160C.

(5) Crack propagation rate in base metal depends slightly on stress direction.

(6) Crack propagation rate in butt weld is higher than that in base metal at room tempera-

ture, but they are almost equal at —160TC.
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Table 1 Chemical compositions of test materials.

Chemical compositions (%)

Material Size
(mm) Cu Si Fe  Mn Mg  Zn Cr Tj B Al
5083 base metal 10 t 0.03 0.08 0.22  0.65 4.3  0.01 017 0.0 — Bal.
5183 filler wire 1.6 ¢ 0.02 0.06 0.09 0.70 4.8 — 0.10  0.10 0.003  Bal.

Table 2 Welding conditions.

Welding Pass Welding Arc Welding Ar gas
rocedure No current voltage speed flow
P ’ (A) (V) (em/min) ({/min)
Full-automatic 1  290~300 24~25 40 30
MIG 2 300 25 40 30
Joint design : yos o0’
<1 2
i
90°

Table 3 Mechanical properties of base metal and welded
joint with JIS No. 5 tension specimen (G. L.
50 mm).

Yield strength, Tensile Elongation
Material 0.2% offset strength gatl
(kg/mm?) (kg/mm?*) (%)
16.3 30.9 25
"
Base metal 16.1 31.2 24
Welded joint** 14.8 30.3 17

*Upper figures: Longitudinal direction.
Lower figures: Long transverse direction.
**Without reinforcement.

Notch

@
100

840

RO/

Detail of notch

Fig. 1 Dimensions of specimen.
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Cooling Performance of “Pine X” Tube
Evaporator in Refrigerator-Freezer

by Takehiro Chinen, Isaoc Nakano, Katsuhiko Hirata

and Katsuzi Takeuchi

For the application of the evaporators with the integral fin tube (“Pine X” tube) to 200 litres
class no frost refrigerator-freezers, the effects of some factors of the evaporator, such as coil tube
length, coil pitch, fin height and fin spread angle, on the cooling performance are investigated.

The freezer compartment temperature shows a tendency of lowering with increasing coil tube

length, coil pitch and fin height.

“Pine X" tube evaporators of 9, 10m tube length (22, 20mm coil pitch) in 203 litres refrigerator-
freezer, and also ones of 11.5 to 14.0m tube length (20 to 16 mm coil pitch) in 280 litres show the
same cooling performance as cross-fin tube evaporators equipped originaly in these refrigerator-
freezers. “Pine X" tube evaporator with fin spread angle of 15° shows better cooling performance

than ones with fin spread angle of 0° and 27°.
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Fig. 1 Dimensions of “Pine X" tube.

Table 1 Details of tested refrigerator-freezers.®
Refrigerator R1 R2
Total volume () 203 280
Freezer 53 76
Net volume ()
Refrigerator 150. 204
Width 410 310 470 380
Dimensions of volume** (310) (380>
occupied by evaporator Height 80 (80) 105 (105)
(mm) Depth 220 (220) 280 (275)
Tube Copper Copper
Material of evaporator 8.5mm¢><0.35mmt 8.5mm¢x0.35mmt
Fin Aluminum Aluminum
0.20 mm¢ 0.15 mmi¢
Volume of accumulator (cm?®) 75 110
Defrost heater (W) 130 240

* Top mount no frost type.
#k () shows the dimension of evaporator.

Table 2 Test evaporators for 203 litres refrigerator-freezer (R1).

Type Pine X evaporator g‘fggi"grtl Otrube
Mark Al A2 A3 A4 A5 A6 A7 K1
Width 330 360 410 280 370 410 410 311
Evaporator size | poine | 76 76 76 76 76 76 76 80

(mm)
Depth 190 190 190 190 190 190 190 218
Coil tube length (m) 8 8 8 9 9 9 10 5.8
Coil size A, B* (mm) | 76, 90 | 76, 90 | 76, 90 = 76, 90 | 76, 90 | 76, 90 | 76, 90

Coil pitch (mm) 20 22 25 15 20 22 20 -
Coil turns (=) 33 33 33 37 37 37 42 —
Weight (g) 636 636 636 716 716 716 797 625
Inner volume of tube (cm?®) 235 235 235 264 264 264 294 270
n Heat transfer area (m?) 0.69 0.69 0.69 0.78 0.78 0.78 0.87 0.76

* A shows the minor axis, B shows major axis, after flattening integral fin coil of 84mm outer diameter.
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after charging load  position Hi position
Fig. 3 Typical variation of temperature on load test.
Table 3 Test evaporators for 203 litres refrigerator-freezer (R1).
Type Pine X evaporator
Mark B1 B2 B3 B4 Cl1 C2 C3

Fin height (mm) 0 15.0 24.0 29.5 24 24 24
Fin spread angle ) — - . 0 15 27
Weight (2) 488 666 768 847 768 768 768
Heat tramsfer area (m®) | 023 | 056 | 0.7 0.89 0.77 0.77 0.77

* Dimensions of evaporators are as same as the evaporator A6 in Table 2 except weight and heat transfer area.
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Fig. 5 Relation between coil tube length and freezer
compartment temperature on no-load test in
refrigerator-freezer (R 2).

Table 4 Comparison between integral fin tube and cross-fin tube evaporator
on load test in 203 litres refrigerator-freezer (R1).

Mark Al A2 A3 Ad A5 A6 A7 K1

Freezer compartment temperature, T:*  ('C) | —4.5 | —8.0 | —10.5 1.0 | —8.0 | —11.5| —11.5 | —11.5 .

Refrigerator compartment temperature, t:**(C) 15.0 12.0 9.0 13.5 13.0 11.0 12.0 15.0

| Refrigerator compartment temperature, t=**(C) | 15.0 12.0 12.0 14.5 12.5 12.0 13.0 17.0

‘ Refrigerant charge (8) 110 110 110 110 110 110 110 145

i i

* 14 height from the base. #k 14 2% height from the linner.
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Table 5 Comparison between integral fin tube and cross-fin tube evaporator
on no-load test in 280 litres refrigerator-freeger (R2).

; Mark A8 A9 Al0 All Al12 Al3 Al4 Al5 Al6 Al7 K2
Freezer compartment by . _ _ - _ _ _ . . _ _
temperature, T:% (T 26.0 —27.0| —28.5| —28.5| ~29.01 —29.0 | —29.0| —29.0| —29.0| —29.0| —29.0
Refrigerator compartment o~| _ - _ _ . _ _ _ _ -
temperature, t* (C)] —20.0| ~21.5| —21.5| —22.5| —23.0| —23.0| —23.0| —23.0| —23.0| —23.0| —22.5
Refrigerant charge (8) 130 135 145 150 150 150 155 160 160 170 180
* Location of temperature measurement is the same as in Table 4 and Table 6, 7, ditto.

Table 6 Comparison between fin height H; and freezer compartment temperature
on load test in 203 litres refrigerator-freezer (R1).

Mark B1 B2 B3 B4
Fin height, H (mm) 0 15 24 29.5
Freezer compartment temperature, T: (C) —4.0 —7.0 -9.5 -10.5
Refrigerator compartment temperature, t: (C) 11.0 11.5 12.5 11.5
Refrigerator compartment temperature, t= ('C) 12.0 13.5 12.5 11.5
Refrigerant charge (g) 115 115 120 115

Table 7 Comparison between fin spread angle ¢ and cooling performance
on load test in 203 litres refrigerator-freezer (R1).

Mark C1 cC2 c3
Fin spread angle, 4 (GD) 0 15 27
Freezer compartment temperature, T: ) ~8.0 -5.0 0
Refrigerator compartment temperature, t: ) 13.0 16.5 15.0
Refrigerator compartment temperature, t» 4o))] 13.0 16.5 15.0
Refrigerant charge (8) 110 105 110
Cooling period (hr) 6.8 5.5 6.5
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On the Materials for Desalination Plants
and their Problems-Particularly on the
Heat Exchanger Tube Materials®

by Shiro Sato**

After very brief summarization of recent situation of desalination industries, material problems,
particularly problems of material selection in the light of corrosion resistance of heat exchanger
tubes for MSF plants have been reviewed.

In a recent market of heat exchanger tubes for desalination, 90-10 cupronickel tubes are being
selected much more than aluminium brass. However, detailed comparison of corrosion rate of both
alloys does not necessarily justify the preference for 90-10 cupronickel under normal operating
condition.

Though titanium tubes are successfully penetrating into the tube market of desalination by
their said excellent reliability against corrosion, several possibilities of corrosion troubles can be
pointed out based on our experiences and investigations. They are crevice corrosion, hydrogen
absorption by cathodic protection or by anodic acﬁion of connecting dissimilar metal and Galvanic
attack against neighbouring metallic components. ‘

Our experimental investigation on crevice corrosion of titanium in MSF brine condition has
proved that (1) the critical temperature to cause crevice corrosion is much lower than the published
information (2) crevice corrosion can be prevented by close contact with copper alloys within the
crevice (3) Ti-0.15%Pd alloy is immune to crevice corrosion.

For the tube plates of heat exchangers of MSF plants, aluminium bronze modified with nickel
to have « structure (for example, Alloy C630, known as Alloy E) would be the one of the best
selection because of excellent corrosion resistance and strength.

It is considered that our position is not yet enough to standardize the selection and the appli-
cation of materials for MSF plants. It is expected that the adequate data will be presented in the

near future on performances of materials from lot of plants.

1. Introduction

Pioneering works to obtain fresh water from the
sea had been made in nineteenth centry with the
particular interest to get boiler feed water for marine
steam engines.

The first engineering success was the development
of submerged tube distillation plants for marine vessels
in 1880s. In 1956, the basic concept of Multi Stage
Flash process (MSF process) has been presented by
two British scientsts, Silver and Frenkel. In 1957, the
first MSF plant having four stages of evaporators was

* This paper has originally been presented to the Bulletin
of the Japan Institute of Metals, 17 (1978), 575, in Japanese.
** Technical Research Laboratories, Dr. of Eng.

1

constructed in Kuwait.

In these twenty years, MSF plants have widely been
put into practical service successfully and the increase
of capacity of the plants has been being made steadily
as shown in Fig. 1.V Survey on the desalination plants
in the world by OWRT (US Office of Water Research
and Technology-formerly named OSW, Office of Saline
Water) has revealed that total of plants installed or
under construction is 1498 units in number and 371
million ton in capacity per day as shown in Table 1.
It is also noted that the nearly fifty percent of plant
capacity is in the Middle East countries, such as Iran,
Iraq, Bahrain, Kuwait, Oman, Quatar, Saudi Arabia,
United Arab Emirates. OWRT survey also has revealed
that among the varieties of desalination principles MSF
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Fig. 1 Unit capacity of MSF desalting plants.”
(MGD=Mega Gallon per Day)

is the most popular process and have 65 percent of
share in capacity.

As the distillation process other than MSF, VTE
(Vertical Tube Evaporator) and HTE (Horizontal Tube
Evaporator) process have also been used. VCE (Vapour
Compression Evaporator) has been modified and app-
lied mainly for the units of small capacity.

On the other hand research and development of
membrane process have been being made extensively
and some people believe that RO process (Reverse
Osmosis process) is promissing as alternative to disti-
llation process. However, at present there is no clear
evidence to support that RO process is commercially
available for large scale plants to treat raw water of
high saline content like sea water.

Desalination by freezing has also been investigated
but is not regarded as commercially feasible.

As mentioned above, among the variety of desalina-
tion process the distillation process particularly MSF
process is the predominant process for practical appli-
cation due to its engineering reliability proved by long
service experiences. For MSF plants, one of the most
important items is the selection and the maintence of
heat exchanger tubes. There are two main reasons for
this—economy and corrosion prevention. Firstly, at the
stage of cost estimation the cost of heat exchanger
tubes is very imprtant. For example, in the recent case
of large MSF plant, about ten percent of total cost is

Table 1 Desalination plants in the world in
January 1977. (by US OWRT)

(a) Plant location

Plant capacity

Area Number of plant (10¢ ton per day)
Arabian Penisula and Iran 329 182.4
Europe 263 45.1
U. S. A, 481 38.0
Africa 132 31.9
Asia 114 31.8
Rest of world 197 42.0
Total 1498 371.2

(b) Process

Plant capacity

Number of plant (10' ton per day)

Type of process,

MSF 363 241.8

Distillation ZI%F; 122 1%2
Other 320 19.4

Total 807 288.2

RO 518 63.3

Membrane Other 171 19.6
Total 689 82.9

Other 9 0.1
Total 1498 371.2

occupied by heat exchanger tubes. Secondary, it is
critically important to avoid failures of heat exchanger
tubes by corrosion and related phenomena. Reliability
of heat exchanger tubes against corrosion is quite
essential requirement particularly for large capacity
MSF plants.

It secems reasonable that the investigation of heat
exchanger tube materials had been picked up and per-
formed during the period of 1969~1976 as one of the
most important items in the research projects of desali-
nation organized by MITI (Ministry of Trade and
Industries, Japanese Government). Another good proof
of importance of investigation of heat exchanger tube
materials was the fact of installation of Material Test
Centre by OSW (now, OWRT) of U.S. Government in
1966, where the investigation on the performance of
heat exchanger tubes had been made on wide variety
of materials. '

In this review paper authour would like to present
some topics related to the materials, specifically on
heat exchanger tube materials of MSF plants.

2. MSF-Multi Stage Flash-Process

Fig. 2 is the schematic drawing of flow of MSF
desalination plant of dual purpose which is very popu-
lar in the recent desalination market in the Mid East
countries. Raw sea water pumped up from water intake
flows into the tubes of series of evaporators of heat
rejection section to condense the steam at outside
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Fig. 2 Flow chart of dual purpose plant, power generating-MSF desalination.

surface of the tubes and sea water is heated. The
fraction of sea water passed through the tubes is
treated to prevent carbonate precipitation by chemical
injection or by acid injection as mentioned later and
is degassed and joins with circulating brine. Remai-
ning sea water passed through the tubes is discharged.
Circulating brine flows into the tubes of series of
evaporators of heat recovery section and gains the
heat by condensing the steam. When circulating brine
has passed through the first stage of evaporator, it
flows into the tubes of brine heater and is heated by
steam. Hot brine from brine heater enters the flash
chamber of first stage of evaporator. As the pressure
of flash chamber is kept bellow the vapour pressure
of incoming brine, flash boiling of brine occurs instan-
tly. Remaining brine flows to the flash chamber of next
stage in which pressure is controlled slightly lower
than the vapour pressure of incoming brine. Thus,
flash boiling occures in each flash chamber of evapo-
rators and the brine is drawn out from final stage of
evaporator of heat rejection stage. Some portion of
brine drawn out is discharged and the remaining brine
is mixed with feed salt water and used again as circu-
lating brine.

MSF plants can be classified by two criteria—by heat
exchanger tube alignment and by water treatment.

21 Cross Tube Alignment and Long Tube

Alignment

In the design of cross tube alignment, the heat
exchanger tubes of evaporators are aligned crosswise
against the direction of flow of brine in the flash
chambers as shown in Fig. 3 (a). On the contrary, in

> A (b) Long tube type

flow of brine in the

-—
flash chamber

flow of brine in the

mmemT oo heat exchanger tubes

Section A-A

Fig. 3 Schematic representation of heat exchanger
tube alignment of cross and long tube
design in MSF plants.
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the design of long tube process, the heat exchanger
tubes are aligned in parallel with the flow of brine in
the flash chambers as shown in Fig. 3 (b). During
the course of development of the plants, cross tube
design has originally been developed and more recently
long tube design has been developed. Nowaday, both
design are being used widely.

It is recognized that from the view point of easy
maintenance of tube bundles cross tube design is supe-
rior to long tube design, because in the former an
evaporator of each stage has its own shell and water
box wtih shorter length and larger diameter of tubes
which make the inspection and maintenance of tube
bundle easy.

On the other hand long tube design has economical
advantage over cross tube design due to combined
shell structures and reduced pumping power for circu-
lating brine. This can be explained as following. In the
long tube design the partition walls are inserted against
the tube bundle to separate shell side space to be
capable of keeping necessary pressure difference bet-
ween each neighbouring flash chamber. This means
that several stages of evaporators can be combined into
one tube bundle. So, number of water boxes and shells
of evaporators can be much reduced. As a result not
only cost of the plant but also pumping power can be
saved.

2.2 Scale Prevention by Acid Injection and by
Phosphate Injection

To prevent the precipitation of calcium carbonate
from the hot brine two different type of process are
used, they are acid injection and phosphate injection.

Acid injection is the process to prevent scale forma-
tion by lowering pH value temporarily to decompose
and remove carbonate and bicarbonate as carbon dioxide
gas. After acid injection and removal of carbonate pH
value of brine is kept about seven by self recovering
reaction or by addition of sodium hydroxide.

In the phosphate injection process, small amount of
chemicals mainly composed of tri-poly-phosphate, often
known as Hagap, is injected into brine to prevent scale
deposition. .

It is known that in the former process maximuin
allowable brine temperature is 121°C but in the latér
process it is limitted to 93°C. As a result, the former
is superior to the latter in thermal efficiency but is
more liable to suffer corrosion by accidental sour brine
and/or condensate containing carbon dioxide gas.

The latter is known to have advantage of easy ope-
rational control.

In the recent papers presented at the 6th Internatio-
nal Symposium on Fresh Water form the Sea held at
Las Palmas in September, 1978, it was reported that the
newly devloped additive named as Belgard E V has
successfully proved its usefulness for high temperature
application with reduced corrosion rate.”

3. Materials in MSF Plants

As the product of MSF plants is water—the cheap-
est but the most important substance, the product
should be supplied steadily with low cost. This is the
reason why the reliability as well as the economy is
particularly important for the materials of MSF plants.

Among the organizations operating the MSF plants,
Ministry of Electricity and Water of Government of
Kuwait -MEW- is, in no doubt, the one of the best
of well and long experienced. Experts of MEW repor-
ted” that MEW has mainly constructed MSF plants
of cross tube design and has been operating them
successfully with polyphosphate dosing. Table 2 is the
list of materials used for various parts of their MSF
plants as shown in Fig. 4. It is noted that the heat
exchanger tubes of 70-30 cupronickel, aluminium brass
and titanium are selected for heat rejection and brine
heater, for heat recovery and for ejector condenser
respectively.

On the other hand material selection made by a
expert of Saudi Arabian organization® who has many
experiences of operation of MSF plants with acid treat-
ment is also analogous to that made by MEW of Kuwait.

Both of them have pointed out that carbon dioxide
gas evolved from the brine of the flash chambers often
plays important role for increased corrosion of heat
exchanger tubes and this type of corrosion is specifi-
cally remarkable in the initial stages of evaporators.
To prevent the failures by this type of corrosion Saudi
Arabian practice is to use more resistant materials for
early stages of heat recovery evaporators. For example,
for the evaporators of first to sixth stages the use of
lining of stainless steel or Monel metal on flash cham-
ber walls and the use of 70-30 cupronickel tubes instead
of aluminium brass tubes are recommended.

/ )
0000000000 3
ooooooooo-“‘”’C
0000000000
000000000

000000000
000000000
o]

5 60000
0008000000
©@

%

Qo

b
&)

000000000

Fig. 4 Cross sectional view of MSF evaporator.
(C~® refer to Table 2)
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Table 2 Material selection for MSF plants by Ministry of Electricity and
Water of Government of Kuwait.? ((D~@ refer to Fig. 4)

Parts Materials
@ | shell of flash chamber mild steel
® | flash chamber three coats of epoxy resin paint
heat rejection rubber lining, plastic coating or self-valcanizing rubber
paint on steel (thickness: 0.75 mm)
water box heat recovery four coats of epoxy resin coal tar on carbon steel
(thickness 0.13 mm)
brine heater ibid
[ heat rejection | 70-30 cupronickel
©)] heat exchanger-tubes; heat recovery | aluminium brass
= lbrine heater 70-30 cupronickel
g" heat rejection Naval brass
é @ | tube plates heat recovery ibid
; brine heater ibid
ﬁ tube supports carbon steel
® | air buffles stainless steel (316L)
® | brine orifice plates ibid
(M | air vent orifice plates ibid
demisters stainless steel (316L or Monel metal)
splash plates stainless steel (316L)
air vent pipes ibid
@ | distillate trays and gutters idid
@ | man holes ibid
= shell of ejector condenser stainless steel (316L)
§ condenser tubes titanium
& condenser tube plates 70-30 cupronickel
sea water and brine pumps stainless steel
casings for distillate bronze
" impell rs for distillate stainless steel
g pumps for brine heater drain ibid
a casings, impellers bronze
shafts stainless steel
cooling coils for bearings 70-30 cupronickel

January 1979
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4. Heat Exchanger Tubes and their
Corrosion

By commonly quoted “rule of thumb” statistics amo-
unt of heat exchanger tubes for MSF plants is said
to be 80~100 ton per one MGD of plant capacity®
and ratio of the surface required for heat exchanger
tubing of MSF plants is 10 percent, 85 percent and 5
percent each for heat rejection evaporators, heat reco-
very evaporators and brine heaters respectively. Follo-
wing six kinds of materials have been used for heat
exchanger tubing of MSF plants;

(a) Aluminium brass (Cu-22%Zn-2% Al-0.04% As)

(b) 90-10 cupronickel (Cu-10%Ni-1.0~1.8%Fe)

(c) High iron bearing 90-10 cupronickel (Cu-10%Ni-

1.5% ~2.0%Fe)

(d) 70-30 cupronickel (Cu-30%Ni-0.4~1.0%Fe)

(e) High iron and manganese bearing 70-30 cupro-

nickel (Cu-30%Ni-1.7~2.3% Fe-1.5~2.5%Mn)

(f) Titanium (commercial purity, welded)

Generally speaking the prices per unit area of these
tubes increase with the order from top (a) to the
bottom (f).

Fig. 5 shows the statistical data of material selection
of heat exchenger tubes for world’s MSF plants in the
year of 1971 and 1975% 90-10 cupronickel tubes are
being more increasingly used than aluminium brass
tubes. Recently, in a project for large MSF plants,
decision has been made to use entirely titanium tubes
for heat exchangers and large amount of tubes is now
under production. Further increasing use of titanium
tubes is much expected by titanium industries.

In the most cases, the size of heat exchanger tubes
is 25~32 mm in outside diameter, 0.9~1.2 mm in wall
thickness for copper alloy tubes and 0.5~0.7 mm for
titanium tubes and 9~25m in length.

Some interesting topics on the heat exchanger tubes
are introduced as follows;

4.1 Copper Alloy Tubes®

In the world market of desalination plants of today
the alloys most commonly used for heat exchangers
are aluminium brass and 90-10 cupronickel.

Fig. 6 shows the comparison of corrosion rates of
aluminium brass, X (mm/y), and 90 - 10 cupronickel,
Y (mm/y), based on the test data made in Japan” and
United States® under variety of conditions of brine.
Eighty three pairs of data on corrosion rate are very
widely scattering from 0.005 mm/y to 0.5 mm/y depen-
ding on the variety of brine conditions, temperature,
dissolved oxygen, pH and test duration.

Despite the wide variation of corrosion rates, how-
ever, ratios of corrosion rate of 90-10 cupronickel (Y)
to aluminium brass (X), Y/X, are in the amall varia-
tion showing 0.5 to 2.0 except six data. Survey on the
relationship between corrosion ratios and the conditions
of corrosion tests has revealed that, in case of brine
temperature higher than 100°C and of dissolved oxygen
concentration in brine more than 20 ppb, ratios of
corrosion rates, Y/X, are low and the average value
is 0.69. In other words, it is noted that, under the
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normal brine condition where dissolved oxygen concen-
tration is less than 10 ppb, the corrosion rates of both
aluminium brass and 90-10 cupronickel tubes are in
the range of 0.004~0.04 mm/y and no remarkable
difference exists between the corrosion resistance of
aluminium brass and that of 90-10 cupronickel.

In the desalination plants of Rak On Pai in Hong
Kong which has six units of 30,000 ton per day capa-
city and is known as the world biggest desalination
plants now operating, aluminium brass tubes have
exclusively been used for every stage of heat exchan-
gers—heat rejection, heat recovery and brine heater—
and their service results for more than three years
have been known to be almost satisfactory.

Arthur D. Little survey® shows that among the
desalination plants in Kuwait, all five plants constructed
during the year of 1957~1960 have been using only
70-30 cupronickel tubes for their every stage of heat
exchangers but all other fourteen plants constructed
during the year after 1965 have been using aluminium
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brass tubes for their heat recovery evaporators except
those of first and second stages and for the halves of
their rejection evaporators.

Refering to the above examples, from the view point
of cost saving it seems reasonable to use much more
aluminium brass tubes than cupronickel tubes. On the
contrary, however, there is a tendency toward selecting
90-10 cupronickel tubes more preferablly than alumi-
nium brass tubes as shown in the data of 1975, Fig.
5. This may be explained by two facts that the most
of the recent desalination plants have been located in
Mid East countries where the reliability to minimize
tube failure is prime importance rather than some cost
saving and that 90-10 cupronickel tubes are believed to
be somewhat more reliable than aluminium brass tubes
specifically under corrosive conditions.

Though in the recent desalination plant market there
is a trend to select the heat exchanger tubes of high
grade materials such as cupronickel or titanium rather
than aluminium brass, author has a feeling that the
use of expensive heat exchanger tubes does not nece-
ssarily be justified to improve the reliability of the
plants. In stead, the possible merit to use aluminium
brass tubes under practice of proper maintenance and
application of suitable countermeasures should not be
overlooked.

4.2 Titanium Tubes

At the International Congress on Desalination and
Water Reuse in Tokyo sponsored by IDEA in December
1977, two papers regarding the engineering experiences
on the application of titanium tubes for heat exchangers
of MSF plants have been presented from US and Japan
and have drawn particular attentien to their quite differ-
ent experiences.

One was the case® of application of titanium tubes
for all heat exchangers of 1.5 MGD capacity of MSF
plants in St. Croix in Virgin Island. In this case, the
results of application of titanium tubes for ten years
have been reported to be quite satisfactory.

Another was the case'® of experiences of failures by
crevice corrosion of titanium tubes used in the high
temperature stages of heat recovery evaporators. In
this case, titanium tubes have been used for heat
exchangers of heat recovery and heat rejection and
failed after several months of service.

From above papers, it is clear that, though both
plants had been basically identical in design and
operational conditions, in the former the titanium tubes
were jointed to titanium tube plate by roller expanding
and following seal welding but in the later they were
jointed only by roller expanding. It is infered that
joint by expanding titanium tubes to titanium tube
plate presents a favorable condition to the nucleation
and growth of crevice corrosion in hot brine.

Based on the above information, detailed investiga-
tions to elucidate the phenomenon of crevice corrosion
of titanium tubes in MSF condition are now in progress
in our laboratory. Some informative data on the corro-
sion of titanium heat exchanger tubes including the
experiences of power condenser tubes are presented

in the following.

4.2.1 Crevice corrosion'"’

Fig. 7 shows the crevice corrosion of titanium tube
which was obtained in the reproducing test of crevice
corrosion at the expanded joints of titanium tube to
titanjum plate in hot brine. It is clear that titanium
metal was corroded by the brine penetrated into the
very tight crevice formed by the tube outside surface
and tube plate hole.

As a result of our experimental investigation on
crevice corrosion of titanium in hot brine, characteristic
features of the phenomenon have been clarified as
summarized bellow.

(1) Titanium metal is sensitive to the crevice corro-
sion in hot brine at the crevice of expanded joint of
tube to tube plate of titanium.

(2) Condition for crevice corrosion is shown in Fig.
8. Crititical temperature to cause crevice corrosion is
70°C which is much lower than that indicated by
Timet'® and by IMIL'®

(3) Existence of oxide film on the surface increases
the resistance to crevice corrosion. On the contrary,
clean surface such as pickled surface and surface
contaminated with chloride (NaCl) is sensitive to
crevice corrosion.

X100

X100

Fig. 7 Crevice corrosion of titanium at expanded
joint of titanium tube to titanium plate in
hot brine.'
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Fig. 8 Effect of temperature and salt concentration
of brine on the susceptibility to crevice
corrosion of titanium metal at the crevice
of expanded joints of titanium tubes to tube
plates.!V

(4) Titanium tubes jointed with copper alloy tube
plate are immune to crevice corrosion under MSF brine
condition. This can be explained by the enhanced passi-
vation of titanium metal in crevice by copper alloy
which plays as active cathode.

(5) As reported previously'®, titanium alloy contai-
ning 0.15% of Pd is immune to crevice corrosion under
MSF brine condition.

Recent paper from US'® reports the successful deve-
lopment of new titanium alloy, Ti-0.3%Mo-0.8%Ni,
which has increased resistance to crevice corrosion.

4.2.2° Hydrogen Absorption

Titanium metal is known to absorb hydrogen and
to form the precipitation of titanium hydride which
embrittle the metal

Ti+2H'+2e=TiH.
E=0.016—0.059pH

Two different types of process for hydrogen absorp-
tion are known to occur in the common application.
One is the hydrogen absorption into the passivated
titanium metal under excessive cathodic polarization
and another is the absorption in the course of active
dissolution of titanium metal in non oxidizing acidic
condition.

Fig. 9* shows the micro structure of hydride preci-
pitation at the end of a titanium tube of power plant
condenser which was cathodically polarized in sea
water by impressed current. Titanium metal in normal
sea water indicates the natural potential of 0 ~+40.3V
v.s. SCE and is immune to hydrogen absorption.
However it tends to absorb hydrogen when it’s poten-
tial is lowered less than the threshold potential, —0.7V

X 400
Fig. 9 Hydrogen absorption to form titanium hy-
dride observed in titanium condenser tube
used in sea water under cathodic protection
by impressed current with potential —1.0~
—1.4V v.s SCE.'»

to S.C.E., due to excessive cathodic protection by
impressed current or by sacrificial anode.”®

One typical example of hydrogen absorption under
the active dissolution of titanium metal is observed in
case of crevice corrosion. In this case, at the anodic
sites titanium metal in the crevice is dissolved by
acidic solution and hydrogen ion is reduced to hydro-
gen atom to be absorbed in titanium to form hydride
at the cathodic sites.

In addition to the above two cases, in MITI's module
MSF plant test other different type of hydrogen absor-
ption has been experienced twice on the titanium tubes
used in the heat exchangers of brine heater and of
heat rejection of high temperature zone.'® In this case,
needle like precipitations of titanium hydride have been
observed in the tube wall at random but the mecha-
nism of hydriding has not yet been known nor has
the pass of hydrogen penetration (whether from inside
surface or outside surface). One possibility is the direct
hydrogen absorption in titanium from strongly deoxi-
dized brine because as shown in Fig. 10 the potential
of titanium in brine is exceptionally low. Anotner possi-
bility is, as proposed by Dr. Togano,'® the absorption
of hydrogen atom or gas evolved by decomposition of
ferrous hydroxide known as Schikorr reaction.

3Fe (OH) 2—Fe 0. +H: +2H.0

4.2.3 Galvanic Corrosion

Generally, titanium metal shows noble potential in
oxygenated sea water or brine. As it is more noble
than copper alloys, copper alloys connected with tita-
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Fig. 10 Changes of corrosion potential of titanium
in deaerted sea water at 120C.9

nium metal often suffer Galvanic corrosion in sea water
or in brine. Fig. 11 shows an example of Galvanic
corrosion of Naval brass tube plate by titanium con-
denser tubes. Similar examples have been experienced
in MSF desalination plants.

As the countermeasure to avoid galvanic corrosion
of copper alloy tube plates by titanium tubes the
coating on plates by resin and/or the application of
suitable cathodic protection have been made and the
results have been successful. Regarding the cathodic
protection, it is recommended to control the potential
at the ends of tubes to be in the range of —0.45 ~
—0.70 V (SCE).

5. Tube Plate Materials

With the increase of MSF plant capacity, the cost
for tube plates of heat exchangers increases in geome-
trical progression because the increase of number of
heat exchanger tubes requires not only the increase of
diameter of plates but also the increase of thickness
of plates due to the design requirement.

Thickness of tube plate can be given by TEMA.'”

FG / P

2 S

where, T : thickness of tube plate (m)

F : constants for stationary and floating
tube plate, 1.0

G: effective diameter (diameter of gasket)
(m)

P: design pressure (MPa)

S : allowable working stress by ASME Code'®
(MPa)

Based on the above, relationships between the dia-
meter and the thickness of tube plates of various
materials are given as shown in Fig. 12. For MSF
plants saving of weight of tube plates is important
for economical and engineering reasons. To reduce
the wall thickness of tube plates the selection of high
strength materials is necessary.

0 t4b—" |
[ _F6 P
E 012} 12_81 /// ,//
- P =0.98MPa // /
',..
.0.10 74 ,//
£0.08 ,//,/
© 0.06 ///'/ .
K @ 90— 10 cupronickel C706
B : Yy 70—30 cupronickel C715
. /d
20.04 '/\\Na\(a! brass | Ca64
2. / Atuminium bronze C614
0.02 V2 High Ni bearing
aluminium bronz{e C630

Fig. 11 Galvanic corrosion of Naval brass plate by
titanium tubes in sea water.'®

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Tube plate diameter, G (m)

Fig 12 Effect of tube plate diameter on the tube

plate thickness of various tube plate mate-
rials under the design pressure, P=0.98MPa
(=10kg/cm?), based on TEMA'” and ASME.®

Regarding the design to fix the tube plates to the
shell of heat exchangers, welding the plate to the shell
is attractive enough comparing to the conventional
desigh to fix by bolts and nuts, because of appreciable
cost advantage. Tube plate materials possible to weld
with shell made of steel is desirable. Naval brass plates
have been the most common choice for tube plates.
However, aluminium bronze is undoubtedly excellent
material for tube plates because it has higher strength
and better corrosion resistance than Naval brass and
moreover it can be welded with steel.

Though aluminium bronze of a-8 phase has widely
been used, for tube plate of MSF plants aluminium
bronzes of « phase and of a+r phase alloys are consi-
dered to be suitable because corrosion resistance aginst
hot brine is the prime importance. It is reported ® that
heavy products of aluminium bronze of a+8 composi-
tion had often encountered with severe dealuminifica-
tion corrosion along the net work of 7. phase produced
by eutectoid decomposition of f phase during cooling
period after hot working. It should be kept in mind
that the larger the aluminium bronze products the
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slower the cooling rate and as a result amount of
decomposed products by eutectoid reaction increases
to give favorable condition for dealuminification corro-
sion. In case of MSF plants, elevated temperature and
high concentration of brine increase the corrosive
nature of brine. Furthermore, use of titanium tubes
should accelerate the corrosion due to Galvanic effect.
Composition and heat treatment should be controlled
with enough precaution.

In this sence, aluminium bronze specified as JIS
6161 is not recommendable because the upper range
of aluminium content is too much to prohibit 8 phase
and following decomposition (f—a-72). Nickel contai-
ning aluminjum bronze of « phase with finely precipi-
tated « phase as shown in Fig. 13 such as ASTM
C630 and JIS 6280 is seemed to be ideal materials for
tube plates of MSF plants due to immunity from
dealuminification corrosion and increased strength.’”

Fig. 13 Microstructure of nickel bearing aluminium
bronze C630(Cu-9%Al-5%Ni-3%Fe) showing
the finely precipitating r» phase in « phase
matrix.

6. Conclusion

Material problems particularly problems of material
selection in the light of corrosion resistance of heat
exchanger tubes for MSF plants have been reviewed.
Though some MSF plants have been being operated
for not short period, available data of service experi-
ences of materials have been limited. From the recent
information published, it is suggested that with regard
to the corrosion problems of heat exchanger tubes
corrosion by condensing steam containing carbon
dioxide gas has been the primary problem.

In the market of heat exchanger tubes of MSF
plants of today, there are two trends, one is selecting
expensive materials to obtain utmost reliability and

another is, on the contrary, toward using less expen-
sive materials to get optimum economy. This is quite
controvertible but, right now, our position is not easy
to forecast market share of various materials in the
future.

As the many projects to construct large desalination
plants are now in progress, it is expected to have
adequate data on the performances of various materials
in near future.
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NMEBMESEN TV S, ) o & — 20 FAEFEEL 2,
MG IV, BEES L OME L RFEDLET, 79
- A F—EBIHRTE, 275 v TORAVBES
Wigh EDORE S H BV,

B T 4 o~ b EL T CV15, GV10, 2825 &
L X278 B4 #BAFEL TV 5B, T b DOAES ORI
B, R, BIEEA UL 2EEEl, et A
LERRIZ~RBIWRT, ThbOHEEON, < ikKX
278 A Rz B sy o T 30-30 A4 (B3R & 2530

RKF 4= HEL TOSHOFERVBBFHZINS,

4.2 NUNR—-BH#E

KETCT VT 2T AN NR—=DT 2 A ZN—BH B
Vg7 o= A0 MICRHA SN TEBRBAECKREL, %

pass

(frigs)

|

i

iy

45

i

7
& & % & R WOE D ampmx LW o m i %
(kg/mm?) | (kg/mm?*) (%)
CVi5 Al—Cu—Mg-—Si T4 32 18 26 AA2036,2002 H2iH1
GV10 Al—Mg—Si—Cu T4 26 15 25 AAB009, 6010 113454
2825 Al—Mg H110 30 15 24 AAB5182 Y
X278 Al—Mg-—Zn—Cu T4 32 16 30 RO M L
F13 KF 14— MH7VI 2T LE5HOREE (1 mmiE)
* | | T e
S T TRE e T R L
(mm) (mm) (1004) | (94%60) | (94%40)
Cvi5 9.2 2.14 0.6 0.25 0.70 28.6 20.0 14.4 e
GV10 0.4 2.14 0.6 0.22 0.70 28.8 20.6 13.4 e
2825 9.3 2.14 0.8 0.27 0.76 28.8 19.3 13.8 e
X278 i 9.8 2.14 0.6 | 030 0.71 30.0 20.2 § 15.0 e
£14 K74 o— T =9 LARON kS X OV
) it & wooom o
a * B o B | SRS ORSED) | 2K o b EHE TIG # B
cVis B--C 3.0 B B
GV10 A—B 2.0 B B
2825 A—B 1.8 A A
X278 A—B 2.2 A A
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RIE A5 0 v TV =Y AR GO BT RIEER

T Ez moL D & IITH150°C X 1hr Ik | Dis175°C X Thr fplk | I #:200°C X Thr fi@k
- - ) - = o . o e I .
S %) g W o | Mo BIEEEE W | Moy BB W7 | ot BEREX) @ | M
77 (kg/mm?)| (kg/mu?)| (95) | Ckg/mm2)| (kg/mm?)| (%) | (ke/mn®)| (kg/mn®)| (%) | (kg/mn2)| (kg/mm?)| (%)
0 32 18 26 33 | 20 25 34 22 23 36 29 17
CVi5 2 34 25 23 34 24 24 37 29 18 37 33 15
5 36 28 20 35 27 20 38 32 16 38 35 12
10 37 34 16 37 31 17 38 32 16 40 37 12
0 26 15 25 29 16 25 29 19 22 32 27 14
GVio 2 27 20 22 29 22 21 32 27 16 32 29 12
5 28 23 19 30 24 19 32 29 15 32 30 12
10 29 27 15 32 26 16 33 29 14 34 32 12
0 30 15 24 30 15 24 30 . 15 24 30 15 23
2825 2 30 19, 21 30 16 23 30 16 24 30 15 23
5 31 22 18 31 18 22 31 17 23 30 11 22
10 32 28 12 32 20 18 31 19 18 31 19 17
0 32 16 30 32 16 30 31 15 30 31 15 28
<278 2 33 19 27 33 18 28 | 32 18 27 32 18 22
5 34 25 25 34 22 25 33 22 24 34 22 18
10 37 30 19 3% | 25 11 % 25 18 36 24 15 |

* 0 ~10% D8 [N
0 ~10% D15 - hr gk

(1) CVI5 A B I OME 7 » 7 ORI VO,

(2) X278 A& OMEIL TR M DI,

HADEFNSR & -1, & 51T, KETi3Safty Act(53/9)
% & ¥ Cost Saving Act (54/9) HSEMIN, N /8—0D
TRV S FIERETEEOLEEDNS,

TV I 2 A e NN =T B & O O
HHHD, FRENN L R—DT 24 AN—BLEL L
Ta—AA P EUTHOLONTNG, NN —Hf7 bR
U ARGICIEEE, S (LI 24 2N -DHE),
RIEYE, TEEtEl X EEESTER s, L EHT2ZED
PUEMENTH 5, AA THERL TOB N R—F7 2
= LS L6061, 7016, 7021, 7029, & L OT46TCH B,

INLOEEOHMEER RIBLURTTELTHBEY,

7 = A AN =D E, R HIA R R xRS EIR &
NBH, BE-ROUCHEBIN TV LTREEROCELT
B %5, MHIEH © M BEMARIE ~BEER U ~REALE, W
CIRER T OBEBRIE AN « JER L > RELB, FKiE
W 3 TS, T A b, T A Xy 3
DBEMINTO S,

Werl Gk o g CHIHLL N oot —# & U T ZK160-T5 &
ERBFEL, MKEHEICEE SNICERY DS 5, it
A N TREFOUEER2EL, »o3 ONIRE, |

FIG Nr—HTNE =0 AE5E0OFEMEE (The Aluminum Association)
HOwE H g i Lo . {
e o A B8 il g g WM
§ 3 YN 5 Fok
wroo EEms W on | M8 B oysuie, s Bk B | [y g
4 " Lot 12.¢ x )V 5x10°% [ X1000 | —fwsiA& #in
(ksi) (ksi) : (4 D) [(500kg) (B) (ksi) (ksi) (ksi) (L&LT)
6061-T4 35 21 22 25 65 25 14 10.0 — -
6061-T6 45 40 12 17 95 | - 30 | 14 10.0 B Al
7016-T5 52 46 - 16 ! 96 - 29 10.2 B Al
X7021-0 27 20 18 e e — 10.3 B A2
X7021“T6>}< 62 55 13 . S 71 - - 10.3 —
X7021-T61 63 57 13 — e e - — e
X7021-T5 62 55 i5 - i e B — 10.2 B A2
X7146-0 29 22 16 — - 16 - 10.3
X7146-T63 61 55 13 — 37 - 10.3 B A2
* g

A HIEIL, BIibOTrOE v b,

C: Lty b, D RAE A

ek AL SEBREIN L, A2 BIER THIN L CEEUID D)
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RIT Nos—rri =y siaoiEE (ERd)
| -
& & % Bl M m BN b
. Lo - WJﬁﬂ‘ﬂ@ﬁ e B
BEE B R g W B o 10E | i g
o (kg/mm?)|(kg/mm?»)| (%) |(kg/mm?)
| ZKI60-T5 | Al-Zn-Mg| 42 | 3 16 15.7 B | 7= Ad RN
X309-T63 Al-Zn-Mg, 43 | 39 TR B LA TamAAU L, Ted RS-
ST EEINEZE TS L5 MO LRBHEIN TS, RAL THEMARIAE TR (Sofica), ##E4k (Covrad), Iso-

S BITHR N X~ & L T X309-T63 S&ppsan<T
W5, LB DOFEEOBMINEERITIORT,

s, YoMk & OEE 2 T 5 5 & U TR,
FowA BRI T Ay FRELHUOEENLEE S R
NTWVA L 2L T,

4.3 HTHEBERAH

EE ARG RBITES 4 —, AL —F—, H
—xz7ay (AVF L —BIPETANRL -4 =) BIO
FANWNT —F—Vdb, COAN, h—x7ar (h—F —
SE&) QI UF LY —BIRIEL -4 —@GBEO
PHEBEBEAET VI =V ABTH Y, AEHEBEEICS
BEMT L 20 AMOBAORELLE L - T 5, 8YE
WL — Uy SENERICLY DD B, F OO
R, BENTHIELZ S8 H b, T4V 0 — 5 — 13K
BIICELN TV B, L7V i{biEA TS,

HHBOT NV IEOFRIEFT oL~ 4 ~BLPH— b —%
—Thb, 7NVIzvslllsor—2-DREEL TR,

stressih (UCC) B8IUX T L - v VEMNDB, TON,
I IR VTR B 1k (Sofica) B LoV 7L — v o ##: (Behr

i

o

‘ Alcoa 393 g

e

Fps 5

55 [k RIEHEA 25 5 (17 V AW H*

el N Ay R

i U

—i KD-206 i

- H§%>5HCTLT-ﬁaﬂ§{&
*L e - F Y 7k

K4 7 50x—2—RHRELTHEINT
WAET L= TR

FI8 svz—2—Jl7v =g, SO AMEER

MO o f e

nowmoOE &

Fak A
(=8 T o4

P
| GEAF = | )*
(hr)

IR CASSHB o

| () 4000

(») 3003 3003

75w 7 A

171, (mm) (hr) |

0.70 100 <1,000 —

(K&) 4000%

() 3003 3003

0.24 ‘ 700 2,000 VAL AOFIPR

(BZ) 4000%

(0 3003 3003

0.63 200 <(1,000

TERSAT R R () 40005

(0) 3003
(B) 7072

TV R

7000 %%

0.31 1.000~1.500 | 2,000~3,000 | Zn #EJERIRE

(1) 40005

(0 3003 3003

0.54 200~300 <1,000

R H 2k (%) 4000%
Gy 3003

(B 7072

7000 F#

0.14 >>1500 >5,000 AL INGIOLES

(BZ2) 40005
() 3203

Behr 6951

0.24 450 1,000~1,500

e

P

Sofical 3003 | 1052

0.05 1,000 BRI

(B2) 7072

ik
vee % (5 3003

0.05 -

oo i

i
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HE) BB ZRNCE KOEFEVD 5, RETY, Wikt
MTiEdad, TL—Urrkerrvifanicl edd
o M4, BIEs o — 4 —D7 v 3 LIGH PR &
NTWRTL - PkEeE O TRTY,

SOL—Z—~D7 NV ELORKOREIT (- —~2—
L —MEETH B, WEEEIANTH S, BEOH
BEEELUTOa 2 b TR OMBE Lo EEE (& <
ApE) PER AN, COEBEICH > THFIEHIESED 5N
T3,

BRI vz — 2~ WHOLNE T 2y 2B OM
G EETOMERBHREZRT, & T V—D ik
O, PR OIREE 2B M ORESPBETD
%o OGN E U TRANBE AL Tir7000% (B4
I7072) b AR N EAEOCHMEERIER 2G5 74
RO, PIEEAE L T BB O S v FED
HRPAGEINTOS, LU 5, 700020
THHMMBBESIESE L, MAFEESIMF TR T L
— U U RIS HEFRL, COBEGRITER MBS
FTa2DAIKLE, TL—U 0 S EHETS, f- Till
o5 % S T YR ISR 2 (1 9 2 B A I MR AERE L o
FHEET, ARG, 2T~ 07 (VAWE)
BITIEH OMBEL O,

4.4 KA —IVETHE

FUIEHW A —VREDT 7 v s VORI AK R
U, BROAKSITHEIRSWL T HEIBANITS 1 3k

ERBINTTL —v~F v M EL TEE ah, 19774
FECI 220 TS L, ColifEmS &b T
CHEEEHL bDEEALN TV,

BM7U: 29 allosf —ViKiE, VA, FaRTE
LB, V) LDABHTT 0 20 BENE, SMEL ENS
B, FILBINA 7V T 20 AEE135083, 54543 & 086061
BETHY, COBBIHEEZRIGTRT,

4.5 &b &L UCEBERVH

PRI ST, AMEEERE, PEER, oY oA bh
Wi, 7 O & M2 OBEESESE T, OB
b THL, AATE, —HERA & L T3004-0, H32, 5052
-0, H34, 5454-0, 6061-0, T4, T6, 6063-0, T1, T4, T5
T6% Y2 +7 97U TWVAY, KRBT, METHREIN
T AR R ude, &l o & OB BB 28R~ 5,

FERMERTH 55, BHEESER I N I ITE,
5257, 5657, 5252 I EHSHWV BN,  F OO
3004, 5052 7 EASFV BB, WK THRZEI N T
BICHES & OHMIE R RT, C OO ISR/
WA H CEE g Trim finish EFRL TV 3) 2H 93
IadbEsn, FavA MLEEBKH T ~10p DT ve 4 b
FHRIca T 5 OBZ L,

e o v hETIE, 2 re e F,
TS5 9FYY —ATFTA RV HN—, TL—% 75 9FH
W, BIUOBRRE TSy v PBRRT, FEU TEERDH
WHN B, EAEMEL AIL-Cu %, ALSI &, A-Mg-Sif, Al

=R VN

F19 w4~ VATV =Y 2 EHEOEWNER

7l g oM K | 5 s L
» e 7O s PR g
a @ % | mom smms | @ on M8 B s 5% 10°f]
- - %1000
L [
(kg/mm?*) (kg/mm®)| (1.6t) | (12.7¢) | (10/500) |(kg/mm>®)|(kg/mm?)|( kg/mm?)
‘ ‘ ‘ ;
5454 (0] 25.5 12.0 22 — 62 6.0 | - - 7.2
5083 (6] 29.5 5.0 | - - 22 17.5 - 7.2
6061 T6 | 315 28.0 12 17 95 21.0 10.0 7.0
|
290 PYMEADEBIG GO R (1)
i § = AE M E G A T ™ S M-
&6 % Mgat 518E ‘Ll T B9 ik i )W ’fﬁ
RO R g o Moo | =9y s oo BRIV g
B 7 LDR |-~ ES-3 dp
WOR @) e/ (kg/me)| (%) | (180°) (mm) | %) | B | (4
AS5— H24 13.2 | — 7.7 0.5~1T] 2.20 | 7.6 | 13.0 | 91.0 | 78.0 | 10851
QO 6.8 - 50 0T 2.13 9.4 8.0 91.0 76.0
GO—H24 0.4 | 151 | — 6 | — 2.20 | 7.8 — | 87.0 @ 68.0 | (5NOD)
0 1.0 | — 27 2.06 | 9.7~ 86.0 | 67.0
257S—~H24 0.6 16.1 13.8 15 2.20 7.4 15.0 91.0 86.0 (5N01)
-0 12.1 4.0 28 — 2.10 9.2 10.0 91.0 82.0
GO8—H24 | 0.8 | 15.7 9.4 21 — 2.20 7.1 | 13.0 | 91.0 | 84.0 | 55741
-0 12.6 4.2 25 2.09 8.7 7.0 91.0 83.0
B152S--H24| 2.5 | 23.0 @ 13.5 17 1T | 2.26 | 7.7 | 15.0 | 86.0 | 69.0 | 59521
-0 i 20.0 8.5 22 0.5T 2.08 9.0 7.0 88.0 71.0
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-Zn-Mg-Cu R EQOFNAEETLORD % T2 WRT,
RIVIHEHAEE 230D & T2#HEELZEI LD EDT
b b, &L TIHBMELESR 3N 5 M kici22024, 2219, 2618
El g2 BZMBER AN B, Th 5 010,000 BN

FOMl, BEl& s, 27— —F -2, T
BN B F o F N F AN IS EOR Y BT,
50528 3 VB HIRD K 7 1 > — B (FIAIE GV10) 254
WhHENB,

EVAN - S |

4.6 Py 2BELUNRRICBLLNZHH

FNT oy IRNAD LS KR TEER A S hRETE
HAIBVLHESE, BRLRIZ2Yy FRBETH S,
WHE N3 HENL 1100 (25 » T o~ 1), 2117(Y) ~N v
~), 2036, 6009, 6010 ,(F 5 4+ > — k), 3003, 3004, 3005
(3 VHIEE D NALES), 5005, 5052, 5082, 5182, 6063 (/<
BE « N 2D, v T, L), 6061, 5052
(3 8 =), 7TNOL, 7003, 7016, 7146 (fEis#t, /So/$—)
WETHBT,

e N
WA @

o %R iy (%)
(A i : ; ; } T
Si | Fe | Cu | Mn | Mg cr N Zn | Ti | Al
2011 | 0.4 | 07 5.0~6.0 0.30 7%
2004 0.5~1.2 0.7 [3.9~5.00.4~1.20.2~0.8 0.10 0.25 | 0.15 | #
2017 (0.2~0.8 0.7 [3.5~4.50.4~1.00.4~0.8 0.10 0.25 | 0.15 | ~
2018 | 0.9 | 1.0 [3.5~4.5 0.20 045~09 0.10 | 1.7~2.3 0.25 @ 0.05 | #
2024 | 0.5 | 0.5 3.8~4.90.3~0.91.2~1.8 0.10 0.5 | 0.06 =~ | AlCu
2117 | 0.8 | 0.7 2.2~3.0 0.20 0.2~0.5 0.10 0.25 | 0.05 | ~
2218 § 0.9 | 1.0 [2.5~4.5 020 1.2~1.8 0.10  1.7~2.3 0.25 @ 0.05 ~
2219 | 0.2 | 03 5.8~6.80.2~0.4 0.0z |Y®O0I01~0-21 o310 002010 ~
2618  0.1~0.250.9~1.31.9~2.7 1.3~1.8 0.9~1.2 | 0.10 0.04~0.1 ~
4032 [11.0-135 1.0 10.5~1.3 0.8~1.3 0.10 |05~1.3 0.25 | 0.05 & ~ | AFSi
6061 [0.4~0.8 0.7 |0.15~04 0.15 0.8~1.20.04~0.35 0.5 | 0.15 @~
- : = | Al-Mg-Si
6151 [0.6~1.2 1.0 | 0.35 | 0.20 |0.45~0.80.15~0.35 0.25 | 0.15 | #
7075 | 0.4 | 0.5 (0.2~2.00 0.30 [2.1~2.90.18~0.28 5.1~6.1 0.20  #
7079 | 0.3 | 0.4 0.4~0.80.1~0.32.9~3.7,0.1~0.25 3.8~4.8 0.10 | ~ |AlZn-Mg-Cu
7178 | 0.4 | 0.5 1.6~2.4 0.30 [2.4~3.10.18~0.35 6.3~7.3 0.20 7
£29 W oA A O oMb
e UL S
Boom smms wWoon MO B lap s iwm s 1000 %10
1 s
(kg/mm?®) | (kg/mm?) |(1.6mm)/E|(12.7mm¢), (10/500) | (kg/mm?) | (kg/mm?) | (kg/mm?) {(20~100C)
2011-T3 38.5 30.0 - 15 95 22.5 12.5 7.2 22.9
2011-T4 41.5 31.5 - 12 100 24.5 125 | 7.2
2014-0 19.0 10.0 - 18 45 12.5 9.0 7.5 23.0
2014-T4,-T451 43.5 29.5 — 105 26.5 14.0 7.5
2014-T6,-T651 49.0 42.0 — 13 135 29.5 12.5 7.5
20170 18.5 7.0 — 22 45 12.5 9.0 7.4 23.6
2017-T4,-Td51] 43.5 28.0 - 22 105 26.5 12.5 4
2018~ T61 43.0 32.0 — 12 120 27.5 12.0 7.6 22.3
2024-0 19.0 7.5 20 22 47 12.5 9.0 7.5 23.2
2024- T3 19.0 35.0 18 - 120 29.0 14.0 7.5
2024-T4,-T351 43.0 33.0 20 19 120 29.0 14.0 7.5
2024-T 361 50.5 40.0 13 - 130 29.5 12.5 7.5
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R0 5% @ N A & O W OEOfE
5l B | . :
o S ET nans e s
Bom  ampms woon WP B e slm s X100, %10
W B
(kg/mm?) | (kg/mm?) |(1.6mm/5)|(12.7mme)| (10/500) | (kg/mm?) | (kg/mm?) | (kg/mm?) (20~100C)
2117-T4 30.0 17.0 - 27 70 | 19.5 10.0 7.2 23.8
2218-T72 33.5 26.0 - | u 95 | 21.0 - 7.6 22.3
2219-0 17.5 7.5 18 — - - - 7.5 22.3
2219-T42 36.5 19.0 20 | - — — 7.5
2219-T31,-T351 36.5 25.5 17 - - - - 7.5
2219-T27 40.0 32.5 1 - — - — 7.5
2219-T62 42.0 29.5 10 - - — 10.5 7.5
2219-T81,-T851|  46.5 36.0 10 - - - 10.5 7.5
2219-T87 48.5 40.0 10 - — - 10.5 7.5
2618-T6 45.0 38.0 10 10 - — - 7.2 22.3
4032-T6 38.5 32.3 ; — | 9 120 26.5 1.0 | 8.0 19.4
6061-0 12.5 5.5 25 30 30 8.5 6.5 7.0 23.6
6061-T4,-T451 24.5 15.0 22 25 65 17.0 10.0 7.0
6061-T6,-T651 31.5 28.0 12 17 95 21.0 10.0 7.0
6151-T6 36 | 300 | 12 - | - — — 7.0 | 2.2
7075-0 2.0 105 17 16 60 15.5 - 7.3 23.6
7075-T6,-T651 58.5 | 51.5 11 1 150 33.5 16.0 7.3
7079-0 23.0 10.5 17 16 - — - 7.3 23.6
7079-T6,-T651  55.0 48.0 — 14 145 31.5 16.0 7.3
7178-0 23.0 1.05 15 16 — - - 7.3 23.4
7178-T6,-T651]  62.0 55.0 10 1 - - - 7.3
7178T76,-T7651] 58.5 51.5 - 1 - — - 7.2
R EGEOMEME (10,000 RiEIE MO SR L)
S B R 2024-T81, T851 2219-T81, T851 2618-T61
o) SEREME | W B it & | BIRME | W 7 o | BliREE | W M o
(kg/mm?)/(kg/mm®)| (%) |(kg/mm?®)|(kg/mm?)| (%) |(kg/mm®)|(kg/mm?)| (%)
24 49.2 45.7 7 46.4 35.2 12 45.0 38.0 10
100 46.4 43.6 8 42.2 33.0 15 43.6 38.0 10
149 38.7 34.4 11 34.5 28.1 17 35.2 30.1 14
204 19.0 14.0 23 25.3 20.4 20 22.5 18.3 24
260 7.7 6.3 55 20.4 15.5 21 9.1 6.3 50
316 5.3 4.2 75 4.9 4.2 55 5.3 3.2 80
371 3.5 2.8 100 3.1 2.6 75 3.5 2.5 120

5. & H b ([

—WRE, TV DU AIBNEHBIEM E L T—E0
IR 1L EDSD B, BE, &I 2 ML D BB
BOILEZIERICRE Y, ULaULEHE, 7 =v sl
BETH 3 PHCEGEGR, & EBHEIER s o,
TOEBENLE T 20 F 8RS, &5 fENI
b, VU4 U CHE TS (1/28D = 400 & — CIHAEH
BE) , INIDEE, AN T NS OHMENEK T
D OEMERBTRER &, BREMIKRNET VI = o 4%

HHTICEREIERE, Axivy—~DPRRIxDLD
TREWV, L7V I L BFO AL « 7 v 7L
eNT, MEmEaLL, 150 EETRELS LV

TH5 5,

FHTIRBEBEORBLOER, BATOTIN I LOB
RBICEALS 270 oy aMBiT W TE D E LD
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POMBEIILIE, FEEOBEPETEEILATH B,

— 72 —



Vol. 20 No. 1, No. 2

BEEHADO 7V § =7 LFFHOBIK

(73)

R AR T LD BIEL,

) BEEHRB LT

#E o The Aluminum Association, Inc. OERI %% {
B SR TWIIWTo, S8 « Bk o&MN X b

HELHE 20T, BL THREHOEZRLU IV,

x [

1) #iA4d, The Aluminum Association: Report 12, Use of

2)
3

aluminum in automobiles-Effect on the energy dilemma
(1977), J.Panzer : Automotive Engineering Congress and
Exposition (1976), A.C. Malliaries, H.Hsia and H. Gould :
Automotive Engineering Congress and Exposition (1976).
G.A. Alison: t 9 v 7 « N2 QEEFHTHHSERQ978).
BeRpaER  ABEAO7 VI 2T AOHEH —F=Fov

4)

5)

6)
7

8)

11

— 73 —

¥ -2 (IRFI534F 8 F)

The Alluminum Association: Report T9, Data on alumi-
num alloy properties and characteristics for automotive
application (1978).

J.L. Abernathy : Automotive Engineering Congress and
Exposition (1976).

Modern Metals 33 (13 (1977) 3L

BRI R Y Al N N IR AR WA WOF £ 2/
(1978).
HERMEME . 7 v 2 =9 &, No. 575 (1978). 28.

9) J.W.Evancho and J.G.Kaufman : SAE paper 770307 (1977).
10) Y. Baba, T. Fukui, A. Takashima and S. Terai: 6 Inter-

nationale Leichtmetalltagung Leoben-wien (1975).

T 7ot =94, No. 573 (1978), 11



