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Corrosion Resistance of Refractory Materials
to Molten Aluminium —Lithium Alloys

Masayasu Toyoshima, Yoshiaki Watanabe and Kazuyoshi Oka

A wide variety of refractory materials is used to line the metal contact zones of aluminium
melting furnaces. In general, however, it is believed that conventional refractory materials are
difficult to be used as a lining in extremely-corrosive molten aluminium —lithium alloys.

It is the object of the present investigation to find refractory materials suitable for the con-
tainer, the tools and assemblies for the molten aluminium —lithium alloys.

The various refractory materials which are composed of oxides, carbides or advanced ceramics
were contacted with molten aluminium —lithium alloys for 100 hours. In order to evaluate the
corrosion-resistant properties, the specimens of those materials were checked by visual obser-

vation and X —ray diffraction, and chemical pick up into molten alloys were measured by

chemical analysis.

The results obtained showed that the advanced ceramics, Al:Os, AlO; —MgO and Al:Os;—SiO.

materials had better corrosion-resistant properties.
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Fig. 1 Schematic illustration of apparatus
for corrosion test.

Tablel Chemical composition of refractory materials. (mass%)

Refractory AlyO3 AlOs AlOs MgO SiC SiC SiC Advanced
. AlyOs . MgO . . . ZrOy .
material -Si0: -Crs0s -MgO -CaO -3102 -SisNy | -81:0,N, ceramics
Number of
) 2 1 2 1 1 1 2 2 1 4 5
specimen
AlyOs AlsOs AlzO3 AlOs Mg0O Mg0O SiC SiC SiC Zr0s SizNy,
Component B
q >95 80~86 17~86 70 >% 80 75~80 75~80 78 40~95 ZrB,
and Si0: | CrmOs | MgO CaO | Si0: | SuN: | SLON, TiB,,
composition
11~20 9~62 24 20 8~10 18~22 18 AIN, BN
Table2 Chemical composition of Al~Li and Al—Mg alloys. (mass%)
Alloy Element L1 Si Fe Mg Cr Na Ca Zr K Insoly.
Al—Li 2.42 0.016 0.044 <0.001 | <0.001 | <0.001 | <0.001 | <C0.005 } <(0.001 <0.05
Al—Mg - 0.03 0.04 4,63 <0.001 | <0.001 | <C0.001 | <C0.005 | <C0.001 <0.05
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Fig. 2 Schematic illustration of cross section of specimen
after corrosion test.
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Fig. 3 Photographs of cross section of some typical specimens after corrosion test. (Atmosphere : Air)
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AlOs—Cry0s RE U ZrO: Fii KW, B ERELL S
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Table3 Mass loss of specimen after blank and corrosion test. (%)

Refractory AlsOs AlO3 AlOs MgO SiC SiC SiC Advanced
) AlOs . MgO . . . ZrOg .
material -S3i0: -Cr03 -MgO -Ca0 -3i02 -SigNg | -Si,0,N, ceramics
Number of
4 3 4 2 2 2 4 4 2 4 6
measurement (n)
—2.45 —1.82 —1.52 —0.15 -0.1 —1.38 —1.57 -0.04 -0.1 -0.08 —4.2
After blank
test
—0.01 —1.42 —1.39 -0.01 —~1.31 ~0.06 +0.04 -0.07 +0.02
After —0.04 0 -0.02 +0.04 +0.03 +0.05 +0.04 +0.08 +0.12 +0.09 —0.06
corrosion ~ ~ ~ ~ ~ ~ ~
test +0.03 +0.08 +0.12 +0.07 +0.12 ¢ +0.12 +0.12

Fig. 4 Photographs of cross section of some typical specimens after corrosion test. (Atmosphere : Ar)

(a) : Al203-SiOg,

(b) : MgO, (c): ZrOz
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Teble4 Results of visual observation of refractory materials after tests.

Refractory AlOs AlsOs AlLOs MgO SiC SiC Sic Advanced
. AlO3 . MgO . A . ZrQq .
material -Si02 -Cr:03| -MgO -Ca0 | -Si0: -SisNg | -Si.0,N, ceramics
Spallin
e o 0 x x o o o AOC o O o
resistance
Corrosion
. O O X O O O O O O X O
resistance
Penetration
. O O A X X A X X X X xO
resistance
Weath-
Other .
ering
Symbol O :Good A :Moderate X : Bad
3.2.3 WARHOBSRERD X #REF ERACESNTHET 3 EBEL SN, ZTDEN

Table 5 i, EBHEZE & KRB & O X HETF O
WicBWT, BT — 27 KB LBRED SN b DEIRT,

rAFLEYWE LRSI BV T, ALO;—
SI0: % T, = h Y v 7 REKTH 5 AleSi:01 23, &
fz, SICRTH, ThoofEeME LTV TVS
SiOs, SiaNs B TF Si,ON, OE#r & — 27 b L, 8/
1 ROEAMHER S NI, B, SICRMAHic> W T
3, EAMBRNCEESSIL L > TRILEINTV S
CEDBHEESN, BEHEH BT SICHRT ORI

Table5 X-ray diffraction of the part of the refractory
penetrated by molten alloy.

Refractory X-ray diffraction intensity
material Decreased component  Increased component
Al1203-S10: AlgSisOn3 S1
SiC-S8i0; 810, Si
SiC-SisNg SigNg Si

SiC-8i,0,N, Si,0,N, si

Dk TIE, ALO:s—CriOs TR IrO: R TR, BE
EBERIIERIC LA WIREE L > TBY, TOHAD X
MET TR, shThEeBEED/ oL RUY Vo =D
LAMRKBREEELTVEIENEDON, BBEEE L,
AkBID< b Y v 7 RS & ORISR s i, i,
ALO; BT}, ¥ OEEREHTy —LIAIO, OEHTE — 7
DR SNtce ALOs Rl KT DT k4 & ik L
TEEOBFBFESVEVEABRE NS, Thid, VF
v AL ALOs DRIBIC & - TH Uk v —LiAlO: EAsH
RIEEIDRE T K ORTRBEE - IR LD,
BBOEBIMEH SN bO LT TE B,

3.2.4 BEDFE

Table 6 1= 5B O & & th O KM 3 i R 2 7R
To BAMYIERS OFFHIIE, RO EBOTH B,

(1) r4%%

SiC Zifit k4 C i, BRIEES D i A $2431000~3500
ppm EEWEERL, &5, BRNERY O LRSS X
BEFCIVEBY AR TH D I EPHERSINI, 1
SOBEAETIEEICHET S L0.5~T.5% YT 5,
INeDyAFER, FELTI3 2.3 TRLELE Dk

Teble 6 Chemical analysis of impurities in Al—Li alloy. (mass%)

Ref . . .
efractory ALO: A120.3 AlO3 AlzOs MgO MgO Sl(.J SlC. SI.C 2205 Advanf:ed
Inpurity' -S5i02 -Cr303 -MgO -CaO -Si02 -S1aNj | -81,0,N, ceramics
) 0.026 0.025 0.10 0.10 0.024 0.026
Si (0.016) 0.034 0.09 0.027 0.30 0.13
~0.04 ~{.20 ~0,20 ~0.35 ~0.80 ~0.04
0.044 0.047 0.042 0.06 0.08 0.04 0.044
Fe (0.044) 0.050 0.053 0.049 0.08
~0.05 ~(.09 ~(0.09 ~(.20 ~0.10 ~0.10 ~0.05
Ca : 0.01{Cr: 5~10 Ca: 0.13 | Ca: 0.15 Ca: 0.12
Other . Ca: 0.002
Ti: 0.12 | Mg: 0.01 | Mg: 0.35 | Mg: 0.015 Y:1
(<0.00D ~(.035
~0.28 Zr: 12~30
Insoly, - -~ . _
(<0.05) 4~8 0.5~17.5 3~17 3 1~60

(1) Numerals in parenthesis are initial values.
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Fig. 5 Relationship between Si pick up content
in AI-Li alloy and SiO: content in

refractory material.
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Table 7 i< &l KPI DR AT 2 7R T

AEOFEERTIE, 2FHIEE ZEE T A IRES
NI - 1o, KPR S O 2 # = )~ S Dt
BEEDHLIEICLY, Al-Li RESBEBAFME
HH T & 30K 5127 5 7o,

(1) ALOs BT AlLOs—SiO. M K¥iZ, it & L
THATE 2R E L, 2720, A&REMICE
AR, AWV LREF )T LEDOE Yy 7Ty D
M & 72 5700, bk o Si0. B ik & CaO K
U Na:O B DERPHETH 5,

(2) ALOs—MgO Ritk¥id, A&HEMICERS &
WHEBNBONTOEY, AR—Y v I EOREHHL
BTho, WEASRINBAEIEAOTREENE S
Vo

(3)  ALO3;—Cr:0s R U ZrO:, Zilit: K¥pid, D= b
U w7 A TH B CriOs KU 70, BEBEE &G
TRRHERPELY, £/, §2hAD= ) v 7 X
BATLEOE vy 77 v 7RIS, B AT
BETH 5,

(4) MgO %K U MgO —CaO %ilif k#1132, BF13HM
KRR OZEBEARTHEH, CoFRBPBVTH,
TRV LRV YT LOEHEP~NDE v 7T v
PREVWT L, 72, MgO—CaO 2T, BETARE
FITHES A 2 &Itk » T, BRI X DIk D BHEL
BRI EF Ly, #HEAEETHA 9,

(5) SiC Zfitk#niz, A RERE L BFIE
b, SiCOEEMTH 25 1 RILEVPBESSE
LRSS B, 74 ZDOE w279 7EBLE
<, BN K OISR 5 BT
N, BMARKREEEZ 3, 72770, SiC£0 b HE
BLZERSDEMEESNE 2D, HEMENRT 50,
H B W SiC Z A DI KPH A~ OENIE & I NITHH T
= BH[HEM L B B,

6) BE=—2—t5 31y 28>0 TR, 2ok
NUOMI EORBERS 35, —, BEBEBEHKE VL
AEEELEL, ARREORTHTOMETE 2R
TH -t LIch > THENICIEH AR TS 5 25,
KEEMELS LT, ®ERK, ML Eofik oo
s oM, TEHE~ORONIERLELETHEA
Do

P L ofER, o, SEEBRET - itk odh T,
Alea ;é, Ales‘SiOz ;?\‘, Alez —MgO %@@{h%};‘?& [TTH
KPR OEE=a—t T 3 v 7 2HH, Al-Li %A%
RS IR TS 25N S 2 LikHis b, Ly
L, coiicid, ZBsHEFotkrogeto ) 7
9 LOHH 0B L TREBNSTM T - 1,
Lt - TEBRBBRAERT ZICH - - Tid, &tk
ORI A R —Y) v IHEORBEERE EE DI,
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Study on Functional Two-Layered Filler Metals of
Brazing Sheets for Vacuum Brazing of
Aluminium Hollow Structures

Koichi Maeda and Yasunaga Itoh

The objective of this report is to study on the applicability of brazing sheets with two-layers
of filler metals on each sides of their core metals in order to improve the vacuum brazability of
aluminium hollow structures such as evaporators of drawn-cup types ; the outer layer of the
filler metal plays the part for the flux and the inner layer of the filler metal does the part for the
fillet formation during brazing. The outer layers of A and B sheets contained 1.5%Mg, and their
thickness were 20 pm and 40 pm respectively.

The inner layers of A and B sheets were 70 pm and 50 um in thickness without magnesium.
Contrary to the above-mentioned A and B sheets, the outer layer of C sheet of 20 um in thickness
contained no magensium, but the inner layer of 70 pm in thickness contained 0.6%Mg. As a con-
trol, the conventional one-layer brazing sheet (D sheet) on each side of the core metal was added;
Al—108i—1.2Mg—0.1Bi filler metal of 90 um in thickness. The brazing test was conduced using
pairs of cups deep-drawn from A, B, C and D sheets, respectively, to simulate the outside and
inside fillets at the joint composed of the mouths of upper and lower cups.

(1) In the inside of the brazed joints, A, B and C sheets formed larger fillets than D sheet.
This result was ascribed to the fact that the depletion of magnesium due to the vaporization
from the filler metals in A, B and C sheets at the inside of the joint raised the melting point of
their filler metals from the Al—Si—Mg ternary eutectic temperature to the Al—Si eutectic tem-
perature of 577°C. In the inside of the brazed joints, then the more filler metal of A, B and C
sheets remained replete than that of D at the heating temperature of 575°C

{2) At the outside of the brazed joints, B and D sheets formed larger fillets than A and C
sheets without gettering magnesium. With gettering magnesium, good fillets were formed at the
outsides of joints for all sheets. The reason why at the outside of the joints without gettering
magnesium, B sheet presented better brazability than A due to was the differences of the amount
of magnesium in their outer layers. B sheet contained the amount of magnesium enough to exhibit
the function as the flux in the outer layer in comparison with A sheet. The poor fillet of C sheet
at the outside of the joints was explained by the partial melting of the inner layer of C sheet in
the heating sequences, besides the outer layer without the function as the flux.

(3) In the comparison with fillets formation at the inside and outside, B sheet was concluded
to have the best brazability among these sheets.

(4) The amount of magnesium which discharged from the filler metal of B sheet into the
brazing furnace seemed to become less than one half of D sheet.

* BEEFRETIRERGIAS (1990118, B - H5) «© v+ BTG R AT SR
T—HHR v+ DTSR BP BREE



136

TR E & B & &

July 1992

1. ¥

HEoEBD, TVI=UADEEASNITIHDA D
Mz iz Mg IRIME LT WB, TOTREB7 v 7 R
ELUTHIELTWVWEY, IROEHIBRKADH b,

(1) A5G INBEC 5 5 Fhis &3 U ic Mg 2SR
FLESL, FORBEPHSE L L 0P PREDE R
SBT3, BN EEOBR(bYh SEEES hic
EIFERICRE S, ZOBMBELREEAI T %
e 2, %D EMMICFRITE L2 Mg BR{ILY)
ERET IHENH DY,

2) BIFOTRIT & - TS S I Mg 5%
e Lo WEN S B, % DEA TR Mg 255 S #rfic
BELPT WV, Mg 2BEICEARA S D 5 ViR
HEEHDE L 52 ? EHMEICKBTRE L TL
W, FIEOHETD7 4 Ly MNERESET T 5, O
BEIENE, Fovhy 7R N$E L — 5158 ohZE s
ROEZEA S AT ic B T RAAEERE U 72k O B
TASFIFHENE L LILH OGN B,

B T, zOFERELBA D =X LEIHLMIZL
too THDB, A5 T INBGETE TrhZEfEEN A O
AP 5D Mg OEFRBDOEICEL > T, PEKEERN
Az BT 3 5 5 OFEREL - REBBIRCRES (KEZED
BNE I A LT BEU B, AR L cAEBElO A
5 1 H8 L 7 A - AR L Y, & DGR
AMD7 4 Ly MIFHAKRELCIERS NS, NERHO
T4y PERFHER-TLE D, TOIALTTE
WET S0, Y TR Fig. LIKRTLHI, Mg %
SUAIHEATETL-V VS — b E Mg Q%R

i

Remaining filler:
metal unmelted -

Repletion of Mg vapo

Flowing molten
metal

{Non Mg filler metal)

Active vaporization
of Mg

“{High Mg filler metal] ™
(a) 560~575C

> [Non Mg filler metal)

Large fillet

“{High Mg filler metal
(b) 590C

Fig. 1 Shematic illustration of good fillet formation at
brazed joints of hollow structures by combination
of brazing sheets clad with filler metals containing
magnesium and those clad with filler metals not
containing magnesium, and that of the formation
mechanism in heating sequence.®
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T
oo Component
Outer layer ; 12Si—1.5Mg filler metal (t20pum)
™ Inner layer : 10Si—0Mg filler metal (t70um)
A < Core alloy : 3003 alloy (t420um)
< Quter layer : 12Si—1.5Mg filler metal (t40pm)
™ Inner layer : 10Si—0Mg filler metal (t50pm)
B <- Core alloy : 3003 alloy (t420pm)
ettt
< : j— iller metal (t20um)
A, Ovter 12ver : 125i—0Mg fil v
T AT AT Inner layer : 108i—0.6Mg filler metal(£70pm)
C < Core alloy : 3003 alloy (t420pum)
T A I
[T < cradding 1ayer :10Si—1.2Mg—0.1Bi filler metal (190um)
D < Core alloy : 3003 alloy (t420um)
R e
Fig. 2 Component alloys and thickness of test specimens.
Tablel Chemical composition of filler metals. (mass%)
Test specimen Si Fe Cu Mn Mg Cr Zn Ti Bi Al
Outer layer 12.32 0.09 0.00 0.00 1.67 0.01 0.00 0.00 - Bal.
AB
Inner layer 984  0.09 0.00 0.00 0.00 0.01 0.00 0.01 - Bal.
Outer layer 13.15 0.10 0.00 0.00 0.00 0.01 0.00 0.00 - Bal.
C
Inner layer 9.31 0.09 0.00 0.00 0.60 0.01 0.00 0.01 - Bal.
D Cladding layer 10.10 0.22 0.02 0.04 1.20 0.01 0.02 0.01 0.09 Bal.

7y PORMIC003ESH AN U TR & LTl AN
Jie TD00BESWOTIEICIE I mmBOHKRIAL%E
T, REBEOKTHEIC - WLWTIEERS Fo v iy

¢l 3003 alloy sheet (£1.2)

Fig. 3 Schematic illustration of the cup-type brazing test.
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Fig. 4 Relationship between heating temperatures and cross-sectional areas of fillets at inside (Air)

and outside (A..:) with magnesium promoter.
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(a)

Fig. 5 Cross-sectional views of brazed joints and the neighborhood at the
heating temperatures of 575°C dnd 585°C with magnesium promoter.
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Fig. 6 Relationship between heating temperature and cross-sectional areas of fillets at inside (Ain)
and outside (Aou:) without magnesium promoter.
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Fig. 7 Cross-sectional views of brazed joints and the neighborhood at the

heating temperatures of 575°C and 585°C without magnesium

promoter.
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Fig. 11 Cross-sectional views of brazed joints and the neighborhood
at the a heating temperature of 575°C

Table 2 Magnesium content ratio of test specimens A, B and
C to that of test spectmen D in the filler metals.

Test specimen Mg content ratio to that of test specimen D
A 0.28
B 0.56
C 0.39
D 1
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Oxidation Behavior of Reactive-sintered
TiAIMn Intermetallic Compound

Masaki Kumagai and Kazuhisa Shibue

Oxidation behavior of a Ti—33.5mass%Al—2.5mass% Mn intermetallic compound prepared by
reactive-sintering process is studied at 1223K in air in comparison with that by melt process.
Reactive-sintered TiAlMn have been found to have the superior oxidation resistance than melted
one. The oxide scale of the former is fine alumina film and hard to peel. The alumina film is

regenerated even after a little peeling during the cyclic test.
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86.4ks) E1T-7t, COL3CLTE NI VY H VR
N TiAl @B L&Y H OB LR 28I 72,

WEMELTT s X7 — 7 B & b Ti—36mass
WAl KU Ti—33.5mass %Al —2.5mass%Mn DE & ~
B (AR 2EEL, BB Lc, 4k,
NEWE TtH 3 1 > a% 0 X750 (Ni—18Cr—3Fe) &
it & Lot U ke,

Pl Eofts otk % Table 1 IR, KGHER
MOBRBIZATMOZN LD RPED - fo BUSHER
Mic 3RO F & iR L ) 9 4 (NaCD) o
ETEENEF MY U L RUERNERL T, KK
BEREM B O8I O #AFE % Fig, 1 1R 4, BUSHEH
R E T 25 —H (a M+ v #D HWoOBEMET
By, BEMEHOS 2 5 —MfkTH - 10,

2.2 BR{bEER

(1) e LR

B D SUSHEREM B 845 5 Tmm X 7 mm X 20
mm OBLEBRF ZH D L, BXEEHERCLD
1000F = 2 ) —F oL, 72 b vEERSR, BER
RORABZWUEL 7z, AR zEMEORILT VI =
LB B oI AN, REPESFEHWT, 11783K kU
1223K TEFB LB ETT » 7o SRR 130.33K /s
& Ute, EiFBLEARR, Hbiphtcao@icEE2 L
THRYH LUEENEET -2, 20%, BEERE IS
HaHE L CSEMBEEITY, X o B IcB LB
ERFHELIBWR =y F v > 5L, BLEER

Tablel Chemical composition (mass%) of specimens.

Specimen Ti Al Mn 6] Na Cl

TiAlMn

64.0 33.4 2.45 0.14 0.04 0.05
(Reactive-sintered)

TiAIM

I e | 338 | 243 | 0.07 | <0.01 | <0.01
(Melted)

TiAl

' 639 | 360 | — | 006 |<0.01|<0.01
(Melted)

(a) Reactive-sintered

(b) Melted

Fig. 1 Microstructure of specimens.

H & X EEMEE, SEM AU EPMA ICTHE L, 1,
ERALEZ D X RREHT 1T - 720

(2) #E LB sk

BUSHHEM R OEEM» S EZ 4 mm, EX 4mmd
BB P 2N Tic X O ERIL, 7 & b v Bl dER
%, REMEZHEL I, BEEAa&52@3ICAN, R
BRINBAG AR TINE, mEER v ELITOWEEZE L
ZHE L foo FBREHEAEZ3.33K/s & L, 1223K £ TH
B2 ks RF L, T DHBATIK £ THEIE%0.6ks 34
AT EREREDEL 72,

3. X B B R

1223K ©86.4ks ff¥5 L 728 @ Ti—33.5A1 —2.5Mn O
R E Fig. 2 1R RIBHEEEM < 3 RIEEE1E &
AEHLNTHIRNE—TH - too —77, BEHM I IZH
BEDSEL L U T Wi, 1233K ic BT B dkeii {Lat i

(a) Reactive-sintered (b) Melted

Fig. 2 Appearances of specimen after oxidation at 1223K

for 86.4ks.
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1223K X 86.4ks
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~
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sintered
L ]
Ti-33.5Al-2.5Mn Ti-36Al

Fig.3 Comparison of mass gain of various TiAl after
oxidation at 1223K for 86.4ks.
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EXHum OFFETe M) 7 REDOEEHD L VWALD,
FHRORELERENTBY, TORBEE D= MY 7
ZCESE um O T VY =9 ABMEHE I N,

7 Ti—33.5A1—2.5Mn O EALEZIBHIH © EPMA

(b) Melted

Fig. 4 SEM observations of oxide scale formed on
Ti-33.5A1-2.5Mn at 1223K for 86.4ks.

Table 2 Summary of X-ray analysis of oxide scales.

Intensity
Specimen
Strong Medium Weak
Ti-33.5A1-25Mn| a —AlOs .
o . MnTiOs
(Reactive-sintered) TiOs
Ti-33.5A1-2.5Mn .
TiOq a— Ales MnT103
(Melted)
Ti—36A1 o ALO
o —
(Melted) e e

20

DERE Fig. TR, BALREIRED SHARI
FEEOD TiOy, ZIEDALO: & TiO: OJE, HIRHIBH
HALO; & TiO, DREBTHE s TE Y, EBAC D=
YH Y ORTRRIAE—TH -, B Ti—33.5A1—2.5
Mn OBLREIEE < + U 7 2 & @ RifjE D SEM &K
U EPMA 8OW SR % Fig. 8 Wi, BEMTIRVWT
NOBILEBEOE T iclRolFE2EaCEPIRED 5N,

(a) Reactive-sintered

(b) Melted

Fig. 5 Cross-sections of oxide scale formed on Ti-33.5
Al-2.5Mn after oxidation at 1223K for 86.4ks.

AlLO, film
Oxide/metal +
interface —0
Al poor/ i
layer
Matrix
5um
Metal « Interface — Oxide
100
Diameter of electron beam @ Ium
Beam voltage : 20kV
80 Beam current ; 10nA

Content (mass%)

Distance from interface (um)

Fig. 6 SEM image and result of EPMA line analysis of
oxide film formed on reactive-sintered Ti-33.5
Al-2.5Mn at 1223K for 86.4ks.
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Fig. 7 Distributions of Al, Ti and Mn in oxide film on
melted Ti-33.5A1-2.5Mn detected by EPMA after
oxidation at 1223K for 86.4ks.

Al,0;+Ti0,

Al poor layer
Matrix
Metal < Interface — Oxide
100
Diameter of electron beam [ 1um
Beam voltage : 20kV
80 Beam current : 10nA

Content (mass%)

Distance from interface (um)

Fig. 8 SEM image and result of EPMA line analysis near
interface between oxide and matrix of melted Ti-
33.5A1-2.5Mn after oxidation at 1223K for 86.4ks.

Weight (%)
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Fig. 9 Comparison of mass gain between reactive-sintered
and melted Ti-33.5A1-2.5Mn at 1173K.

atmosphere : air 1xX10~*m3/min

107 elevating rate : heat and cool 200K/min
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Fig. 10 Results of cyclic oxidation test of Ti-33.5A1-2.5Mn
to 1223K.
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Fig. 11 Mass gain by oxidation at 1223K for 86.4ks

of Ti-33.5A1-2.5Mn which was melted after
reactive-sintering.
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Exfoliation Corrosion of 5083 Alloy on Aluminium
Boat “Hasukappu-Maru”

Hideo Sugawara, Kimitoshi Kimura, Minoru Furusawa,
Tomoyuki Nakano and Zen-ichi Tanabe

5083 alloy has been widely used as a material for aluminium boats because of its high corro-

sion resistance against sea water and excellent mechanical properties.
The 5083 alloy plates used on “Hasukappu-Maru” which have successfully cruised for 17 years
suffered from exfoliation corrosion at the bottom of the ship.

This paper describes the effect of cold rolling and heat treatment on the exfoliation corrosion

of 5083 alloy with the immersion test and the electrochemical measurement.

The results obtained were as follows.

(1) The corrosion behavior of 5083 alloy was dependent on both reduction of cold rolling and

condition of heat treatment.

(2) The exfoliation corrosion was remarkably found on the plate over 50% cold reduction and

then final annealed at 130°C. In case final annealing was made at 180°C, the exfoliation corrosion

occurred more severely than in case at 130°C or less.

(3) The exfoliation corrosion of 5083 alloy is related to the amount of precipitates of B phase

(Mg2Als). The precipitates increased with cold rolling and final annealing temperature.
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Tablel Principal particulars of “Hasukappu-Maru”.

Length (o0.a.) 15.5m
Breadth 4.20m
Depth 2.20m
Draught 0.605m
Gross tonnage 30.51GT
Date of building Sep.,1971
Material of hull AS083P—H32

Fig.1 External appearance of “Hasukappu-Maru”.

Fig.3 Corrosion appearance on the bottom.
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Fig. 2 Corrosion spot. (black part on ground figure)
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Table2 Chemical composition and mechanical properties of Hasukappu-Maru’s material.

[JIS—H4000 (1970), A5083P —H32]

Chemical composition (mass%) Mechanical properties ™
No.| C Si F M M Z C T | Al o2 o® e
. n 1
° N ' ¢ " & ' (kgf/mm?) | (kgf/mm? %)
® 0.02 0.09 0.28 0.54 4.4 0.01 | 0.2 0.03 bal. 31.0 38 13
® 0.03 0.08 0.20 0.50 4.2 0.01 0.18 0.03 bal. 26.8 35.7 16

(1) Ikgf/mm?® = 9.806N/mm’
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Table3 Chemical composition of specimen (%) and
procedure of rolling, heat treatment.

Si Fe Cu | Mn | Mg Cr Ti Zn Al
0.12 | 0.25 | 0.04 | 0.62 | 463 | 0.13 | 0.02 | 0.03 | bal.
A5083, As hot rolling (AR) ‘
|
I
Annealing
(850°C, 500°C)
Cold rolling
(159, 25%, 50%, 75%6)
[
|
I |
As cold Final annealing
rolled (130°C, 180°C)
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Fig. 5 Relation between cold rolling and hardness.
(As cold rolled)
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Fig. 6 Relation between cold rolling and hardness after final
annealing at 130°C for 168 hours.
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(b) (D)

(e
Fig. 9 Microstructures after corrosion test of AR samples Fig. 10 Microstructures after corrosion test of AR samples
as cold rolled. after final annealing at 130°C for 168h.
Reduction in cold rolling; (a) : 0%, (b):15%, (c): 25%, (Marks (a)~(e) : Refer to Fig. 9)

(d) 1 50%, () :75%

28
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Fig. 11 Microstructures after corrosion test of 350°C Fig. 12 Microstructures after corroston test of 500°C
samples after final annealed at 130°C for 168h. samples after final annealed at 130°C for 168h.
(Marks (a)~(e) : Refer to Fig. 9) (Marks (a)~(e) . Refer to Fig. 9)
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Fig. 13 Microstructures after corrosion test of 350°C
samples after final annealed at 180°C for 168h.
(Marks (a)~(e) . Refer to Fig.9)
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Table4 Effect of cold rolling and heat treatment
for corrosion type.

Final Cold rolling (96
Material
temp. 0 15 25 50 75
non P P p P E
AR
130°C i i i i E
non P P p p E
350°C 130°C i i i i B
180°C i i i L.E L.E
non g g g g E
500°C 130°C P P p D E
180°C 1 1 i E L.E

E : exfoliation corrosion, L.E : large exfoliation corrosion,
i: small intergranular corrosion, p : small pitting,

g : non corrosion
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Fig. 14 Anodic polarization curves of rolled sheets.
(AR material)
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Fig. 15 Anodic polarization curves of rolled sheets.
(AR, 130°C < 168h)

10¢
I Reduction (%)
105 0
~ i 25 -—=—---
g 104k 50 — - —-—
< 75 -
O
— 103
3 -
k)
3 107
5
e 10 |-
= - .
© 1
1 ‘/I’
i Iy
H
0.1 1 i 1 1 ]
—1.2 —1.0 —0.8 —-0.6

Potential (V vs. SCE)

Fig. 16 Anodic polarization curves of rolled sheets.
(350°C, 130°Cx168h)
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Fig. 17 Anodic polarization curves of rolled sheets.
(500°C, 130°Cx168h)
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Fig. 18 Anodic polarization curves of rolled sheets.
(350°C, 180°Cx168h)
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Fig. 19 Effect of cold rolling reduction and heat treatment on natural electrode potential.
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Forging-crack Occurred on the Axisymmetric
Aluminium Parts

Mitsuo Abo and Fumihiko Sato

The hollow slugs (outer dia. ¢ 62mm Xinner dia. ¢ 13.5mm X thickness 11lmm) cut out from
aluminium alloy cast bar (outer dia. ¢65mm) have been cold die-forged into axisymmetric parts
and in some cases cracks have been observed on the upper surface of them.

Therefore, test pieces with square grids on their upper surface have been forged experimentally
and the initiation of crack and the change of stress and strain during the forging process have
been studied, by dividing the whole forging process into eight steps. As a result, it is found that
the crack occurs at the begining of eighth step (last step). At this step, material starts to flow
into the inner die cavity (boss) and circumferential stress at the upper surface of the boss changes

from negative values to positive ones.

The direction of crack was proved to coincide with that of maximum shearing stress.
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Fig. 1 Shape of axisymmetric die-forged part.
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Fig. 2 Crack on upper surface of a boss.

(After scraping off the surface)

Table1l Chemical composition of 2218 aluminium
alloy workpieces. (mass%)

Si Fe Cu Mg Ni Al

0.2 0.2 4.0 1.5 19 bal.

Table 2 Mechanical properties of workpieces before
forging. (2218—0)

Tensile strength Yield strength Elongation
(N/mm?) (N/mm?) (9)
190 75 19
500+
T 400}
£
~
Z, 300r
wy
3
s 200r
w
g
hret 100}
O 1 1 1. 1
0 0.1 0.2 0.3 0.4

Logarithmic strain

Fig. 3 Stress-strain curve of 2218-O by compression test.
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Fig.4 Fabrication process flow.

Fig.5 Scribed square grid on surface of workpiece.
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Fig. 6 Cross sectional illustration of forging dies.
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Fig. 8 Measuring points on grids.
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(a) Workpiece without grid

(b) Workpiece with grids

Fig.9 Crack onaboss. (Stroke 5.2mm)
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Fig. 10 Relation between forging stroke and load, and cross
section of deformed workpiece at each forging step.
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Fig. 11 Displacement of grid points at each forging step.
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Fig.12 Relation between stroke and strain on the upper surface
of a boss.
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Fig. 13 Relation between stroke and stress on the upper
surface of a boss.
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Fig. 14 Diagrams of cracking direction with maximum
shearing stress.
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Mechanism of Pit Nucleation of Aluminium
Foil for Electrolytic Capacitors During
Early Stage of D.C. Etching

Nobuo Osawa, Kiyoshi Fukuoka and Zen-ichi Tanabe

The electrode potential of high purity aluminium foils for electrolytic capacitors moves from a
high potential period to a stability period up to 50ms during early stage of DC etching in hot
hydrochloric acid. In our previous study, it was found that pits were initiated during the high
potential period, and pits with facets grew during the stability potential period.

In this study, the behaviors of pit nucleation were investigated. The changes of pit structures
were observed by resin replicas, and the potential changes were measured by digital spectrum
analyzer. Pits varied in structures from a hemispherical pit to a half cubic pit. The crystallo-
graphic dissolution of (100) face was observed in a part of pits. The dissolution rate during for-
mation of half cubic pits is controlled by diffusion of aluminium ion in electrolyte, and the tunnel
dissolution is promoted by an increase of concentration of chloride ion in bulk solution. The
shape of pits with facets which could be regarded as tunnel pits is half cubic. The difference in
the number of initial pits affects the size of half cubic pits and the period of pits formation
during the early stage up to the stability potential period.
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2. E B F &k Table3 Etching condition.

SORHT IIHERE9.99%, EAH104 um, HE OMO=R Electrolyte 1.5~7.6mol/1 HCI
o7z 2R L, 7HI =9 AHDOFEE Temperature 70°C
4y % Tablel iz, ICP—MASS ic ki s hi-E Current density 200mA/cm?
RO A & B % Table 2 i £ NENRT, Time ~50ms

Ty F v IEMEE Table3 ISRT, T o F VI HBOE Y
FOEREREHEL 7Y btk ) SEMBELKY Ty
F vV RBIFRINEHEERBL DI, KFvvargy

FOEFETH HA-501G) &7 7 v o vavVz i RE Thermometer
v—4 ([ HB105) %##A&+, Fig. 1o RT BRIECE e W Hoater
BREMETT - 700 Fh, HPBRERTOC, 01~T6 .' WE. |
mol/l D HEEh TEALIRE ERESOmY /min TFT - 727, AN ! —p || 4?:>J
Ty F VIS CIARRRIEORBER T Lem® & L,
MDA EEY T 2 F VT — 7 THE LI, MERRE _
A HRICETE, 30s BB L Th OB Ui, i 1
f Pt
Z/ o/
3. %%ﬁﬁf%&%g | Magnetic
~ = i Ty R Specimen R
3.1 TuFUINBOBMNOGERSE L r_7,/) agitator

By b ORRES ; |

Ty ¥ S BISE % OB E Fig. 2 1R, & .
Biic AR o BIEGER, S bz SR~ O Fig. 1 Appafatus sc.henfla for D.C. etching and
B A B ey anodic polarization.

By MERBORE(LEHELLEIA, By MERK
OBENERIN, TORER% Fig.3D (a)~(g) 0 | | |
KR, v F v 7BBEZICE 1 BO¥ERROE » b High potential Stability potential period
BREL, COEy ki SEROERKE » b 2T —a00[—2S -
Bo 0BT, HHIRE v b (100) % BSEH IR o0 —a\

¥+ %, =; CY

/1
I

Potential (mV vs SCE)

Oms BOEHEHTHE T » £ FE v b OFEISHER —1200
Table 1l Chemical composition of specimens. (ppm) -1600
Specimen Si Fe Cu Al (%) —2000 -
=2 ms— Time
A 5 6 44 99.99
B 8 8 43 99.99 Fig. 2 Change of electrode potential during early stage

Table2 ICP—MASS ion counts of detected impurities in specimens. *

Specimen A% Zn Ga Cr Sn Sh Ce Nd Tl Pb
A TR + + 4 + + - - + *
B R + ++ + + - - +
¢ ok + + ++ + - + + - +
* : lon counts per second (cps) in 3.03X10™2mol/1 HCI containing 3.70% 107*mol/1 Al specimen ; — < 50cps

50cps=  * < 100cps
100cps=  + < 1000cps
1000cps= ++ < 10000cps
10000cps = + + +<100000cps
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(@)

(®

(8|
(a)(b) : 2ms, (c)(d): Bms 0.5pm
@).(f) : 7ms, (g),(h) : 10ms
(a)~(g) : tilt 45°

(h) : tilt O°

Fig. 3 Nucleation of pit during D.C.
etching (specimen C).

(a) Specimen A

Fig. 5 Distribution of pits after 50ms. (tilt45°)

(a) Specimen B (5ms) (b) Specimen A (15ms)

Fig. 4 Crystallographic dissolution of (100) face.
(tilt45%)
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F A4 ZOMHEHA GO 2+ 75 5% Fig. 6 IR T,
BREOEHE w MEBE Y v N EEOF NS & Table
4R T £ H182.0~2.6xX102cm¥/em? &85, T I T,
AHTOBREERIETAE, Ev b 1EMD OER
BERE [ /NS 137.7~10.0A/cm? TH 5, —7, BHP O &
Iy MREERE AL dt » SRDIEOBHREE i
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(b) Specimen B (c) Specimen C
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50} 50F 50F
S aof 8 4ot — S 40f
ey ) &
S 30f S 30r S 301
3 3 =3
g g g
£ 20f & 20f r 20F
101 101 10
O i T T T T T T 0 F T T T
0 06 12 18 24 30 0 06 12 18 24 30 0 06 12 18 24 30
Pit size (um) Pit size (um) Pit size (pm)
(a) Specimen A (b) Specimen B (c) Specimen C
Fig. 6 Frequency of pit size. (Surface area : 4000 pm?)
Table4 Average pit size and density after 50ms etching.
After 50ms
. Pit growth rate
Specimen Average pit Pit density Average pit NS dL/de - Cum/s)
size w : (pm) N:(em™ area S: (cm?) (cm®/cm?)
A 0.9 1.8x10° 1.1x1078 2.0%x10™2 3.4(4* =9.8A/cm?)
B 0.8 3.3x10® 0.8x107° 2.6x107* 2.8(ig* =8.1A/cm®
C 0.5 6.5%10° 0.3%1078 2.0%10~2 3.0G4* =8.7A/cm?)

* 14y = (dl7dD) zpF/ M)
z : Chemical electric charge, M : Atomic weight, 0 :

F . Faraday constant

Specimen A

Specimen B

Density of Aluminium

Specimen C

L Lpm |

Fig. 7 SEM observation of pit structure. (tilt45°)
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FeER S TEE A AS1: 0.86 1 0.45, FERIBA51:0.95:
045, BB CH1:095:050THy, #HLT1:1:05
CERREARIENS, By M RAVEREERET
Ex0ERIZEI S A (half-cube) DS THBEE AL
%,
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HERIRO By b OREEREIR()TEREINEY,

dr/dt= GiLM) /(zp F)=(DCM) /(or) (1)
WAERES L, €y MEEMSENHEI SEBT R L
o, r=w/2L%25ERR0HD I,

w/ 2=V (3 DCMD 5 @)
2T, G kT vy =9 A0MFIEE (mol/cm®)

D: BRBEPOT VI =Y A OHEFRE (cm®/s)
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M: B¥g
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t: W (e
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WRT . BB, HBAORLT VI =Y AOBERER,
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WhDE LT, TOEZDEMBELE/LT VI =4

Table5 Period of pit formation.

. High potential Calculated value
Specimen )
period (ms) (ms)
A 5.0 6.5
B 4.0 5.1
C 3.0 2.0
5 T T T T
4_ L. -
IS
L 4
S
£
5
X i
54
1
12 15

HCI concentration (x 10-3mol/cm?)

Fig. 8 Concentration of saturated aluminium chloride
solution in hydrochloric acid.12

44

Potential (mV vs SCE)
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Fig. 9 Anodic polarization curves of aluminium in 0.1~7.6
mol/1 HCI at 70°C.
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Fig.10 Relationship between Cl~ concentration and
pitting potential.
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Fig. 14 Model of pit formation during nucleation.
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Design and Construction of a Brazed
Honeycomb Panel for Large
Scale Canopy

Shingo Yamaguchi, Koichiro Okuto, Hideyuki Yokoya and Toru Kobori

As an example of aluminium brazed honeycomb Structures, a canopy of 16.4m wide, 9 m long

and 100mm thick was designed and constructed for a museum.

It’s overall specific gravity was 0.3, which meant it’s weight only 4.5 tons, while a steel counter

part aid about 4 times heavier.

it has enough strength and rigidity against the gust wind pressure of 2 kPa.

Design procedures of conceptual, basic and detailed designs together with fabrication and

construction methods for this architectual example are described thoroughly to a good extent.
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The Application of High Speed Surface
Detector and Image Processing
Unit for Surface Flaw

Nobuyuki Takahashi and Hiroshi Tsuruki

High speed surface detector and image processing unit for surface flaw using CCD camera have

been developed.

High speed surface detector has been installed at the exit of continuous annealing line for alu-

minium strip at Nagoya Works of Sumitomo Light Metal Industries, LTD. It has the features of

high sensitivity, nearly 10000 scans per second and high cost performance. Image processing unit

for surface flaw has been installed at the exit of combined finishing line for aluminium strip.

It has the feature of high resolution and can be applied to high speed line.
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Hydrogen in Aluminium and
Aluminium Alloys (Part 1)

Sakae Kato*

The nature of hydrogen in aluminium and aluminium alloys is briefly reviewed with the empha-

ses on hydrogen solubilities, hydrogen situation, hydrides formation, and hydrogen diffusion

from recent developments.

1. Introduction

Hydrogen dissolving in molten aluminium
and aluminium alloys, which can be rejected
and entrapped in the solid structure during
solidification because the solubility of hydro-
gen in the solid metal and alloys is smaller
than that in the liquids, is the principal cause
of gas porosity in the ingots and castings. It
is therefore neccessary that hydrogen content
in aluminium and aluminium alloys melts
should be reduced to an acceptable level dur-
ing their castings”~®. To establish the exact
prediction of whether or not porosity forma-
tion will occurs in given casting conditions,
many researches and investigations have been
worked out on alloy composition, casting pa-
rameter and hydrogen content over the last
few decades”???.

Besides porosity formation, the practical
phenomena that characterize hydrogen’s in-
teraction with aluminium are well known by
such serious defects as bright flakes in forg-
ing, blisters on aluminium sheets and extru-
sions in an annealing or solution heat-treat-
ment and pin hole-like on chemical finished
surface of final products®. All of these can
lead to inferior mechanical properties in plates
and extrusions”.

To overcome the porosity problems in all
its aspects, the considerations have to be ex-
tended to the closely allied knowledge as for
the nature of aluminium — hydrogen system
and the industrial technology in which pore

* Technical Research Laboratories
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free castings of aluminium and aluminium
alloys should be conducted.

In this article, the nature of hydrogen in
aluminium and aluminium alloys will be brief-
ly reviewed with emphasis on recent develop-
ments.

2. Hydrogen in aluminium
and aluminium alloys

2.1 Solubility of hydrogen in molten
aluminium and its alloys

Hydrogen molecule dissocicates into atoms
at the high temperatures rose in an electric
arc or discharge. The energy of dissociation
of molecular hydrogen is 419.50 kJ (100.2 kcal)
per mole of H.. To ionize an atom of hydro-
gen, 1306.03 kJ (312 kcal) of energy per mole
of H (13.53 eV per atom) is needed addition-
ally. They indicate that hydrogen in metals is
unlikely to exist only in the form of protons.

Aluminium forms an endothermic solution
with hydrogen. In the endothemic solution,
the regularity of hydrogen solubility is ex-
pressed by the equation (1)V.

A 1

logS=——T~+B+7long €))

where S is the solubility of hydrogen in cm?®
H. (standard state) /100g Al, P is the par-
tial pressure of hydrogen above the metal in
mmHg (1 mmHg=133.3Pa) and T is the tem-
perature in K.

Recently, by Lin and Hoch®, the solubility
of hydrogen in molten aluminium alloys con-
taining copper, lithium, magnesium, and sili-
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con has been calculated from the solubility of
hydrogen in pure metals and binary metal —
metal interaction parameters. Applying the
new aggregation model (the solution model)®
which is suitable to describe the concentra-
tion dependences of thermodynamic state
functions, in particular of the integral mixing
enthalpy, in liquid alloys, the final expres-
sion for T In 7 in kK for hydrogen has been
derived.

Thhy =Xu(E+E T)+Xc(F+F T)
+Xue(G+G D+ Xu(H+H T)
+Xs(I+I T) —12A X X (I — Xa)?
+2A" TX e Xn—12BX 0 Xoe (1 — Xop)?
+2B TXMng"GCXmXSi(]“XSi)
+6C" TXsiXa(1—Xsi) —2DX X
+2D, TXA]XLi (2)

where X, indicates atomic fraction of alumin-
ium, ete, 7 is in kK everywhere, A~D and
A’ ~D’ are the enthalpies of mixing and the
excess entropies of mixing for the various
binary Al—Me systems, and E~I and E' ~I
are Henry’s law constants from the corre-
sponding Me—H systems.

As for the aluminium — hydrogen and alu-
minium — copper — hydrogen systems, where
experimental data exist, the respective agree-
ment between calculated and experimental
values is thought to be excellent as shown in
Figs. 1 and 2.

For aluminium —hydrogen system, the equa-
tion (3) which has been found by Ransley and
Neufeld” may be representative of the general
formalization on the solubility of hydrogen in

8 T T T T T u
(:i A Bauklok & Oesterleni®
Sf =~ O Ransley & Neufeld? o
Nl 11.0f © Opie & Grant*?

+ 0O Eichenauer!21®

9]

<

o)

o

+

= 100 .
o

<

I

z

3\ 90 L ] ] 1 1 L

£ 775 80 85 9.0 9.5 10.0 105

1/TX10% (X107%-K™Y)

Fig. 1 Activity coefficient of hydrogen in molten aluminum.
The solid line is the best fit line® .

molten aluminium of high purity as to the
partial pressure of molecular hydrogen and
the temperature of the melt.

log S = 1.356— 27% + —; log Pk @
where S is the solubility of hydrogen in cm®H:
(standard state) /100g Al, T is the tempera-
ture in K and Pu is the partial pressure of
hydrogen above the melt in mmHg.

In location of practical cast shop, the source
of hydrogen dissolving into aluminium is natu-
rally water vapour in an atmosphere of the
surrounding. For approximate estimation of
hydrogen dissolution into molten aluminium
under the above conditions, the third term of
right hand side of the equation (3) can be re-
placed with the equation (4)'.

an = Kun ¢ Puo”? (4>
where au is the activity of hydrogen in molten
aluminium, Ki.: is the rate constant as for
the stoichiometrique reaction between molten
aluminium and water vapour and Puo is the
partial pressure of water vapour above the
melt.

There is the limit made in support of the

substituted equation :
(1) The diffusions of water vapour and alumin-
ium vapour into dross layer developing on
melt surface are rapid, so that there is no rate
controlling — the thickness of the layer is
sufficiently thin and the property has no effect
for this step —.

4.5
40%,
- numme 973 K
2 35 seeee 1073K
© Aaasa 1173K
a0 3.0 + +00ee 1273K
S 1 — Calc.
i 2.5
&
&% 20 1273 K
15 p
E L]
°1op * 3 1
%) » 3 1073
05+ am . . 973
0'00 10 20 30 40 50

wt 9% Copper

Fig. 2 Solubility of Hz in molten Al-Cu alloys.
Solid lines are the estimated values® .

Data points are the values from reference 11).
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(2) All other steps must be close to equilibri-
um and the predictions regarding the kinetics
of reactions are possible.

The solubility of hydrogen in molten alumin-
ium of high purity at high pressures has been
reported by Feichtinger and Morach®™®. They
confirmed using the saturation-rapid cooling
method that Sievert’s law was clearly still
appricable. The relationship has been repre-
sented to the solubility of hydrogen in molten
aluminium at the temperature of 700, 800 and
900°C for the pressure range from 20 to 180
bar :

2970 1

T + ) log Pu.

No newer data to verify the accuracy of the
equation (5) are found.

The differences of constants A and Bbetween
the equation (5) and (3) which is found by
Sieverts’ method” may be attributed partly to
the fact that the experimental method and
conditions by Feichtinger and Morach™ have
been differed from that is used by Ransley
and Neufeld”.

By Anyalebechi, Talbot and Granger'®, the
interesting relationships have been established
to the endothermic dissolution of hydrogen in
binary aluminium alloys with 1, 2 and 3wt %
lithium. The Van’t Hoff isobars and the
Sieverts’ isotherms have shown linear regres-

log S = 1.229—

)

sions as to respective solubility results. There
are no irregularities indicating any tendency
toward hydride formation.

The solubility of hydrogen has been given
by the equations'® :

. S 1 P
Al—1 wt% Li: log<—§>— - log<~ﬁ>
21 o568 ()
. S 1 P)
— 0, . ) J—
Al—2 wt% Li : log<80> 5 log<P0
= 20T 3399 (D
. S 1 P)
_ 0, . e ) e i,
Al—3 wt% Li: log<80> 5 log<P0
= T8 a5 ®

where Sis a standard value of solubility
equal to 1 cm?® of diatomic hydrogen measured
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at 273 K and 101325 Pa per 100g of alloy, and
P is a standard value of pressure equal to
101325 Pa (1 atm).

The equations have shown us that the solu-
bility of hydrogen increases progressively by
lithium addition, and also increases with in-
creasing lithium content. This effect implies
that the Gibbs free energy change for dissolu-
tlon of hydrogen, AG, becomes more negative
as lithium is added. The Gibbs function is the
sum of the Gibbs functions for dissociation
of the diatomic gas and for solution of the
constituent atoms, and the expression can
thus be written by enthalpy and entropy com-
ponents separately'®'”,

AG=AH; — TAS

+2[AH,—TAS,~TAS] )]
where AH, is the enthalpy for dissociation,
AS; is the entropy for dissociation, AH, is
the binding enthalpy for the solute atoms,
AS, is the entropy change for the difference
in the partition functions for gaseous hydro-
gen atoms and solute atoms ragarded as
quasi-stationary oscillators, and A4S, is the
entropy of mixing for solute atoms.

From the slopes of the equations (6), (7),
(8) and (10), the enthalpies of solution for
diatomic hydrogen are given as shown in
Table 1'.

Tablel Standerd enthalpies of solution for diatomic and
monatomic hydrogen in liquid aluminium and
binary Al—Li alloys'®.

Diatomic hydrogen Monatomic hydrogen

All
¥ (J/mol) (J/moD)
Pure Al 103000+ 781 - 158300
Al—1 wt% Li 8090011288 169300
Al—2 wt% Li 10710041470 — 156200
Al-3 wt% Li 1106001763 — 154500

The corresponding equation for pure alu-
minium in Table1 is
—2700 ¥

log<%>— —; log<%>= T + 2.720 (10)_

The solubility values calculated from the
equation (10) at the temperature range bet-
ween 660 (0 and 1000°C agree within —6% of
relative deviation with those values from the
equation (3).
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2.2 Solubility of hydrogen in solid
aluminium and its alloys
Fig. 3 shows the solubility of hydrogen in
solid aluminium which has confirmed by
Eichenauer, Hattenbach and Pebler’. The
solubility curve for hydrogen in Fig. 3 is given
by the equation (11),

42
log S = 0.521— % + -% log Px.

where the denotations as for S, T and P are
the same as those in the equation (3), but
here Pu. above the melt read to Pw above the
metal.

In the equation (11), the heat of solution of
diatomic hydrogen is amounted to be 13.9
keal (58.2kJ),70.5mol H .

As shown in Fig. 3 and Table 2, the solubility
of hydrogen in solid aluminium is smaller than
that in liquid.

an

Temperatur in °C

00 500 400
1.5 .6‘-(» T T
= ‘iq\
(@}
2 )
a 20 Lo
}_
[75]
o +99.4 wtnAD
E 0
S g 099998 wtAID o
“ 099.994 wt%Al Y
o
T \c\
20 | |
11 1.2 13 14 15 16

1/TX 1000 (kK-1)

Fig. 3 Solubility of hydrogen in solid aluminium as
the function of temperature!?.

Table 2 Solubility of hydrogen in solid (according to Eq.(11)

and liquid aluminium (according to Eq.(3)) for the

equilibrium hydrogen partial pressure of 1.013X10°Pa.

Temperatur Solubility, Permissible
e S(em®STP,100g) variation
350 0.0012 +0.001
400 0.0028 +0.001
500 0.011 =0.003
600 0.030 +0.003
660 (solid) 0.050 +0.003
660 (liquid) 0.68 +0.05
700 0.91 £0.05
800 1.67 +0.06
900 2.71 +0.05
1000 4,23 *0.05

Thereafter, Eichenauer”’ had confirmed
again the solubility of hydrogen in 99.999wt %
aluminium in the same temperature range,
and found for the solubility coefficient of
hydrogen L which was given a pronounced
decrease with time in the course of the long
lasting test series :

L=153X10"%exp <—

cm® H: STP,/100g Al a2

The equation (12) means that the temper-
ature of X-axis in Fig. 3 rises 50°C so far.

For this reason, a relation with the coars-
ening of the crystalline structure during the
measurement has been assuming. The differ-
ence as for the two values of enthalpies may

15100cal ~0.5mol H2>
RT ,

implies the energy difference between binding
and occupying hydrogen atoms in the octa-
hedral interstice.

Anyalebechi, Talbot and Granger®’ have
also reported the extensive researches on the
solubility of hydrogen in solid binary alumin-
ium alloys with 1, 2 and 3wt2% lithium, in seri-
al works for the liquid alloys with the same
composition. The solubility equations have
been determined for the temperature range of
473 to 873K and the pressure range of 26700
to 113300 Pa (0.26 to 1.12 atm) using an ab-
sorption,quench,“desorption technique'.

Al—1 wt9% Li, 473< T <680 :

e () ~ 3 1o ()
B\ g 8\ p
= iz?S +0.576 (13)
Al—1 wt% Li, 680< T <873 :
o (i) _ Ly (ﬁ)
E\g 9 OB\ p
—604
= + 0.620 (14)
Al—2 wt% Li, 473< T <740 -
og(g7) ~ 5 oz )
g\ 9 8\ p
_ -1
== 0.597 15)
Al—2 wt9% Li, 740< T <873 :
08 (r) ~  log( )
g\ 9 B\
676
=~ +0.767 (16)
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Al—3 wt% Li, 523<T <770 :

o <£§> _ by <j3>
B\ 9 8\ P
—b615
= —— 4+ 1.272 an
T

Al—3 wt% Li, 770< T <873 :

log<§> S log<£>
S 2 P
—830
| = + 1.166 QL))
where the denotations as for & and P are the
same as those in the equations (6) through (8).
The solubility of hydrogen is shown to be
one or two orders of magnitude greater in
the alloys than in the pure solid aluminium
which is given by corresponding equation
(11")*, and increases with lithium content.

log<i> L 10g<—]i>
S 2 P
—3042 ,
= T +1.961 (117)
The hydrogen solution characteristics are
probably reflecting the character of the a
phase itself as refered in Figs. 4 and 5.
There is the limit made in support of the
equations :
(1) The equations (13), (14), (16) and (18)
apply to the a phase of constant composi-
tion.

Li wts
1000 10 20
Liquid
900+
B
800 a+p
g 4
[
700[
600
o critical temperatures ]
0 10 20 30 40 50

Li at%

Fig.4 Phase equilibria for Alrich alloys in the
Al-Li system!® .,
Open circles denote critical temperatures for changes

in hydrogen solubility.
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(2) The equations (15) and (17), in fact, are
empirical, since they apply to the tempera-
ture ranges which include the solvus tempera-
tures, below which the composition of «
phase is temperature-dependent and a pro-
gressively increasing proportion of S phase
is present.

Using Veleckis’ equation (19)* for the activ-
ity of lithium at known a /(a + ) phase
boundary, the standard Gibbs free energies
for formation of LiH at selected intervals
along the phase boundary have been given as
in Table 3 .

In (au) = 2.662 — 53027 aw

The hydride precipitation is possible theo-
retically.

They are characterizing hydrogen solutions
from the facts that the hydrogen solution in

Table3 Gibbs free energies for formation of lithium hydride
at the @ ~(a + B8) phase boundary™®.

Temperature, Terminal composition AG .for
T X of a pha‘se forma’uon o_f
(wt%L1) LiH (kJ mol™)
833 3.5 0
713 2.8 — 3.6
673 2.1 - 98
573 1.8 —15.9
473 1.6 —22.0
+0.5 T T T T T
:]\.ﬂ\ o Al Twtoli
L] a Al—2wtoli

1solvus
| \ ® Al— 3wtgLi
"

.\i I fg‘ﬁ Ly

ut
ol | \A\A \
it ‘a. T ~a u .

% UNSI \so!vus
o of & R AR .
0 N L Ny
5} ~a ﬁﬁ\ (. LN
= .‘.\.A A\ | I .\.
}' N | o\.\.
\ . [N
[ 2N |

10 12 14 16 18 20 22
1/TX10% (X107%-K™1)

Fig. 5 Van't Hoff isobars at 101, 325 Pa (1 atm) for
solutions of hydrogen in solid binary aluminium
lithium alloys. S°=1cm?® of hydrogen at 273 K
and 101, 325 Pa (1 atm) per 100g of metal'®.
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Table4 Standard enthalpies of solution for diatomic and

monatomic hydrogen in solid binary aluminium—

lithium alloys'®.

Temperature Diatomic Monatomic

Alloy hydrogen hydrogen

range, T 0O (5 ol (kd mol™)
Pure AI'? 623 to 933 79.4 —170.0
Al—-1wt% Li 473 to 673 13.7 —202.9
673 to 873 23.1 -198.1
Al—2wt% Li 473 to 736 104 —204.6
736 to 873 25.9 ~196.8
Al-3wt% Li 523 to 761 23.6 -198.0
761 to 873 318 —193.9

the a phase are endothermic and metastable
with respect to LiH, and that the binding ener-
gy for interstitial hydrogen is greater in the
aluminium-lithium solid solution than in the
pure solid aluminium as given in Table 4 .

2.3 Situation of hydrogen in
aluminium and its alloys

The physical situation of hydrogen in alumin-
ium has been demonstrated by Eichenauer':

The figure on Al—H system can be tran-
scribed with the assumption that the discrete
vibration frequency of hydrogen in alumin-
ium can only be excited (Einstein Modell) and
that the octahedral interstice can only be oc-
cupied, so the following equation (20) for the
entropy value Sy’ has been given.

e—x/Z
Sw=3R [e‘—l ~In (A—e~ }—RanM;
KV
x= o (20)

where Si* is the partial molar entropy of hy-
drogen in aluminium under the standard
state in which Ca= 1 (gram atom hydrogen
/cm® aluminium), R is gas constant, & 1is
Boltzmann constant, v is the discrete vibra-
tion frequency of hydrogen in aluminium, 7T
is the absolute temperature and Vu is the
atomic volume of aluminium,

Here by, the vibration frequency v of hy-
drogen in aluminium has been calculated to
1.3X10%s~ ! (Those values of hydrogen in
single crystals of nickel and copper have been
found to be 1.6 X10%s™! and 1.7X10%s™, respec-
tively®™).

Ohnishi, Hara and Nakatani® have made
the experiments on the penetration of hydro-
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gen into Al—8wt% Mg alloy by cathodic
charge method in 2N sulfuric acid solution at
room temperature. From the observed pene-
tration,/ desorption curves of hydrogen and
the diffraction analyses of specimens, they
have come to the conclusions that there is no
hydride formation, but aluminium lattices are
expanded and lattice strain is relaxed by hy-
drogen penetration anisotropically in (111)
plane, and that although the ratio of half
width of diffraction lines change correspond-
ing to hydrogen content, those of (111) plane
are almost at the same level irrespective of
hydrogen content if a certain quantity of hy-
drogen penetrates.

Therefrom, they are concluding that relaxa-
tion of lattice strain by hydrogen penetration
is attributed to hydrogen occuping a position
near aluminium atoms rather near magne-
sium atoms, and that hydrogen atoms in fcc
lattice are more stable in a tetragonal site and
probably may occupy an octahedral site.

It takes the notice that there is no agree-
ment on the nature between their hydrogen
charged specimen and practical alloy in which
hydrogen segregates during melting-casting
process.

2.4 Hydrides in aluminium and its alloys

It is well known that hydrogen forms hy-
drides with most elements in the periodic table
as shown in Fig. 6%,

The hydrides of the elements of group Ia
and I a have an ionic bond (salt like binding)
of hydrogen and are persistent up to 1000°C.
The few elements of these groups have been
found in aluminium — silicon alloys as the
modification elements and aluminium—lithium
alloys as alloying elements, respectively.

Titanium and zirconium of group IVa form
both solid solution and intermetallic com-
pounds with hydrogen.

Aluminium does not forms stable hydride
under the conditions of metallurgical interest.
Other elements present as alloying constitu-
ents and as impurities may react with hydro-
gen to form hydrides. Such reactions are, of
course, reversible® :

5 H: (gas)+M (in alloy)

= MH (hydride precipitate) (21)
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Ia Ta Ia Va Va Via | Vila |VIla bzw. Ob| Ib b b Vb Vb | Vib | Vb
LiH BeH, o = | BH; | CH, | NH; | H,0 | HF
—91 um Q +18 | =75 | —46 | —286| —300
(238)] (<370) ) (372)|(416) | (391)| (463)| (565)
972°| ca. 190° Hydride ob 100°} — - — -
Enthalpy of formation; kJ K
NaH MgH - ) AlH; | SiH PH; | H,S | HCI
5| o (Binding energy; kJ) ) Z11 | 43a| +5 | —21| —92
(201) Decomposition temperature; °C (272)1(323) | (227) | (361)| (429)
425° | ca. 300° 150° | 450° | 300°| — —_
KH CaH, ScHe, | TiH | VHo, [CrH | Mn |Fe Co NiH,, | CuH | ZnH, | GaH;| GeH, | AsH; | H,Se | HBr
—56 —184 —135|—124 214211 >0 | »0|+91|+66 | +30|—36
(183) — — Hy— (255) [(281) (>270)|(289) | (297) |(316) | (365)
420° | ca. 1000° — — <20°| 25° {—15°| 280" | 300° | 300°| —
RbH SrH, YH.3 |ZrH,, |HbH 1 Mo Tc |Ru Rh PdH_,|(AgH)| CdH, {(InH3)| SnH, | SbH, | He | HI
—55 —177 —186|—163 —10 >0 >0 |+163 [+145] +100| +26
(176) - — drie— (226) (<250 (253) | (257) | (266)| (297)
364°| ca. 1000° — — «0° | —20° | <0° |—50° | 150° | <300°| 300°
CsH BaH, LaHSZ|HIfH, , | TaH.,| W Re Os Ir Pt |(AuH)|(HgH,)|(TiH3){(PbH,)| BiH; [(H,Po)| (HAt)
—50 —172 —208|—-163 >0 | >0 [>+278{4+278 |« +278 >0
(195) — - catalyzer |(301) (194)| — -
389 | ca. 10000 | | <o |—1250 — | - | 200| — | —
lonic Metallic Covalent

At the temperature of decomposition of exothermic
alkali hydride, P,, is equal to 1 bar (1.013 bar=1atm)

Fig. 6 Representation of element-hydrogen binding
in the periodic system of elements®»24.

and the reactions are controlled by the equi-
librium which is defined by

K=1 /(PH:VZ . CLM) (22>
so that the hydride forms at a critical hydro-
gen partial pressure Pu, determined by the
activity au of hydride forming element M in
the alloy.

In generally, the precipitation of hydrides
in aluminium and aluminium alloys which are
commercially available will be able to neglect
because both the activity of respective hydride
forming element in the matrixes and the ther-
mal stability of corresponding hydride and,
of course, the activity of hydrogen in the
metal and alloys melts are lower.

The potential for hydride formation in
aluminium — lithium alloys which were cast
semicontinuously has been demonstrated by
Anyalebechi et al®’ as described in Section
2.2.

There are also some studies that have ad-
dressed the formation of hydrides in alumin-
ium —lithium alloys.

69

Balasubramaniam, Duquette and Rajan®’
identified the hydride phase having the compo-
sition of LiAlH: in Al—20wt% Li—2.2wt% Cu
alloy charged electrochemically with hydro-
gen. They determined the orientation relation-
ship of the hydride and the matrix and ration-
alized with 0 lattice theory. The thermody-
namic stability of the hydride has discussed
and possible formation mechanisms have ex-
plained. They have concluded that the hydride
forms from the grain boundary phase, AlLj,
as the maximum amount of available Li is
already present in the AlLi (§) phase.

There is also no agreement on a site where
impurity hydrogen segregates in an alloys
under the practical conditions through melting
and casting.

More recently, Okada, Itoh and Kanno®’
have reported the hydrogen segregation in a
binary Al—2.6wt% Li alloy by newly modified
tritium autoradiography in which the alloy
was charged 3.32cm® of hydrogen per 100g of
alloy with tritium during melting and casting.
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the impurity hydro-
gen is present at the interfaces between the
grain boundary precipitates and matrix in
the specimen aged at 190°C for 173ks. Hydro-
gen is also detectable on the intergranular
fracture surface of the specimen, suggesting
that the hydrogen is stably present at the
interface, presumably forming hydrides.

Their conclusions are :

2.5 Diffusion of hydrogen in solid

aluminium and its alloys

A solute comprising non-interacting atoms
in a single phase diffuses according to Fick’s
law :

g—f- = D div grad C
where C is the concentration of solute, £ is
time and D is the diffusion coefficient of solute.

The temperature dependence of the diffusion
coefficient generally follows the Arrhenius
exponential relationship :
4B

RT
where Dy is the frequency factor in first ap-
proximation, AE is the activation energy for
diffusion, R is the gas constant and T is abso-
lute temperature.

The equation for the diffusivity of hydro-
gen in pure solid aluminium has been given
by Eichenauer and Pebler”. As for the tem-
perature range of 470 to 590°C the diffusion
coefficient of hydrogen D obeys to the equa-
tion (25) :

D =0.21 exp (—10900x4.18 /RT),

cm?est (25
The equation should now seems to be most
reliable.

Recently, Linderoth®™ has demonstrated, on
theoretical grounds, the diffusivity of hydro-
gen in aluminium. He is saying that the diffu-
sivity and the migration energy of hydrogen
atom in aluminium at high temperature have
been found to be consistant with low tempera-
ture experiments when the possibility of tem-
porary localization of the hydrogen atoms at
thermal equilibrium vacancies is taken into
account.

The migration energy Eu in the perfect lat-
tice has been determined to be 0.520.07 eV
and the diffusion constant D§ to be ~8X107°
m? * s~ The excellent agreement with theoret-

(23)

D=Dsexp — (24)
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ical and experimental results has been shown
by using these data. The H-vacancy binding
energy has also been determined, from these
data, to be 0.43%0.07 eV.

The effective diffusivity of hydrogen atom
has been written as

D= (1—p)DE exp (—Efs/ & T) (26)
where D.x is the effective diffusivity of hydro-
gen atom, p is the probability of hydrogen
atom which has of being immobilized by trap-
ping at vacancy, and the value can be calcu-
lated from the equation of Damask and
Dienes™,
the migration energy of hydrogen in the per-

¥ ig the diffusion constant, EuMb is

fect lattice, £ is the Boltzmann constant and
T is the temperature.

As refered in Fig.7 the diffusivities of hy-
drogen in aluminium with or without disre-
garding trapping at vacancies have been
shown along with those from some refer-
encesl?) 27) 30) 31) .

The extrapolation of diffusivity to the melt-
ing point (660°C) yields the value of 5.8 X107*
cm?® » 57! for D and D.x, respectively.

Lately, by Anyalebechi®, the diffusion coef-
ficients of hydrogen in binary Al—Li alloys
containing 1, 2 and 3wt% Li have been deter-
mined from the desorption curves of hydro-

300

T
Tw  Papp, K., and Kovacs Cseteny.3?
1077¢ \\\ =
EoA Eichenauer, W., and Pebler, A.,2”

C Eichenauer, W., ]
\\ Hattenbach,K., -
N and Pebler,A.,12 i

~

800 700 600 T(K)
¥ T T T

I Ichimura, M.,
L Imabayashi, M.,
" and Hayakawa, M.3V

1/TX10% (X107*-K™1)

Fig. 7 The diffusivity of H in Al against the inverse
temperature . lines A, B, C and D, the results
from references mentioned in the Fig. —;afit
to the data employing Eq. (26) ---;the diffusiviy
disregarding trapping at vacancies?®.
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gen In respective cylindrical sample which
had saturated with hydrogen at 473 to 873K
and quenched at 298K.

He has modified the mathematics of diffu-

sion in a cylinder of infinite length®’ ; the
equation (27)

Qe _ . v 4 <” DBt >

Q0 1T o = @D

which he and his coworker™ had previously
been applied to determine the diffusion coeffi-
cients of hydrogen in the same binary alloys,
to the more convenient equation (28) that it
gives good approximation.

For a finite cylinder of length [ and small
values of t and for all values of t if [/r is not
too small, the modified solution is

& B e (- 25

)
<1—4‘/% )} ©9

where @, 1s quantity of hydrogen extracted
for time ¢, G is initial hydrogen content, D is
diffusion coefficient of hydrogen in the alloy,
t is time, r is radius of the cylinder, and B. is
n-th root of Bessel’s equation.

By measuring the isothermal evolution of
hydrogen from the cylindrical samples, the
values of the diffusion coefficient have been
detemined at the indicated temperatureranges.
The following equations for the diffusion coef-
ficient of hydrogen have been derived from
regression analyses of the values.

Al—1 wt% Li:

D=2.34x10"*exp(—18,984 /RT),
523 to 873K

(29)
Al—2 wt% Li:
D=1.83x10"*exp(—18,123/RD),
598 to 873K (30)
Al—3 wt% Li:
D=6.66x10"* exp(—29,319,/RT),
598 to 873K (31)
Here, the equations for Al—2 wt% Li (30)
and Al—3 wt% Li binary alloys (31) include
the diffusion coefficient values in the two-
phase (a + B) region.
Fig. 8 shows the Arrhenius plots of diffu-
sion coefficients for hydrogen in Al—Li al-

* along with that in pure aluminium?®.

loys
However, there is the limit that these diffu-

sion coefficient values may not apply to cast-
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ings in which the hydrogen are often parti-
tioned between solid solution and pores and
hydrogen evolution is not strictly diffusion—
controlled.

The nature of the diffusion of hydrogen in
Al—Li alloys has been evaluated with Zener’s
model®’ for interstitial diffusion. The esti-
mated entropy values (AS= Q. Tn =11,
7.0, and 11.2 J /K mol, where B8 is a dimen-
sionless number and is a parameter tied into
the temperature dependence of the elastic co-
efficient, @ is the activation energy for hydro-
gen diffusion, and T» is the melting (or sol-
idus) temperature) for the alloys have been
confirmed to fall within the range of values
predicted theoretically by Wert and Zener®’
for a number of interlattice diffusion in the
order of 0 to 21 J/K mol.

As Anyalebechi® has discussed and con-
cluded, according to the equations (29) through
(31), the overall effect of lithium is to reduce
the diffusivity of hydrogen because of the
effect of decreased activation energy is out-
weighed by the much lower value of the fre-
quency factor Di. Therefore, it shall be able
to speculate that the lithium in the fce alumin-
ium lattice forms relatively stronger bonds
with hydrogen atoms, decreasing their mo-
bility via reducing the frequency of jumps

T(K)
3 473
oo RT3 673 573 43
- —99.99wt% Al27 ]
C — —Al—Iwtgpli ]
L -——Al—2wig%li
N Al—3wtli
~
N
1072 R E
- RN .
O oS g i
% S S |
E r N
Q r
10-10F E
10°"15712 14 16 18 20 22 24
1/TX10% (X 10-*-K-1)
Fig. 8 Comparison of Arrhenius plots of diffusion

coefficients for hydrogen in pure Al and Al-Li
alloys (computed with Egs. (29) through (31)

and (25)32).
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and amplitude of vibration.

It is therefore of interest to obtain informa-
tion concerning the trapping sources for hy-
drogen which influence on the diffusion of hy-
drogen in metals and, in this respect, knowl-
edge of intrinsic or chemical trapping factors
for hydrogen®® and extrinsic or physical trap-
ping factors for hydrogen® are fundamental.

The intrinsic factors such as hydride forma-
tion, hydrogen occupation in dual sites of O—
and T —site and lattice dilatation due to ther-
mal expansion and vacancy formation have
not affected almost on the hydrogen diffusion
in aluminium®.

As for the extrinsic factors, besides
Linderoth’s works® refered above, the inter-
esting studies have been reported by Ichimura,
Sasajima and Imabayashi®.

They have extensively studied the possible
roles of grain boundary and microvoids (or
porosity) for the high purity solid aluminium
(99.99mass%%) on the diffusivity and solubility
of hydrogen. Their researches have been origi-
nated in their previous investigations™*’. In
later paper, Ichimura and Imabayashi® con-
cluded that an increasing of void in which hy-
drogen gas was trapped, brought a decreas-
ing of diffusivity and increasing of solubility
of hydrogen.

Hydrogen diffusivity and also solubility in
pure solid aluminium have been determined
from desorption data of the cylindrical sam-
ples with various grain sizes in which the sam-
ples charged thermally with hydrogen at 573
to 923K. They™ have examined their all re-
sults®™ ¥ % comparatively and concluded that
grain boundary in pure solid aluminium had
a strong and complex effects on the diffu-
sivity of hydrogen, but it had no effects on
the solubility of hydrogen. The plots of loga-
rithm of the frequency factor Do vs. the acti-
vation energy & for hydrogen diffusion in
high purity solid aluminium (99.99 mass %)
with various grain sizes and number of void
which were cast in single crystal (average
grain diameter :>25mm, number of void
free), columnar grain (15mm, free) and gran-
ular grain (4mm, free ; 2mm, free ; 3mm, 8 X
10°m™ ; 3mm, 2.3X10"m™® ; 4mm, 1.5X10"m™*)
have been shown closely on straight line

72

Log Do (m?+s™) =—7.65+0.06Q (kJ * mol™).
So-called “the compensation effect” on the
diffusion process of hydrogen has been dem-
onstrated clearly on all the pure aluminium
samples with or without void.
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Paintings of Aluminium Boat Hulls

Partl. Regulations on organotin antifouling

compositions in Japan

Toshio Suzuki

Fouling and corrosion are the two important problems in the protection of boat hulls made of

aluminium alloy. As it is impossible to use cuprous oxide based antifoulings for those from a

corrosive point of view, it is necessary to use self-polishing copolymer antifouling paints.

This review is concerned with antifoulings and attempts to consider the present technical situa-

tions of various antifoulings and legal restrictions on the use of organotin antifoulings on boat

hulls in Japan. Unfortunately, the some assumptions that organotin when dissolved in seawater

would quickly degrade to harmless by-products have proven to be far too optimistic. There is still

plenty of scope for Tin-Free antifoulings in the marine paint.
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1 g Y63:11%3 i 4, i i
o / oA BT F 0.000005~0.000088ppm (FKED, 0.001~1.1ppm (EH),
PERD 3 — F sk DE 7 E ) '
Vfﬁ%%%% ﬁ%ﬁf2%0177~1 T2 0°0.02~2.6ppm () TH %o
Bk LLdALBlaES COXSBHEROT, WRBSE L AR THIZ Y

7R EBBERENTWS, N5 OESTRIKHIDE
R LE BT A T &Ik 0. BiTERIRHER:
Ehb,

Zzoftilc, BEIhTVWAEZ L REERONMATS
20 A LT, (FEEENE, $8bb, I
EAEMART O EBNELZRBSEIVESE, Bk
Mg ofE 2t & LIRS D 53R, Bk
TEHERIERBICE W TEEORD SNicPHIZ >V T,
ZOREESIES N, TERBHERE L TORBRSED
SNTW 5B,

3. AEIXXEYMOBRFRAD
ERRE (BF)
RMSEOERE R X&YW OBBERI~N ORI, B
BEFF S L Fo b B R R R a2 L -
TW3, Fl21E, BE3ERE b ) 7 = = v X L&

FTF R (8T, MY 7 ==V AXLEY
(6 FHD » MEFYWHEORERUHEFOHANICE T
R ((LEE) CESOTREMLFYEIZE > T
kbobs, SERTFEIZAIE, P TFVRRAFVF
(TBTO) HE—REE(bEME I, £/ b)) T ==
Z ZACEHE RS LEME RSN, 51K
WHE9 Hicid, FYTFAVRRAS S ) L— b HEEE
LY TFARZEYREEEOADbE TI3EE
(TBT fb&¥) #3, & R E(LFWHE I EEB A0S
St

ok RELEE, BEEEEOEEEZY T, Ein
HTRPERE LTofARE, FRROBERGO .
B OTERNERIT - 2o TNHERIITIRT, BB, ¥
OB E LT, AR T VI =9 A5SHOE A& KR
AxhT\Wb, HEOEMAITKROFERICH %o

(1) ARRRA—EN O IR LTV

(2) AEMRAS—ELEOMIm i, MEEHEEI
AT xg, MR IAEHBEROBEEZIT S0

®3 HERXLAYMOBTERE LT OB

B BIREFT, HIAS # %l ) =
WERIGSHE 4 A |(bESH: CERGREER, A | TBT LAY S M, IEE({LFMEOEE
WEFIGSE T A | bk TPT {b&%) 6 THHE, 18t WE OIsE
PRI T TBTO, SR EALEWE OIEE
T TPT {ta%) 7 78, B T EWEOREE
MG A AN T e HAIEASE, W0
AAMERS (RS R OB ER & LT S h 3 TBT {La¥ogiklic >0 T
R AARK TES (DAZERSI 1 4E720 ; TBT RESLD b O %45
’ ; () AIERARG 1 421 E ; MESHIE TBT REIA O
ARG - TBT # Y = —E10wt %L T D b D
TRT =/ = —HI8wtBLUTOHD
PR 2489 B L TBT (L&Y, B e ofsE
BAEM TS~ HARERS| 2 %8RS
EEE [TBT ZMEERROMAEREI> T
PRk 2 FE12H (PR SEESTOM - TBT B2 L v
BESZEORS - PR 2 4 6 B OB EE A BT B
(OMEBERS - SERK 4 4 4 I DU I3 TBT SREBEL A A L v
SRk 2 128 | BATEGER TRA~HRYE | BAGSRTERCTS

15 - BAE4RE T, REOBBE S LT, MENT LV =9 28 oI > W THEROMENIED 5 & LTV,
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4, 3—DyRIZEFB TBT RE5FH
f& B R & D B

19894E10H, HENFEER O RSB BLTHER
ZZEERNCBE T 2 —HOMEB L EN TV BE0D,

(1) HHRTHEFO TBT REEFOMERZE

EETIE, 1960FERFES S b ) TF VR L&Y Hs
BREARNC @b TV, BPIO15~20FEMiE V) 7F
WRZXAH 7Y v— D& IEHBEBEEBEETH - 12,
BT ->T, 3y b= —F OEEPHE Nz RERK
BT, #FPLIHFTA OEFEPEFT LT 501+
SRR EORICARR XMLEVNEE o 1 &5 -
tro TOT EMREIOFHREL DY, BEER 7 5 v
ZDEIDVBEDP T, 7 VATR, H+OBHEIIBV
TTBT{EHD 2 » VEEEAFOFVAXEERDOH
A, 19824213 TBT i AEZ % RE L fokiRic
SOWTHREIL, Bicide Ty 5 v RRIEA LW,

(2) WHE, EC ToH4l

19854EH15E, # + OAEBFAR, HEMEE TSR oN,
BIEE 2 Bl 7 v 3 =9 A58 E ik DR~ o 6 Rl
FREE R E NIz, HENZ1986E 1 B SEES h, ¥
BT SR LITORREEL 3R Y v — & -,
198742 1 Hicid, 2 R Y = — DA RXGHEEIIT.5%H 55.5
BicTFFonid, BicEES BicRryavs s 2 X
EUHTERENI2OmEIT O 3k s h i,

Z O, EQS (Environmental Quality Standard)
1, TBT D&% 19854E1c20ng/1 & LTWizhs, #BiE
HYMR#ED 1D ng/l WRTES N, COEBRE N 2
HOOPKICbBEHAINA L HICE -7,

EC Tld, 19894128 0% 8 MR UBAEE DK
1IE (76,7769 /EEC) THiEBHOBHMB RV -TWV5

200

150 1

100 BB 2 XBOHIR

BAN

TBToh K dgE(ng/

0 82 83 84 85 86 87 88 89
BE
5 Burnham@Crouch)i]iz 317 2 TBTlE 2L
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bOMBFIREN, 1914E6 Bk e r v A—-EHTHEITS
N3 -t BEHRAZRE® ILRT,

b. AMXX{t&H o

Hi 2 Z(CEYOBFERIE L TOR SRS 5129
i, AR (AP EER CIBHAIN TV R ERERT
B2 (LAY ORI > W TERE OIS 5 BT
A B,

(1) A2 {AYOFEHOERE

HAOHEE 2 LAY OERFEERE 55000t (1988
) Ttz ORN, EEEROEV ReSnX (£910000t, 2
o RaSnX, e OF RSnXs H3§945000t Td 5,

2ERZ (LAYEEROTT, Bty = VB RE
BELTOFHENEDZ L, 20 6ETHD, KW
THAYHITH IEZ ED TV D, HAEIHE &, RE
®E, BERUAMBERNSETH S, ChoORIHI,
F &L TAERR XMEAMOROZ>OMWHEIC X %,
(i) AXEFOD, 129, BE, EZRC oy /&

OFETFIcxtd 35 R

(ii) ReSn RAbEWORBEYIME

D& BHEBEAXLEYOREOWE LHEEST S
NEB-1FE LTHENMSATVE O, BPEOE
TN F O (B OFRERENS - o MER
K& B U OBFERI AR L ool fbiEE 720,
EFI62ME I B A ], A XEWEAERAO B R
Flaskk Lz, L L, BFI63E I, BEUIFATOR
07, CORBEEORERIE, "< FOMRICEET S
HwlaTFd (32 Vv EMR « 7)) BEFTBICONT,
WMeEVAPEWVS 1 ~2mmOIEROEFESALA
BIREOBRY ER L, REBICNAZEEL THES
Eo, MEEEERESEEEL, B2 {LEMIC X
5350TRIBVWTEERHESITLI,

ZoF» o s, REBGRNEIFRICESh TV VDI,
BgERE s r5EVW-T, BbRAEOHRKRYHE
THHETIORMETHAE LT, ROFEREA: LT
T, »

(@ =i, AMEOKUIIZSETFEDO—DTH %,
(b) AR, AERAZXIREOEPOHBIHES
FNTBY, TOBRRICRT LICEE, BAET
BHESNTHEE B> TWEEBXID B EEIMITE LV,
() AK2 X{tE&MON, EBEFEMK DRV RSn %1t
B RS aREASE , BARRE N CABEFRE K
RoSn %R U RSn LAY~ EAR L, BEFICE, £
 EE TR X{LEYIZE B,

d FEEX XL EER XL, £ A -
feigE, ZoHEEAE , M TRIF10%HEHE
Bo BIAWE, MU TFINRARTNATA K& 1EML0 ug
/e AER (Wppm) %4 X I KRBOKRS T2 &K
UBBcBWT I HEb OREMITHE Y TF VR X,
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July 1992

£4 AR IRCAKBETCSENE X XORE®
NI F R A i
®oE A XUBE (ppm) BB A REE (ppm)
i 5.2 b4 6.8
B 54 B o 5 2.8
15 6.0 7N 5 2.0
i 5.5 e 2.4
& & 3.5 i) i 12.8
FO 2.2
M g 11.6

) TFNVAIRUEEZ ) TFVRAIED E
Sl an, BrarFfbhBEnwe EE2RLTVWS, 8
HEE TicEREAMEERL, PRI 3 ~4 B &R0,
MTE, Rtsh2EPFBRCBRIC~xTs i)
BThy, HHEHEOKVWE ) 7F VR XOEEHE L
B0, SHETH lppmDEERLTWVLEH, INEER

4L LTHEELEWETS 5,

() RABEHFPEFHOHICHVONTV S, Tk
SRAMB LS, AMFCEMFERS W TOREEED
TE5Y, 2ZXWE—HIC130mg PLESERLBWVRED
MNECERB LRV EBEEEINT L B,

(f) AR ZX(LEYOD RSn BAL &2, e
1<, =7 PR LHEHEOHRHAE LTHWLR TV,
F e, BEMIQICK L CIiEA IE T 2ER NS B0,
PAKE LTIES IESED SN TBY, T oft, &
EY L E VIMAEORBEELSE L LTHBRENRAONT
W h,

6. TIVIIMAT
TN =T AREMOBELII wTIE, k0%
BlEBEETHBAEZT A ERE VL, L, BER
BhHoowTid, TEMICIENEREEZET2EHH A X
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FR Y v —R{EH U BERRD, @B LdES
KE, BEOERETRE, VT, IhongYEe
BERT, BAECHET, Esh, b2BEEORED X
RER > TRIESNTVWAE T EDS, HE~DEEI L
ERVAT, WENERRGENICILE LEALBRETH B,
flig, BIRTIE, 2 X7 ) —REEEIC>VWTE, 2
NS DOBERIO LRSS DS, BRIHAEEEELTVWED
T, T v LAAERICEERTES, BECLT
SReBEERENE, MAWESD RSP, 2 2 b
FhORBUBOBRMBIIS LY THB, T LKA
o, LK 2E4 B o IEHETERINTVS, B,
N, BB T2 AABWMIFRRBSOZREME L B5TE
Bk T 5 [MESRE OFHEERIC BT 5 HE
WWE WL T B,

BEH
D WinHBEA4&ZBSBIEWRES,
IHFI48 — 494 (1975), T5.
2) BRI EENE LR - A4S, SER24E6 A27H.
3 BABESHES  BEBENY FT v 7,
HERER (1986), 436.
4) FEH : feZEE TE, 33 (1980), 552.
5) KIHEWE - b3 & T3, 35 (1982), 43.
6) Mt BTSNV ET oo, SAEE (1989, 820.
T BEHRELAEENTRERERRES
RHRMLERTRE, BEEERY-vx&vy -
(1987) , 1192.
8) Hr/NHE40—-21426
9) HAMEHEMRER : ) -z (LLL) 2%
10) HIEEEE | 1SHEEEEN, By —x o v~ (1976), 168.
1D (LERERT : {b2 & T3, 43 (1990), 1880.
12) gE&fOk . B e, 64 (1991), 464,
13) BEFTREBRETEREE  (LFYELEER
CERRICAEER), () BARERS, (1989), 85.
14) R. Abel : JOCCA, (1990), 332.
15) JOCCA, (1990), 39.
16) Kai HE: /b2, 56 (1990),944.
17) K. Sakaguchi : YOSHOKU, (1988) Apr.118.
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EETEN IAN

ZIOLEET—F

v—}

D2 HEJE AR F 4 N2 VHEEIR

. @ C & I

EBE A7 ¢ 3SR S 7 v 3 = sl B
95 E50%IE VI R(LAEREIS o0, HEHEOBER(IC
Wico>T, TAWI=T LAGEfEAOT EMWERTH 5,
HEHEERF + 2 VHT VI =9 5848E LTI, 2000
% (Al—Cu%), 5000% (Al—Mg3k), 6000% (Al—
Mg—SiR) DEENH D, BERETERESEVRKT
13, B LASHARR T & 520008 UF6000% &4 S huly
TH BN, HARERICB W TREBEEMEEMEV D
7L 2RI O B OIEBE LB D500 &SN E C E
Rlbah T3, BT, BHoBEHER T 1 X VH
BESSRUEINRFE L LALOHEEEERNT 5,

2. H000RBENEAKRT 4 IRIAEER

GCSEENHADEBEASTH D, Al-45%Mg &
SwBREEM A HME LT Cu, MnEoTEE2HMNL
T3, FEOEEMRER, 7L AEEEo L ENnx
MRIBEFR SO TH B, T, SEpE 2RV 28 E
DT VAERFBEEHLTH oW L MRmAEET 5 L8
BHREB - TWVBHTH B, GC245, GMbB5, X681%
DEEE, OIS 5 VWIEMgftick b, Th
LOER AT i IcESINI, /2, 502K T
5182% D JISHMASERF 4 ANV ERILHETEHE
BEHDHEBEEHCEET 28X 7ERTH 5,

<BE&DEHH>

GC45 : HBIE A 7 1 X VHARESS,
GC245 : GC46 & v, HZF L& L&,
GMB55 : B OF Mg %A%,
X681 : BEEEEATIC & BIHIME T b v
BRI A S,
528 : JIS 5052 X4 & 4,
GM145 : JIS 5182 M & 4,
GM345 : CM145OREHRBAS
(JIS 5182 HHX D EE).

IhoDEEROFRF—4%, £1, £2, 1Kk

UB 2 RT,

3. 6000RBEFEART 4 XRIAEER

HEEER 7« <x VHASE, RBEIZIERT T,
BEBICIEBRENEENG, PITIRRTE000FHE T 1
REANBABEE, TO=—RCEA LD LS
B —~E~N— 7 "= FEOBETH B, 6000RESIE

AbLyFe—« R bLArye—2nFREdd, Vg
2 L %@hfb% B, T4A & WA EBNE, #51
75 AL R OV &@,@Rﬁﬁﬁ®m%wiof
%mN—an—Fﬁ%%?ozMKiD,—Ewﬂﬁm
BT E B,

<EBEOEBH>

SG112 : REM26000% AR 7 « 2 VHES
XA660 : RO ML ER L riEE2 S0 a8,
XC660 : TRBFEME S L /BRI &4,

INSOEEROTERF—4%, £3, K3, B4k

UE4IRT,

4. B & X W

D #k FERESEEH, 32099, 20.
2) BRI ERBESEEH, 321991, 39.
3) #A FERESEER, 32(1991), 56.

4) RELAENE FRESEDER, 32(199D), 74
5) BRI (ERELSEDR, 33(1992), 92.
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ERBESREN

208 July 1992
HEEA TV Y LEE&ET—4F « v — b
Z D2 HEE R 7 1 ¥R VAEER
£1 5000RASROBMNHE (REM, HE 1 mm)
e . 15 ; i i
G B b (rjassb;) § g\lIJ/Eniir;) (NTrfmz) {(qj%v)‘ " {‘7[;;:1) ' 4’22) fi s
GC4~0 |Al-45Mg—Cu-Mn| 275 140 30 0.30 0.72 RiEAS
GCA5-0 |Al-45Mg—Cu 260 120 34 0.31 0.59
GM55—0 |Al-55Mg—Cu-Mn| 270 120 34 0.32 0.80 & Mg #
X681—0  |Al-55Mg—Cu 280 120 35 0.35 0.75 & Mg ¥
525—0 Al-25Mg—Cr 205 105 28 0.28 0.70 | JIS: 505284
GM145—-0 |Al-45Mg—Mn 285 145 2 0.31 0.70 | JIS:518264
GM345—0 | Al-4.5Mg—Mn 260 120 30 0.30 oo | TS 51?263
GMM50 B B ¥ R #
SPCC o 305 160 46 0.24 2.0
F1) BRI B 202 % SEREHNEE TOWEME
& 2) BIEERERIC B L THY 0 BRU15% OFENE v TRIE
#2 5000%&SWOBIEYE BE 1 mm)
T 0 BB BomoL R B 180°
&8 -WE | mRgy TV ‘/:11'.5 NAVEE (mm) e/
B (m) ® $100 5894 3894 PR
GC45-0 2.07 10.2 30.2 21.2 15.2 0~0.5¢
GC245—0 2.07 10.9 29.7 21.1 16.1 0~0.5¢
GM55—-0 2.10 10.7 29.9 91.4 16.5 0~0.5¢
X681—0 2.10 10.9 29.8 21.0 15.8 0~0.5¢
525—0 2.07 10.7 31.8 21.8 14.9 0~0.5¢
GM345-0 2.06 10.6 30.4 20.6 14.6 0~0.5¢
SPCC 2.23 13.1 36.6 27.1 19.9 0¢
) Yavvyyy sz 40068
140
_ 120 . - ~ 2000
= P F47y MEDSMM 1~1547 & N EER
S S Bk S wan 2 ralerld™
b‘“ o Lind 0 500~515§7&
& 800 - | A 750~ 76557 |
g 0 T 400 EF
A 10° 10° 10 10° 010“ 10° 10° 107 108
@E L N ®OE L& N
GC454 &0 1mmil ) S-Nith 2 GCASEEOM ImmiR 2 K+ b i3k I 55
CP 441 A) O ETRESBIEHA K s v R
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HEEHETIVI Y LEET—% « ¥— |
ZD2. HEE AR 7 4 N2 IVHESR
#£3 6000RASWOBMIMEE KE 1 mm)
&% FE 5liEHE (N/mm? | i (N/mm?) o (96 n {8 ri{
SG112—T4 240 135 32 0.98 0.55
SG112—T4A 240 140 29 0.24 0.55
X AB60—T4A 220 130 24 0.23 0.70
XC660— T4A 210 120 28 0.24 0.60
300 T T H T T T T T T T T T
e
250} U wwozs “ SG112—T4A
B 170°Cx304manig 2501 i
200} - !
~ 200 [ .
< E / SG112—-T4
E ~ 12
~ p=d 1
£ ~ !
o . | g 150 l' n
S 150 S L
100} -
100 ] Pre—Stretch+170°C X 30min
L N L i
T T T L 55 1 13 1 1 i 1 1 ] 1 i ! T
SG112—-T4 XAB60—T4A mEA L O 2 4 6 8 10
SG112—-T4A XC660—T4A

Pre—Stretch (%)

3 6000 RAE SO BRI N ZEL 4 SGIIZAEEMDTU T A+ BB

(Fodazl) it 1254k
£4 C00RAEROBIGH GIF | mm)
U |
ae-mE | Bl LR | moees
(mm)
SG112—T4 10.3 — 0~0.5¢
SG112—T4A 9.2 2.03 0~0.5¢
XAB60—T4A 9.0 2.07 0~0.5¢
XC660—T4A 9.5 2.06 0~0.5¢
- 180° IR
>4 P SIS 2
CRR 4T ) O T RBEESEITEH4NXNSH UL T
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