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The Effect of Some Factors on the Meniscus Shape
in Electromagnetic Casting

Koushi Nagae, Norifumi Hayashi
and Yoshihiro Kawase

Electromagnetic casting (EMC) uses an electromagnetic fields instead of a direct chill mold
for casting aluminium sheet ingot. EMC improves the quality of the outside part of the ingot
because the molten metal has no contact with a mold wall. As a result, the need for scalping
or edge trimming of the ingot before rolling will possibly be eliminated.

One of the important points in EMC is a balance between the magnetic pressure and the static
pressure of molten metal. Therefore, this paper describes the effect of casting speed, screen
taper and oxide films of molten metal on the meniscus shape in EMC. Results obtained was

summarized as follow;

(1) The cross sectional shape of the meniscus near the screen was not formed in a straight line

but in a curved one.

(2) The height of supported molten metal was affected by casting speed and screen taper. It
increased with casting speed, or decreased with screen taper.

(3) The meniscus shape computed by finite element method was agreed with the experimental
results. It was seen that the meniscus shape was dependent on the oxide films of molten

metal.
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Development of Anti-Pitting Corrosion Copper
Alloy Tube in Hot Water Service

Takao Hamamoto and Masaki Kumagai

In the copper tube in hot water service, a few leakage troubles by pitting corrosion of Type II
have been experienced. Previous studies have shown that this pitting corrosion could be sup-
pressed by degreasing the concentration of R-Cl, and the ratio of SO42~/ HCOs™ and by increas-
ing the water velocity. From the viewpoint of maintenance and piping design, however, it is
practically troublesome to take the countermeasure according to the above results.

Anti-pitting corrosion copper alloy tube of Cu—Sn—Al~P were successfully developed through
screening test, loop test and field test. These alloy tubes have been trially installed in several
actual buildings where C1220 tube suffered from severe pitting corrosion. Superior corrosion
resistance of these alloy tubes depended on the stable and uniform film formation of stannic oxide.
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for loop test.

SAbL, R e LT A BiERR(C 1220), Tl > % 20 ppm, EEIEFHT2.0 ppm 9 80 HEEHEZ L
= LTH(C 6871), Cu—10%Ni(C 7060), AP 7w > ERKES # 2NN Fig. 2 B3 12T,

ZEED WA A N 2 72, BRERFE, RE— B
BE Il e L 72 A ¢, TR R & 100 mm X i 50 mm

C1220
XE & 1mm DWHEHHMTH 5, A3
2.2 REHE A5
(1) s "
z7u~;>7a%mmmt%ﬁ%FQ1*%ﬁ % N
R KA S BRI Y > 210F, T 2 TR %%
AL fo, WEERE R AR ORI ct BYaF A A DK Ald
AB R K IHREREF L ) 7 A0E ADBRIZINA, & £
17 I 1 T R LR A OVGAS & 5 - TIEL 72 ES
WA SR, pH ROVETERESRIE 30 min #RIC BB T L Ba
FORR R = F LA E =S L) T = FoNy gg
7L THREEMER, TRLRES 2 M OB ANGA 810
A A HE L 72, EERAKIGEKRS > 7 TimE L, BE 0 50 100 150
¥ 8h T /\ ;{9 Ak I HE KB A EEE L 2, T K S Maximum pit depth (um)

> 7P B R B L 72,
(2) EWaski
TEEBRK DAKELLE, TRl A A4 > CEREEA #+ > DL

Fig.2 Maximum pit depth of various materials after
4() days’ screening test.

(LIF, okt T7= ﬁ/mJth¢>%1oaza Cf?
ARIEEIRIEE 05 & 20 ppm, HHA T ilIEE 20 %
ppm, pH % 7ICPEEL 72, ZKRIZ 60°C & L, L:ﬁi’(ﬂ' ﬁ%f{
DRHE A EIF40H K UBOH & L7z, o1
(3) #Pfi ik i
W B DR, B sEAE L Type I H4L& B%
%f4>1747ﬂf P WAL L DN R 3RS
CHEEL, RS 2, ’ o o
9.3 EEAEEE Maximum pit depth (zm)
T=Ar % 1.0, IHEA A% 20 ppm, BHEED Fig.3 Maximum pit depth of various materials after
0.5ppm T 40 HIE, %72, T=o > % 2.0, EFEA 80 days’ screening test.
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INLORELY, BB AS~AldFO A5(Cu—1% 3.2 EBRAE
Sn—1%Al1-P) & Al4(Cu—3%Sn—1%Al—P) »iL& (1) #EE
AL, MBnghEd & ki L TitatoEn T3 2 & AN — 7B BEE T FI R Fig. 1 Icfte TRl 72,
THERRE NIz, A5 DILEFI % Fig. 4 12/RT L 5 (80 BEElE @?Lﬁ%%l]ﬁ?%%* g 5726, #HE 28.58 mm
fl37c Type 11 BOILETH 5, X P 0.89mm % AR % AT,

G M.@nﬁj;ﬂa‘:;aﬂ:%:é_k_%mﬁ'm'tfzo Z DGR s ‘/7"/»
2> a—2IC L VA e £ VER (SCE) 1o%# L
THAERLI,

(2)  SEBR MR U Rl 5

TEERAKDKEX, T=A>% 167, i& #4’ *T %
20 ppm, HHEEHXEES 25 ppm, pH # 7, ?ﬁﬁf’ﬁf/ﬁ??
% 10 ppm & L, Vﬁ*%l: £% (Si0;) D% %6 AL
WA 30 ppm I 2E D 2 KETH 5, Mm I
60°C oz L, HBRURNIZ 257 B &L 72,

JLEDFHE A FHERE T SRk L7,

3.3 ERER

(1) BREREN ORI

SiOq YRR O35 & @ B IR TEMUE (7 O f s 2{L %
Fig. 5 (2, SiOz % 30 ppm BMN¥EED %1% Fig. 6
2T, TNSDFRD S, ASRUALAEIZY AL
Bighl & Y BRI O FHAGEC, SmimRsEIle
FERMREL L FHN T3 150mV-SCE 12# L v

o Thbb, INLDAEIEYABREIFLY LILEs

£MMﬁmw:t%H%waé

N
o
(=}

Fig.4 Appearance and cross section of pitting corrosion
in A5 test plate dipped for 40 days.

—
w
(=

3. % BR 1I

Natural potential (mV vs SCE)
>
(=)

50
3.1 fEH ’
BRI IR T ORFA b A5 & Ald G& 2B, 0 50 100 50 T0 250
%Y A BB (C1220) 2HBicfl 72, HiaE Duration (days)
IR EEZ b 726, 52858 mm X HWE 0.89 mm ,
22.22mm X 0.81mm, 15.88mmXx0.71mm & =FidH & L Fig.5b Potential change with the time in the loop test
E&500mm 9L D& RBRINC 3 ~ 5 K& L 72, s(:flu;ior{tof S;OSZ n; E)lddition.
S o Al BB S elocity : 0.3m/s
{a B O BRI % Table 1127, Y
— 200
§ T CIZZO /\ '\//\//\Vv\
Table 1 Mechanical properties and results of flattening test, f ) A14 1
flaring test and cutting test. £ ,« s
E 100’ A A A\:; /&‘&a/f» Vx\a“g"'_
. o 5 A5
Vil srenglf Tensile Elongation | Hardness | Flattening | Flaring | Cutting & _ |
Material | 02%tset|strength T 0 ]
lkgmr) | gifmn?) | (%) | (Hgaor) | fest | test | test 50 e 1
50 100 150 200 250
A5 50 53 10 73 good | good | good )
Duration (days)
Al4 56 62 10 77 good | 'good | good
c1220 | 42 16 5 67 good | good | good Fig.6 Potential change with the time in the loop test
solution of SiO: (30ppm) addition.
Size : M—type 20A (0.D. 22.22¢XxX W.T.0.18) (Velocity : 0.3m/s)

11



178 X B 2R EH July 1988

Upper : as-retuked Lower : after pickling

Fig.8 Appearance of inner surface of A5, A6 and C1220 test tube after 257 days’ loop test.

Si0, adition
0 ppm »
Velocity 0.3m/sec - Pitting mound
30 ppm W—“\_ﬂ ﬂ

0 ppm bl 72 SC Tube wall

Velocity 0.5m/sec

30 ppm A5
Bl Al
0 ppm
Velocity 1.0m/sec —1C1220
30 ppm \
0 50 100 150 200

Maximum pit depth (um)

Fig.7 Maximum pit depth observed on A5, Al4 and C1220
test tube after 267 days’ loop test.

(ii) )\{Lﬁ(“

BRBFICREL 2ILEORRER £ Fig. T I2RT,
FakAT 0.3 m/s, 0.5m/s, 1.0 m/s DT HOEEL,
ASRUPAL4IZS AR L 7290 &ie D ABREER & D v &

WRD LT, o, TR LT SI0, AR

BEEVEDLNLD -7, Uk, WEOEWIE, 1
BB » T b,

(i) JLEOHE

SiOz % 30 ppm WML 72 KE T HBEREICIE L 2L
% Fig. 8 127RT, ) ABEMICINHeEICH-
TH ‘@,@Wf{ifﬂﬁﬂéfﬁ TLEDFRH STz, AS R
A4 aeiddtic, BRMT LB ENEEATL Ty

BILBEL 5T, 4.1 #8HY
c1220A§t> Sk L 72 JLE O Wi 0 EPMA i 44 5 SERMC LA L Tl & 2 RS 5 7 4 — v MBS
# Fig. 9 IR Y, AETHZETHLEM, &, T/Liz 13, EBRILVIIOER» SHTEEVRIFTH-72AS
L\O)ﬁm:%ﬁg}u—_ﬁf DA 5 ECEROYE R A R S A& Al4EEON, Al4AE(Cu—3%Sn—1%A1—P)
, BRI Type I MILATHEZ L ERL T3 DA T RE L TERIZHL T2,

12



Vol. 29 No. 3 it fL RS A&E OB 179

4.2 EBRFZE
(1) FEB&M

HKEDRIED LGB HERE I Type I WIL&Y £5
LT\ bEFEHEGHT - BAB SR OREALHRY) Ik
Wiz, Al - EEBRE OREB & BRT) OERY T
v, EE L,

Z O & Table 2 127", A A L8 05 LT
THLT =4 A 08~13 &L, £z, BEAL >
WD 20~25 ppm &I L AR TH L, KEBIE

Fodr HaEe T E Iz T, BEOR A
Bed B EFEEE A A IBE D TR SR TH B,

7k, LAFHMEFEEEELRLTHS,

Table 2 Details of field tests and analysed data

of water composition.

Water quality
Building| Place | V2" .
wilding) Flace | pply | PH | SOi"|HCOs| S0i7/HCO; | CI | S0z
{ppm)| (ppm)| ratio | (ppm)| (ppm)
S
M 70|25 |25 20 |5
G Tokyo-to| Asaka | ~ | ~ | ~ |08~13| ~ | ~
T™ 731 30 | 30 25 1 15
DM
K HakodateCity| Yunokawa | 6.5 | 26 8 3.3 11 | 20

4.3 EERER

(1) KEA

—HEHERSE, BBRIEBLIVIKEL . %)amvmj
Hkit% Fig. 10 127RY, £EICh2 - THFRK Si0; 12
Fbil, TOTREBEETHRRDD 5 HEEENR VWG
EEPERE N Twiz, ZoRBEREZROREICIE, L
BRSO LNTRETH- 72,

ERFHMOWTARIL LY EDS o472 % Fig. 11
WCRT, REWICIZE S 20 pm DBEORERE LS

Upper : as-retuked Lower : after pickiing

Fig.10 Appearance of inner surface of Al4 test tube retubed
after 1 year’s field test. (Building 'S’ in Table 2)

Tube wall

aD-ie 1 aoneize .
‘ BRe  BE8  sasEC (B
§ Us2sc He1OKEU 2120 ASs1BKEU 20

Tube wall Film

Fig.11 Cross section and EDS image of Al4 test tube retubed
after 1 year’s field test. (Building ‘S’ in Table 2)

.
Film

__1_‘

Tube wall

“

Fig.12 EPMA image of cross section Al4 test tube retubed
after 1 year’s field test. (Building ‘S’ in Table 2)
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D, ZOWHerLI3grtmd I N, Fo, EEY
WHENTHEZ tf?‘bgﬁumﬂl@ﬁ“}\/Fﬁfﬁﬁﬁﬁm}fimﬁ‘
R R NIz, ZORERET O EPMA 44Tk R
Fig. 12 (§i=— ) Iom L 2%, HIEERTH 5 < *ﬁLb’
N7, ZORBEOXBEMRER TR, BRSO

DIZRHE N LD 572 2 & LIEHEOBALE (SnOs2)
DD E 2 bz,

T2, ZOEASTIIEMIEMHINTNEZ &5
BN #E 2 bz, ZORBEDES HFHNAES
SPRERE Fig. 13 I27R¥, 2%y ZHORBEH CIlLEE
FoMIcgLETHREESN TS, 280 min 2%y 71
Ty, FHICHORBENTYE 2 b, SORBILY
DFHEIHEZ NI,

. AES SURYEY SF=12.387, —79.237 DAT=991 10/06/87 6RD1 Y/F

6 Sputtering time : 0 —

p=4

| A

FE !

DSCN (E} *E]
(%)

200 400 600 800 1000 1200 1400 1600 1800 2000
KINETIC ENERGY, EY

. AES SURYEY SF=5695. —1913650 DAT=590 10/08/87 6RB3 Y/F

6 Sputtering time : 280 min —
5
'
* 4
)
=
3 }
2 FE [cu]
SN
2
. 0

200 400 600 800 1000 1200 1400 1600 1800 2000
KINETIC ENERGY, EY

Fig.13 Peak profile by AES analysis sputtered on the
greenish film (sputtering time is 0 and 280
minutes).

14

ST
Upper : as-retuked

U TR

Lower : after pickling

Fig.14 Appearance of inner surface of Al4 test tube
retubed after 6 months’ field test.
(Building ‘K’ in Table 2)

iy KEB

6 AMERZICHKE L 2L 0 NERIR® Fig. 14

IR, BRI Si0, O TFICIZEE TRIRDH 5 BmE M
mﬁwiéﬁ%ﬁmﬁéﬂfwto;@&EWT“@%

IILERR SN, #ETho, BB, 2906
ﬁ’ﬂ?ﬁﬂfkﬁé‘%ﬁﬁﬁi HoE, FEYTIIAUEGEE
TEESIETEIITh Iz, ZoOWETHEIC, i aik

H:é"x@f’&)@ DA BEEERAE & B
Wh,

2L, Rz AT T

5. #

EEREBTORA 7Y —= > FEEB RO — 7 E R
Wiz, EBWTD T 4 — 0 FERBRIC L D ROERER:,

(1) KA ST S MEI5ET 5 Type I R4LE
"‘iTJ’L’CT"?’?fo"Ii‘fﬁ’l"*%ﬁ’é'é Cu—Sn—Al =7t

I, RAKPCRET S Type 1T #ILAIZ
mﬁ&%ﬁLvm

(2) Cu—3%Sn—1%Al &4%&% Type II HilLfas
SEEET B SEEMICECE L KR, e CELIRM sy
TN R CEEOTR LD L7,

(3) Cu—Sn—Al ZLHEEAEEGOENW &ML, Z0
FRBEICTERE 1172 SnO, 25 74 2 EEIZRET 2,

TB, 74— FERBE R 2 XIS BB E T
DERYTIT-72, BRI ZDO—FTH 55, iy

DYh b R GRS T 5,

o

THLE
LTy R

X R
1) BT, RETIER, M, S AR, 28 (1987),
16.
2) Pierre Devroey, Claude Depommier : Influence of minor

Alloying Additions on Corrosion of Copper Tubes in Drink-
ing Waters INCRA PROJECT No. 101 Annual Report),
June 1968.
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Al—Mg REGDHITE DRFZE

T B X #

Recent Studies in Al—Mg Alloys

Hideo Yoshida

The recent studies in Al—Mg alloys are reviewed. This review consists of three parts, that
is, structures and constituent phases, workability and structural changes, and some characteristics
of Al—Mg alloys. In the first chapter, Al—Mg, Al—Mg—Mn, Al-Mg—Cr phase diagrams,
intermediate phases or intermetallic compounds in these alloys, and also the dissolution or pre-
cipitation process in supersaturated solutions are summarized. In the second one, recent results
in structural changes during hot or cold working, recovery and recrystallization are shown.
Finally, formability, the resistance in corrosion or stress-corrosion cracking, and weldability are
described. Particularly, in the formability, the effect of compositions, temperature and strain
rate of deformation, Portevin-Le Chatelier effect, high or low temperature properties and super-
plasticity are mentioned.

1. & L ®» (& (510 Mg
Al—Mg HA-4 3 BAMREA L &L 0N L Tl D5 ol 10 20 30 40 50 60 70 & 90 100
RS, Ao, WA, BT, ML SIS
BNTWBIe, EHOBMT LI =9 L680N TR 500k
LR VAR ER-> TWwb,
BAEIC B B BMEEENT N3 =7 LEEFEEL _500F
FHT3000T b > nkEEBZ, #3152°FF » LHEE £
2N, FONFUITIES 1,964 T+ >, #E&H 311 T @ 400
by, FA ARSI TrY, FOMW3BTTHS e ol
A%, LS 1,964 T+ >N, Al—Mg REaid 324 T
FrTHY 165% % s, Al—-Mg—SiR(#47%), # 200
T = aFk ($922%) 12K TEH,
A TlE, &L TN LR LY Al-Mg REE 100

DEBHF I T 2 B EOMROBRRIZ DV TE &
»Hiz,

Rt Al-Mg o Pk

2. Al-Mg RE&OHEBCHAHE

2.1 Al—Mg REFHRER

B [l v 1 3 4 B B pE ° . Q, S
Murray @ Al—Mg FFHEKIER %R 1177, Al 1 o e VA BE I3 2k BB 450°C T 18.9 at% THh B,

—77, Mg flo> Al D kB i B3 45 IR 437°C T 11.8
at% ThH o, PRMAE LT, RUISTRT L) @ BRIt

« 4TE, 38 (1988), No.8icikfad TR ENEY, BHHIZ385~403at% HD Mg b &
o FAETICAT 4B MR 920 A, il AlsMge & FECE 15, Mondolfo @ Aluminium
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g1 Al-MgiRRE7T—20
1 %M%Mym ETVLES 7 B OB B & & B & m
(Al crveereriireenn 0 to 18.6 cF4 Fm3m Al Cu
B(AlsMgs)  coereeeeeees 38.5 to 40.3 cF1168 Fd3m(0h) ~CdzNa
R eerererrraririernea 49 LR53 R3 CoCrMo
y(AliaMgiz) seeeeeeeeee 45 to 60.5 cI58 I43m Al2 ~(aMn)
(Mg) ..................... 69 to 100 hP2 P63/mmc A3 Mg
#  5E H
AlaMg crerrrreeneeeenns 33.3 1124 I41/amd GazHf
Y e 40 to 58.7 (a)
(a) Tetragonal.
Alloys 2B & N Tv» 3 Hultgren & DIKERPH T A|14<; N — . i , i . i .
B HED Mg 4% 37.2~39.6at% &% » T, AlMg v 200h— Jorii o e ]
(40 at%Mg) DL AT FFORED b 12 F 5 72odi & Bk // Y U&'ﬁﬁ
AlsMgs (385at%Mg) L REENBZ L b H5, M1 | Bk | \ rglg?é -
R EOLAiE e e L RIEENS, 7 HId e—Mn Sl /e -';’é e
Wi & L B, 450°C TlE Mg BOMBMHE 45~60at% > vAZK NZJZ}‘" dl Lo
E7e B, B HEE TIE AlizMgir (568.6 at%Mg) & \*} ° fg:n_:-—gsx‘lﬁ o-‘ﬁ’/ﬁ
ML ET 5, > 100 b | |
Al—Mg—Cr, Al-Mg—Mn, Al-Mg—Mn—Cr HZ® }
Al I OREERKZ D TR R 5 A% X #BREHIC L 1 340 Lt = - L L .
= 5
SBT3, Al-Mg—Cr O%4a101E, o Bk, oo - S
E‘ oy S B
9(AlL:Cr), B(AlsMgs) & E(AlisMgsCra, Fd3m, o= TR G
14.545A ) 7%, Al—Mg—Mn RT3, o BIAEE, AlsMn, E2 Al-14%Mgd 4 0273~ 423KIEAh v D2 LS
B(AlsMgz), T{AlsMgsMnz, Fd3m, a =14520A) »*
FAETLZ 2R L2, 72, Al-Mg—Mn—Cr % JED 5 EH L RBICERBEIERE N, ZOEHEE

T3 o BiEER, AlsMn, 4, G[(Mn, Cr)AlL:2],E #HO T
EVHREINTWD

2.2 ﬁ%ﬂlm%@ﬁﬁ%tﬁ&ﬁﬁ

Al Bl B faFIE SR DM EBRIc Wi, GP YV
—> — B (AlsMg2) — B(AlsMgz) »*—H&B9Iz L {15
LT B, GP V— > DEFGBEIC D W TR L &
L%, BBEN Al-Mg A4 % RETHNT 3 &,
<100> ArEnc Mg BE>BICEE T 5 BTG
L MoRBEEEP TR I NS, Gault HEBEE
Hu, 200C UL E TSR 2 3~, A IRE
TEAY ) = NGEPEL D L 2mB L2y, B
IZAI-10 R U149 Mg (L%, FRCHib 520 WIR D wtds
2HLbT) AEEAY, KETEHT S L EHBE
FRREE TR S AL, b DREEIcIE L THES
TV ELAZ LML L2 K213 AI-14%

Mg &4 273~423K ToOBE2{bE77°, 353K L
Tfi@% ISR E TR S B I EE S I3

LIERICEEINE A 5%, 358K CREFREIT I i
WS R AMEME L, R THREE 0B RIC

WS 2R AR RL T b, 363K ENIR
B TORIEELIE R RIAR B O HIC £ B, (KR TR R

16

7 Mg BE 43T Ll JRABEE LB avic 2 ),
REIZHABRESEE IR, & 51T 2 DEBUIERR(L
LT ozt L, BB CIEERBE»TER SN LW
HIz, B Lod LHAEED GP V- 2K ER - ik
T 5, -7, HAEEEICIIEIRED OE BRI
ENBELE, HER - BEICL-oTEREINE 20
FT—FFET DL E, BSHIEHEZ T b, <1000 FIh
DWEDOD & EH LT, Ll BHAHE ~0@E%

X3 NBEME TORT?, EBFLIE, Ll HAEEZ
Lorimer & OMEEEICHEY, b ) v 7 A LIE B 728

EEREOLOEE 2, B LY, ZORIEME F GP
— 2 EBREA TN B0 4ICESHF kT BEeE
NKRBEZTT, BEFRLDGP V' —r DR i OR
ENT39, Al-Mg &0zl L T,
L e, FOSHBAREE S LICHERICRET 5 LE Y
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(a)

3 Al-10%Mgh-& o SR EFR P OB & BRI

(a) 24h, (b) 168h, (c) 550h, (d) 153mth
500 T T T T T T T
0 Pollard B
a O Roth et al.
Vv Gault et al.
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2.3 BEBEEOHBIME BRSO ER
EH Al-Mg REEIIE, SR M o4 Sk
k7212, Mn, Cr, Zr e EHEMEN TS, Th

TERBRILAMEREZI LI LD, FOBOBM
MITHEERCT 29720, T O35 R LN
whlERT—KEi b,

FIN LT Al— 4 %Mg &&I2 DT, &R0 E X
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IZ Mn, Fe, Ti 2B L 2Abathh'd ), BEX{LEWmic
% B DIE a— Al DEBHLBICHR & L C&HT % Al:Cr
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72, MRLEWoERIEE To(C) 12
To=565.8+85.9(%Mn+3.18%Cr)
THERLELIEEWMEL TWD,

S HICEHLIE, Al—45%Mg AT EREBEL
AW RTY Fe, Ti %827 ~7:20, Fe, Ti
BNy EXeBEILAYOREET 5 Mn, Cr o5 H
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(933K) ToOBEHOEIFH 2 KDL &, Fe nHAIZIL,
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[%6Mn]+3.20[%Cr]+5.6[{%Ti]=1.25
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Twd, 72, TIRMTCIRERERBEILEWD Y 4 Zix
AELCLY, EEOEMT 5 EREIN TS,

Al-Mg &€& Ti ° Cr 2L 280 3 7 9ilf
B DWW TIIHE S AR L Ty 520929 T 95k
mE N5 &, —FHhgEIIC B 5SS TE, T
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Continuous Determination of Sulfide Ion Concentrations
in Sea Water

Sakae Kato, Masaya Imai
and Tetsuro Atsumi

The flow analysis system of sulfide ion concentrations in sea water has been developed.

Sulfide ion concentrations can be determined by computing the values from direct potentiometries

of sea water in natural appearances.

In a location inside bay which is surrounded with many

heavy industries and houses, the field flow analysis of sea water by this system has been shown
an interesting trace on dynamic changes of sulfide and bisulfide ion concentrations along with

lapsed time.

It can also be monitored that when the sea mud being once brought to suspension

in sea water, the higher sulfide and bisulfide ion concentrations would be liberate in the sur-

roundings.

which sea water is flowed continuously as coolant.
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The system has being applied now to continuous monitoring of some systems in
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An Automatic Ultrasonic Inspection System
for Aluminium and Aluminium Alloy Billets

Atsushi Odake, Nobuyuki Takahashi,
Norifumi Hayashi and Keiji Ryugo

An automatic ultrasonic inspection system for aluminium and aluminium alloy billets has been
developed in order to improve the quality assurance of extruded products. This report des-
cribes the outline of the system and the results of the examination.

This system uses a water jet coupling method, and allows to detect 2 mm dia. artificial flaw

with a signal-noise ratio above 3.

This system has been installed in the casting plant in Nagoya Works and operated success-

fully since Junuary 1987.
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State-of-the-Art Gauge Reduction in Domestic
and Foreign Aluminium D & I Cans

Yoshio Takeshima, Kiyofumi Ito,
Hiromasa Kimura and Sadao Hisada

Japanese consumption of 350 ml beer and beverage aluminium D & I cans in 1987 has drama-
tically increased by about 50 % of the previous year, resulting in the amount of 5.2 billion cans.
In connection with this market demand, increasing emphasis has been placed on the importance of
gauge reduction and lightweighting in aluminium can. For the purpose of developing a further
program about the gauge reduction and the lightweighting, 35 kinds of aluminium D & I cans on
the domestic and foreign markets were subjected to comprehensive examinations concerning
material, thickness, weight and dome reversal pressure.

Body weights of domestic cans ranged from 13.0 to 14.9 g, while those of American, Canadian
and Korean cans did from 11.4 to 12.4g. Dome thicknesses of these foreign cans ranged from
0.297 to 0.323 mm, and their thin wall thicknesses ranged from 0.107 to 0.119 mm. Although
thicknesses of domestic cans scattered in wider ranges, the smallest values were 0.304mm in
dome thickness and 0.103 mm in thin wall thickness. It was shown that domestic cans generally
have more metal in the tapered wall and the thick wall than foreign ones.

Dome reversal pressures scattered in the range of 6.2 to 9.0 kgf/cm? They were compared
with the values calculated from authors’ empirical formula including the influence of sheet

thickness and strength. The difference varied from +5 to —15% depending on the shape

factors such as base diameter and base height.

The examinations suggest that domestic cans would be given further gauge reduction and

consequent lightweighting in a few years.
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18 " " Heary Weinhard's Private S{B) " 16.44 11.89 0.312 0.108 0.295 102 107
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Brazed Aluminium Honeycomb Panels

— Mechanical Strengthes and Weldability —

Hiroshi Nakanishi, Keizo Nanba,
Hiromichi Sano and Yasunaga Ito

Aluminium honeycomb panels fabricated by adhesive-bonding their cores and face sheets have

been put to practical use as structual elements due to light weight and high rigidity. The panels

can also be produced by brazing their cores and face sheets made of brazing sheets. Because all

of the brazed aluminium honeycomb panels are composed of aluminium materials, they are ex-
pected to be superior in strengthes at high temperature, durability, etc. to adhesive-bonded panels.

In addition, welding and plasma spraying of the panels seem to make them more promising.
The objective of this report is to describe mechanical strengthes and weldability of brazed alu-

minium honeycomb panels.

Mechanical strengthes such as flatwise-compressive, flatwise-tensile, shear and bending strengthes of

both as-brazed and tempered (artifically-aged) panels were higher than those of an adhesive-bonded

aluminium honeycomb panel with a similar weight to that of the brazed panel. Measured bending

rigidity and torsion rigidity showed a good coincidence to those calculated values by formulas of

bending rigidity and torsion rigidity for sandwich structures.

TIG arc welding between face sheets of brazed panels was able to be easily carried out without

any faults both in braze zone of honeycomb cores and face sheets, and in weld zone. The welding
distortion tended to decrease compared with that of aluminium plate of 4mm in thickness. These

facts result in an expectation that arc welding process is widely and successfully applicable to the

practical use of brazed aluminium honeycomb panels.
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On the Solubility of Chlorine in Chloride Melts

Katsuhisa Itoh*

The data of the solubility of chlorine in chloride melts are compiled from a number of sources
and the mechanisms of the chlorine dissolution in these melts are reviewed. The agreement

among the data is very poor.

The data relative to the melts containing aluminium chloride are

scarce. The effects of chlorine solubility on the current efficiency are discussed especially for

electrolysis of aluminium chloride.

bilities in the relevant melts is emphasized.

1. Introduction

There have been many efforts to electrowin alu-
minium from chloride melts,of which Alcoa’s latest
one is well known?~#*1 The electrolysis of alu-
minium chloride can be divided into two processes :
a low-temperature process and a “high-temperature”
one ,ie., electrolysis at temperatures higher than
the melting point of aluminium, a typical example
of which is the Alcoa Smelting Process. In the
latter process, current efficiency (CE) decreases
with an increase in bath temperature® and with
a decrease in current density® and interpolar dis-
tance®~®.

In the conventional Hall-Héroult process for alu-
minium production, it is already confirmed that
the loss of CE is mainly due to the back reaction
(re-oxidation reaction) between two electrode prod-
ucts, i.e., Al and COg¥~1, The relations between
electrolysis parameters and the CE are discussed
in terms of the effects of these parameters on the
back reaction'®.

In the electrolysis of other light metal chlorides,
it is generally thought that the main cause for the
reduced CE is also the back reaction'®?. In fact,
CE loss in the conventional magnesium electrolysis
is demonstrated to be due to the back reac-
tion!34  When one wants to establish a novel
process as an industrial one, it is essential to elu-
cidate the mechanisms of the CE loss of the per-
tinent process. The solubility of chlorine in chloride

+ New Metal Products Development Department

*1 For the references and patents which had appeared before the
Alcoa Smelting Process was disclosed, see the review® by the
author.
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The need for accurate measurements of the chlorine solu-

melts is very important for the high-temperature
aluminium chloride electrolysis from this point of
view.

In this review, the author compiles the solubili-
ties of chlorine and discusses the mechanisms of
the dissolution of chlorine in various chloride melts
and the influence of the solubility on the CE, es-
pecially for the aluminium chloride electrolysis
processes.

2. The solubility of chlorine

2.1 Examples of the measurements of chlorine

solubilities in chloride melts

Data of gas solubilities were rather scarce for
molten salt systems. Advancement of the appli-
cations of the molten salts in various fields of
technology, however, has stimulated studies and
measurements on these systems in recent years.

Dissolution of gases in molten salts has already
been treated in the reviews by Blander!®, Okada
et al.l® Flengas et al.!”, and Buckle et al.!® In
their reports, Muzhzhavlev et al.'® and Nakajima
et al.?® have also compiled many data of gas solu-
bilities in chloride melts.

The solubility of gases in melts is measured by
various experimental techniques!?,such as quenching,
analysis of quenched samples, thermobalance, pressure
drop, volume drop, stripping, high-temperature
spectroscopy, freezing point depression, chrono-
potentiometry, etc. In chloride melts, the methods
applied are limited and the stripping method is
mostly used.

In Table 1, chlorine solubility data and meas-
uring techniques are summarized for alkali, alkaline
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Table 1 Solubility of Cl; in chloride melts.

Solubility (1077"mol Clz/

Estimated solubility

Measuring

Melt (mol 25) Temperature (C) il melt » atm) acizagg;crrf;&-? I:ccr)rlx)m technique'® Year Reference
LiCl 620 14.6 a 1926 Cited in 17)~19)
" 648~ 872 0.35~-1.88 0.5 b 1968 23)
" 650~ 870 0.2 ~2 " Cited in 19)
" 650 1.5 +05 b 1969 Cited in 17)
Na C1 820 2.51 a Cited in 17~19)
" 847~-1,025 2.21~7.40 0.6)® b 1962 21)
" 830~1,040 2.5~6.0 1968 Cited in 19)
” 840~-1,031 2.31~5.30 b " 23)
” 850~ 900 13 ~2.2 " 1970 19)
" 820~ 895 820°C : 4.16+0.3 c 1976 12)
" 818~ 897 4.124:0.28~5.39+0.23 ” " 25)
” 820~ 950 1.89~-3.70 0.8y® b 1981 26)
" 800 3.8 R c " 27)
KCI 820 10.6 a 1926 Cited in 17)19)
" 848~1,045 10.40~18.89 5.6 b 1962 21)
" 800~1,026 800°C : 12.2¢ 7.7y 1964 Cited in 19)
” 823~1,026 13.30~25.50 b 1968 23)
" 810~1,040 13~26 " Cited in 19)
" 800~ 900 10.7~14.7 b 1970 19
" 800~ 885 800C : 15.06+0.3 c 1976 12)
” 800~ 885 15.06+0.35~18.71 £0.22 " ” 25)
RbCl 750~ 1,000 Calc. value : 19.5~31.0 b 1968 23)
" 740~ 800 800C :20.81+0.9 d 1976 12)
" 743~ 797 18.494+0.89~21.36 +0.48 ” " 25)
CsCl 661~ 922 34.8~47.6 35 b 1968 23)
" 730~ 870 800°C : 36.55+2 [ 1976 12)
" 662~ 865 35.96 +1.63~39.574+2.22 " n 25)
LiCl-KCl {eutectic) 400 30300 d 1958 Cited in 17)
” 400~ 550 1.26~2.05 b 1969 24)
" 450~ 575 1.4940.02~2.32£0.18 " 1974 20)
LiCl-4225 KCl 480~ 850 1~5 1968 Cited in 19)
NaCl1-20.7%6 KCl 800~ 950 6.00 ~10.63 b 1981 26)
NaCl-28.1% KCl 780~ 950 3.56 ~ 6.46 " " ”
NaCl1-38.5% KCI 751~ 902 1.430~ 4.930 " 1970 19)
NaCl-43.9% KCl 750~ 950 5.65 ~10.52 (4.6)® " 1981 26)
NaCl-50% KCl 750~1,028 3.65 ~14.10 (2.5)3 " 1962 21)
" 784 7.00 " 1966 22)
" 720~1,040 6.5~14 1968 Cited in 19)
MgClz 785~ 953 5.72~8.33 (2.0 b 1962 21)
” 720~ 950 6 1968 Cited in 19)
” 750~ 900 3.4~37 b 1970 19)
” c 1976 12)
CaClz 800 3.1 a 1926 Cited in 17)19)
” ” 6.4 ” " Cited in 18)
” c 1976 12)
BaCl. 970~1,068 1,000°C : 2.09% 1969 Cited in 19)
NaCl-50% MgCle 569~ 1,022 0.48~5.82 1.5 b 1962 21)
" 570~ 980 3~6.5 1968 Cited in 19)
NaCl-19.6% CaClz 750~ 950 2 1968 Cited in 19)
KCI-50% MgCl: 565~1,047 2.18~8.70 418} b 1962 21)
” 550~ 990 6~11 1968 Cited in 19)
KCl1-2095 BaCl: 806~ 980 (3.89~8.43) X105 © 1969 Cited in 19)
KCl1-50% BaClz 834~1,024 1,000°C : 7.46'¢ " "
KCl1-68%; BaClz 875~1,040 (1.67~4.23)<10-5 © " ”
- KCI1-80% BaClz 895~ 992 (1.51~2.80)x10"5 & " "
NaCl-6.225KC1-84.0%MgClz 750~ 903 3.31 — 3.92 b 1970 19)
NaCl-15.095KC1-61.2%5MgClz 744~ 905 1.060~ 1.69 " " "
NaCl-23.025KC1-40.425MgCl. 715~ 902 0.566~ 3.39 " ” ”
NaCl-29.995KCl1-22.525MgCl2 715~ 904 0.595~ 4.18 " ”" ”
NaCl-34.626KC1-10.626MgCl2 730~ 905 1.38 ~ 3.50 " " ”
NaCl-35.8%5KC1-7.0%5MgCl: 740~ 850 08 — 3 " " ”
NaCl-37.05%KCl-3.4525 MgCl2 752~ 907 1.27 ~ 3.00 " " "
NaCl-73.5%KC1-7.7%MgCl2 700~ 940 0.3 ~13 ” " ”
NaCl-10.8%KC1-8.5%MgClz-11.6%BaCl. 730~ 800 0.7 — 35 b 1970 19)
NaCl-13.6%KC1-7.19MgClz-21.4%CaClz 720~ 940 02 ~ 3 ” " ”

(1) Estimated tentatively by the author (rounded value).

2) a:

analysis of quenched sample, b

: stripping,

c : pressure drop,

d : high-temperature spectroscopy.

(3) Hpypothetical value below the melting point of the melt or beyond the applicable range of the derived solubility equation.

(4) Calculated by the author based on the assumption of the melt densities : dkc1=1.510 g - cm™3,

(5) Read from the graph of the original.

(6) mol Clz/ mol melt.
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dpac1:=3.148 g - cm™3,

dkci-50%Baci=2.338 g - cm™3,
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earth and their mixed chloride melts which are
the candidate solvents for the aluminium chloride
electrolysis®. Estimated solubility at 700 °C calcu-
lated tentatively by the author for the ease of
comparison is also shown in Table 1. Values from
various sources for typical melts are compared
in Figs. 1 and 2. Table 1, Figs. 1 and 2 show
the serious discrepancies between the data even
for the primary melts.

The data for aluminium chloride-containing
melts are shown in Table 2 which indicates re-
markable increases for both high- and low-tempe-
rature AlCls - containing melts. The number of
the references, however, is particularly limited.

In Table 3, thermodynamic properties and colors
for the dissolution of chlorine in chloride melts
are summarized. The former are known to have
the close relation with the interaction between

T T T .
o5 | A Wartenberg {1926)79 {
~| @ Ryabukhin (1962)2
v Lukmanova (1964)'?
x Ryabukhin et al. (1968)®
O Ryabukhin et al. (1968)*
O Muzhzhavlev et al. (1970)1
2ol 2 Anciesen et ol (1976)% 5| o /
# Andresen et al. (1976)®
A Borisoglebskiy (]
et al (1981)®
E
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E
~
Q 4
NE
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o
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=
:-—é
o)
w
5
X
NaCl
o 1
600 800 1,000 1,200

Temperature (°C)

Fig.1 Comparison of the solubility of chlorine
in alkali chloride melts.
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the melts and chlorine. The latter also indicate
some interaction except for CaCl: and MgCls.
Reported thermodynamic quantities show large
discrepancies, again.

2.2 The proposed mechanisms of chlorine
dissolution in the chloride melts

2.2.1 In the melts without AlCls

The mechanisms of chlorine dissolution have
been biscussed by many investigators. Ryabukhin?®
proposed a simple “physical” dissolution mechanism
in single alkali, alkaline earth, and mixed alkali-
alkaline earth chloride melts, which had been pro-
posed for the dissolution of noble gases in fluoride
melts. Since Henry’s law was applicable to the
dissolution of chlorine in the equimolar NaCl—
KCI??» and KCI2® melts, he postulated that the
dissolved chlorine exists as molecules or groupings
of the [Cls]™ or [Cl.]™® type and dissociation
into atoms does not occur in the melts??. He also
showed that the work of chlorine dissolution in
alkali chloride melts can be calculated from the
modified equation, which is derived from the re-
lation obtained by Uhlig in 1937, between the
work of dissolution and the surface tension of
the melt?®. According to Ryabukhin’s model, the
dissolved chlorine molecule occupies one position
between two vacancies in the quasi-lattice of the

VN T T *

& Wartenberg (1926)71?
® Ryabukhin (1962)™"

x Ryabukhin et al. (1968)%
o Ryabukhin et al. (1968)'®
A Tricklebank (1969)'"

10 o Muzhzhavlev (1970)™®

v

L]
MgCl

-0

Solubility of Cl, (10-"mol/ml melt - atm)

O___o___o———q
/I:)](
A
x LiCl
. _§</><
600 800 1,000 1,200

Temperature (°C)

Fig.2 Comparison of the solubility of chlorine
in typical chloride melts.
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Table 2 Solubility of Clz in AICl3~containing chloride melts.

— > = = -
Melt (mol %) Temperature (C) iﬁh:::lltt%’ ;],;?n) mol Clz/ gtlsj’;/l(géz:ct:?eliﬁl:i:ﬁ:i) if:::;g;z%a, Year Reference
NaCl—1.6%AICls 790 ~ 900 14.36~ 21.69 (9.5) b 1981 26)
NaCl—3.5%AICl; 790 ~ 950 20.93~ 34.60 " n i
NaCl—5.9%AICls 790 ~950 23.81~ 36.10 agy® " ” ”
NaCl—11.6%AICls 790 ~ 940 32.88~ 45.39 " ” ”
NaCl—17.125AICls 700~ 950 29.08~ 47.42 " P p
NaCl—25.025 AlCls 700~ 950 32.42~ 47.38 32 " " »
NaCl—49.52 AICl; 162270 93.2 ~ 44.1 12)® c p 27)
NaCl—59.92 AICls 160~ 1824 126.9 ~105.8 (16) " ” ”
NaCl—20.4%KCl—1.2%AICK® 765~ 895 15.54~ 23.52 (12 b 1981 26)
NaCl—20.0%KCl—3.3%AICkS 730~920 9.23~ 17.04 " // "
NaCl—18.9%KC1~8.7%AICI® 730~920 23.95~ 36.48 @2)® " " "
NaCl—18.1%KCl—12.4%A1C1;*® 730~925 27.42~ 40.78 n " ”
NaCl—17.1%KCl—17.2%AlCL'® 790~ 925 31.25~ 44.69 " " "
NaCl—17.09KCl—17.8%AICl;®’ 790~ 920 36.27~ 45.03 " " "
NaCl—15.8%KCl—23.6%AICI;®’ 720 ~900 37.55~ 48.12 ” " /,
NaCl—27.7%KCl— 1L4%AICI3® 700~ 920 18.65~ 22.07 19 b 1981 26)
NaCl—-26.4%KCl—6.1%AICIy® 700920 22.90~ 29.89 P " ”
NaCl—25.69KCl—8.7%AICI® 700 ~920 25.33~ 32.17 25 " " ”
NaCl—25.2%KCl—10.4%AICL"" 710~900 28.43~ 34.26 " " ”
NaCl—24.29%KCl—13.7%AICI'® 750 ~924 34.29~ 39.31 " » ,/
NaCl—23.1%KCI—17.6%AIC1;® 745~920 36.87~ 41.40 ” n p
NaCl—-21.4%KCl—-23.7%AICk"® 715905 42.98~ 47.34 " " "
NaCl—43.59%KC1—0.9%AICL 740 ~960 16.65~ 25.19 (15)® b 1981 26)
NaCl—41.3%KCl—5.9%AICI7 705~890 37.77~ 46.01 @@ " » n
NaCl-40.2%KCl—-8.3%AlICI57" 700920 4567~ 50.27 46 ” " "
NaCl—37.0%KCl—15.6%AI1C1;” 705~900 52.76~ 54.37 " ” "
NaCl—34.1%KCl—22.29% AICL;'") 740~900 59.79~ 58.83 " ” "

1)
@)
3)
[©)]
()
6)
@)

Estimated tentatively by the author (rounded value).

b : stripping, c¢ : pressure drop.

Read from the graph of the original.

mol NaCl/mol KCl=3.84/1, mass NaCl/mass KCl=3/1.

mol NaCl/mol KCl=2.56/1, mass NaCl/mass KCl=2/1.

mol NaCl/mol KCl=1.28/1, mass NaCl/mass KCl=1/1.
molten salt?®. He also showed that the contribution
of solvation in the dissolution of chlorine is small
for alkali metal chloride melts?®. On the other
hand, in KC1—MgClz or NaCl—MgClz equimolar
molten salts, since he observed the departure from
additivity of the heat of dissolution of chlorine,
departure which is not observed in the equimolar
NaCl—KCl melt, he suggested the effects of com-
pounds formation on the chlorine solubility for
these melts?V.

Buckle et al. pointed out the tendency that the
dissolution of chlorine changes from endothermic
to exothermic, when the MgClz concentration
exceeds roughly 50 mol% in KC1—MgClz system!®.
Kowalski et al. observed the same change in
KCl—PbClz system?®*2. They indicated the change
of the dissolution mechanisms at nearly equimolar
composition and proposed the combined physical
and chemical (complex formation'”) mechanism.
By the experiments using CI3® tracer in KCl, they

x2 This molten salt system cannot be used for the electrolysis of
aluminium chloride because of the low decomposition potential
of PbCl..
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Hypothetical value below the melting point of the me]lt or beyond the applicable range of the derived solubility equation.

also showed that some type of polychloride com-
plex is formed in the molten salt and these com-
plex species are constantly exchanging chlorine
with the molten salt and dissolved gas®®.
On the basis of measurements of the chlorine
solubilities in molten LiCl—KCI eutectic, PbCls,
and AgCl, Van Norman et al.?* obtained the dif-
fusion coefficients of dissolved chlorine by chron-
opotentiometry. Since their results agree with
those of Ryabukhin, and the values are greater
by one order of magnitude than those normally
found for ions in molten salts, they explained the
dissolution by the formation of trichloride ions,
Cls™, and lead to the possibility of a Grotthus type-
chain conduction wherein a Cl3™ ion transfers a
Clz molecule to an adjoining Cl™ ion which then
becomes the Cls~ ion and the process repeating
itself. Nakajima et al.?® measured the solubilities
of chlorine in LiCl—KCl eutectic and LiCl—KCl
molten salt systems. They showed that the chlorine
dissolves endothermically and gives the interme-
diate solubility values between noble gases and
hydrogen chloride. They also showed that the
chlorine solubility cannot be explained by the
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Table 3 Thermodynamic properties and colors for the dissolution of Clz in chloride melts.

Temperature Enthalpy of dissolution” Entropy of dissolution®®
9 1 Ref
Melt (mol%) ) (kcal/mo) (k]/mob Ccalfmol-K)  J/mol-K Color Year eference
NaCl 820~ 895 8.7+09 (36.4+4) Orange 1976 12)
" 850 (19.8+1) 82.7+4 (—12.7) —53.2 " 25)
" " (13.44+0.7) 55.9+3 (—18.3) —76.7 " "
" " (8.7+1.1) 365447 (—21.2) —88.8 " "
” 820950 (16.21) 67.38 (6.62) 27.72 1981 26)
KC1 800~ 885 6.3+0.5 (26.41:2) Red-orange 1976 12)
" 850 6.3+1.7) 26.4+7 (—21.4) —89.4 " 25)
" " (9.34:0.5) 38.84-2 (—18.5) —77.4 " "
" " 6.3+£0.5) 26.3+2.2 (—20.8) —87.0 " "
RbCl 740800 53+05 (22.24+2) Deep red 1976 12)
" (5.7+0.8) 23.7+£35 (—20.6) —~86.3 " 25)
CsCl 730~870 31404 (13.0+1.7) Dark brown 1976 12)
" 119+1 (—22.3) —935 ” 25)

LiCl—KCl (eutectic) 400~550 3.7 (15.5) 1969 24)

" 450575 4.3 (18.0) 1974 20)
NaCl—20.7%KCI 800~950 (14.40) 50.25 (5.56) 23.25 1981 26)
NaCl-28.1%KCl 780~950 (11.23) 46.99 (3.74) 15.65 " ”
NaCl—43.9%KCl 750~ 950 9.97) 41.72 (3.65) 15.28 " "
NaCl—50%KCl 13.8 (57.7) 1962 21)

MgCly Yellow green{ 1976 12)

" 850 4.8+1.2) 19.9+5 (—24.0) —100.5 " 25)

CaCly Yellow green| 1976 12)
NaCl—5.9%AICIs 790—900 (8.98) 37.59 (5.33) 22.32 1981 26)

NaCl—17.1%AlCls 790—950 (4.18) 23.40 (4.08) 17.07 [ "

NaCl—25.0%AlCl;s 700950 (5.75) 24.06 (3.24) 13.56 " "

NaCl— ¢a.50% AlCls ¢a.200 (—3.25) —13.6 i 27)
NaCl—20.4%KCl—3.3%AICIz"™ 730~920 (9.87) 41.30 6.10) 25.51 1981 26)
NaCl—17.1%KCl—17.2%AICls* 790~925 (6.56) 27.43 (3.84) 16.07 i "
NaCl—15.8%KCl1—23.6%AlCIz*® 720~900 (5.33) 22.30 (3.02) 12.63 " "
NaCl—26.4%KCI—6.125A1Cl3*" 700~920 (4.93) 20.63 (3.03) 12.66 1981 26)
NaCl—23.1%KCl—17.6%9 AlCls'" 745~920 (3.78) 15.83 (2.23) 9.34 i "
NaCl—21.4%KCl—23.7%AICl3* 715~905 (3.32) 13.88 (1.89) 7.91 ” "
NaCl—41.3%KCl—-5.9% AlCl3*® 705~890 (4.59) 19.20 (2.31) 9.68 1981 26)
NaCl—37.0%KCl—15.6%AIC15* 705~ 890 (2.47) 10.33 (0.82) 3.43 " "
NaCl—34.1%KCl—-22.2%; A1CI5*® 740~900 (1.93) 8.06 0.52) 217 " "

(1) Values with parentheses are converted by the author.

(2) For the definition, see the original reference.

(3) mol NaCl/mol KCI=3.84/1, mass NaCl/mass KCl=3/1.

4) mol NaCl/mol KCl=2.56/1, mass NaCl/mass KCl=1/1.

(50 mol NaCl/mol KCl=1.28/1, mass NaCl/mass KCl=1/1.
Cls™ ion formation proposed by Van Norman et al. effect of heat convection in their case compared
described above. Since the apparent diffusion co- with the sole diffusion in the case of Van Norman
efficient by Nakajima et al. of the chlorine at 400°C et al. and that the increase might be the main factor
was 7.5x107* cm?/s, i.e.,, greater by an order of mag-  of the CE loss in the electrolysis of LiCl—KCl
nitude than that of Van Norman et al**, they consi- system. According to Buckle et al!'®, the diffusion
dered that the transfer rate was increased by the coefficients of the dissolved chlorine obtained by
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Ryabukhin and Van Norman et al. by chronopo-
tentiometry were 10-100 times larger than typical
ionic coefficients (D~107% cm?/s). On Ryabukhin’s
experiments, the hidden influence of thermal con-
vection!® and inadequacy in the choice of the
electrode material?® were suspected.

As for the dissolved species of chlorine, from the
absorption measurements, Gidson et al.'® proposed
another hypothesis that dissolved chlorine exists
as the dichloride ion, Cl2™ :

Clz(1) = 2CI(1) (1)
CI(1)+CI(1) = Cl27(1) (2)

Andresen et al.'? and Haupin et al.?® tried direct
measurements of the absorption spectra of the
saturated chlorine in alkali metal chloride and
NaCl—KCl equiweight melts, respectively. They
both observed the absorption, which is supposed
to be attributed to dissolved chlorine species, start-
ing at 475 nm and extending to ca. 395 nm. Based
on the measurements, Andresen et al'® suggested
that the Cls™ complex ion could exist in chlorine-
saturated single chloride melts.

2.2.2 In the melts with AICls

Carpio et al. studied dissolution of chlorine in
nearly equimolar NaCl—AICls melts at low tempe-
ratures?”. From the validity of Henry’s law, they
indicate Cl2 as the dissolved species. The most
remarkable feature of the dissolved Clz in these
melts is the decreased solubility with an increase
of temperature, 7.e., negative enthalpy of dissolu-
tion. They considered this in terms of the follow-
ing three contributions:

1) Successive formation of AlClL™, AlCl7,

AlsClio™, etc. will tend to make the melt struc-
ture looser and progressively less energy will

be needed for creating a void for Cls.

The increased bulk and covalent character
of the anions are expected to increase the
polarization energy between Na™ and Clz.

3) Van der Waals interaction forces between
Cl; and the anions may increase as the melt
becomes more covalent.

They also showed that a formation of small
amount of Clz™ on the basic (NaCl-rich) side may
cause the increase in molar absorptivity.

Borisoglebskiy et al.?® showed that the increase
in the solubility of chlorine with increasing con-

2)
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centration of AlClz is related to the expansion of
the melt due to the increase in the fraction of
covalent bonds and the variation of the structure
of the melt, z.e., the facilitation of the formation
of “cavities” and the penetration of chlorine into
them. They also showed that the chemical mech-
anism of the dissolution related to the establish-
ment of an equilibrium of the type, Cl;+Cl-=2
Cls™, evidently cannot explain the character of
the variation. The addition of aluminium chloride
as an electrondeficient compound leads to a con-
solidation of the Clz™, which is formed in the melt
according to Borisoglebskiy et al.?® with the for-
mation of a nonstoichiometric compound of the

AlCl3 - nClz type, which leads to an increase in
solubility and a decrease in the thermodynamic

properties of the dissolution. The dissolution mech-
anism is therefore a specific physical-chemical one
in their case.

2.3 The relationship between chlorine solu-
bility and molten salt composition

Based on the previous data, Flengas et al.!” and
Buckle et al.l® pointed out that the solubility of
chlorine in alkali chlorides increases with increa-
sing size of the alkali metal cation and is generally
higher than that in alkaline earth chlorides. They
also pointed out that the large discrepancy in the
solubility data of chlorine in LiCl or LiCl-con-
taining melts and the presence of erroneous large
values are possibly due to the difficulty of the
preparation of anhydrous LiCl. Flengas et al. also
indicated that one of the components present pro-
motes solubility more than others in binary chloride
melts!”. According to Buckle et al.'®, the solubi-
lity of chlorine increases in LiCl—KCIl melts when
K is progressively substituted for Li in LiCl, cor-
responding to the alkali cation size effect, but the
data are inconclusive for the NaCl—KCl system.

Muzhzhavlev et al. determined the solubility of
chlorine in molten magnesium chloride electrolyte
melts'®. They noted the decreasing tendencies
in solubility at various temperatures when the con-
centration of MgClz in the electrolyte increases
with a minimum solubility for about 40—60 mol
% MgCl; and with a further increase over that
range. This minimum corresponds to the compo-
sition with the highest degree of order for the
melt!?,
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Table 4 Solubility of primary products in electrolytes.

Primary product Solubility of G Primary product Solubility of M G (diss) .
— ratio | Reference
at anode, G (10-"mol/ml) at cathode, M (10~"mol/ml) M (diss) .
Electrolysis of AlCl; Clz 10~4-+10 Al 100 1~4 26) 33)
Electrolysis of MgCls Cly 8 Mg 5.102 21072 30)
Hall-Héroult proecss CO2 210 Al 103 2+1072 32)

(1) Calculated by the author from the literature value®¥, based on the assumption of the melt density : d=1.501 g - cm™2.

3. Chlorine solubility and the back reaction

Aarebrot et al.®”3D and Lillebuen et al.’? dis-
cussed the rate of back reaction in the magnesium
and conventional aluminium electrolysis in terms
of mass transfer theory, respectively.

Up to now, however, no attempt has been made
to evaluate the influence of chlorine solubility on
the back reaction for the electrolysis of alumi-
nium chloride. Lack of values for basic physico-
chemical properties makes the consideration very
difficult on the aluminium chloride electrolysis.
In Table 4, the solubilities of the primary products
at both electrodes are tentatively summarized for
the three relevant electrolysis processes, 7.e., the
electrolysis of AlCls, electrolysis of MgCl: and
Hall-Héroult process. Compared with the other
two processes, the importance of the solubility of
‘the chlorine (anode primary product) is evident
for the electrolysis of AICls. The probable con-
centration profiles for dissolved chlorine and alu-
minium in the interelectrode gap of an aluminium
chloride electrolysis cell is tentatively shown in
Fig. 3 after the model of Lillebuen et al.3?.

According to the model and the theory®?, if it
is postulated that they are well applicable to the
aluminium chloride electrolysis, CE will be directly
correlated to the chlorine solubility in the melts
following the next type of the relation:

7 =(—k -C*) X100 (%)
where, 7:CE (%) k: constant depending other

electrolysis parameters, C*.; : chlorine solubility.

Precise and comprehensive measurements of
metal (aluminium) and gas (chlorine) solubilities,
the corresponding diffusion coefficients and other
chemical engineering data on the melts are needed
to treat the CE mechanisms in detail.
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Fig.3 Schematic concentration profiles for
dissolved chlorine and dissolved
aluminium in the electrolyte of an
aluminium chloride electrolytic cell.

4. Conclusions

Solubility data of chlorine in chloride melts
relevant to the high-temperature aluminium chlo-
ride - electrolysis are compiled from the references.

Although the data show the apparent increase
of the chlorine solubility in AICls-containing chlo-
ride melts even at high temperatures, the source
of the data is limited. Many dissolution mecha-
nisms are reported, but the physical-chemical com-
bined mechanisms seem to predominate. Precise
data including the chloride solubility are still needed
to discuss the CE loss mechanisms for the high-
temperature aluminium chloride electrolysis.



Vol. 29 No. 3

On the Solubility of Chlorine in Chloride Melts

233

i
~—

11)

12)

13)

14)

15)

16)

17)

References

J. M. Skeaff : Trans. Inst. Min. Met., C89 (1980), C71.

A. S. Russell : Met. Trans., 12B (1981), 203.

C. N. Cochran : Production of Aluminium and Alumina, A.
R. Burkin (Ed.), John Wiley & Sons, Chichester (1987), 221.
K. Itoh : Sumitomo Light Metal Technical Report,

14 (1973), 230 (in Japanese).

E. G. Ramachandran : Indian Min. J., Special Issue (1957),
159.

H. Ichikawa, T. Iuchi and T. Ishikawa : Light Metals 1979,
1, AIME (1979), 363.

E. L. Singleton, D. E. Kirby and T. A. Sullivan: U. S. Bur.
Mines, Rep. Invest., No. 7212 (1968).

D. E. Kirby, E. L. Singleton and T. A. Sullivan: U. S. Bur.
Mines, Rep. Invest., No. 7353 (1970).

K. Itoh and E. Nakamura : Sumitomo Light Metal Technical
Report, 17 (1976),61 (in Japanese).

K. Grjotheim, C. Krohn, M. Malinovsky, K. Matiasovsky
and J. Thonstad : Alwminium Electrolysis. Fundamentals of
the Hall-Héroult Process, 2nd Ed., Aluminium-Verlag,
Diisseldorf (1982), 319.

W. E. Haupin : Production of Aluminium and Alumina,

A. R. Burkin (Ed.), John Wiley & Sons, Chichester (1987),
134.

R. E. Andresen, T. @stvold and H. A. ¢ye : Extended

Corr. Electroth. Metal. Ind.
Electrol. Div., Electrochemical Society, Spring Meeting,
Washington, D. C., May 2-7, 1976 (1976), 938.

R. D. Holliday and P. McIntosh : J. Electrochem. Soc., 120
(1973), 858.

0. A. Lebedev, O. N. Dronyaeva, K. D. Muzhzhavlev and
G. V. Fedotova : Sov. J. Non-Ferrous Met., 16-2 (1975), 42.
M. Blander : Molten Salt Chemistry, M. Blander (Ed.),
Interscience Pubhshers, New York (1964), 230.

Abstracts of Subcommittee

M. Okada and K. Kawamura : Kagaku to Kogyo (Chemistry
and Industry), 22 (1969), 1245 (in Japanese).

S. N. Flengas and A. Block-Bolten : Advances in Molten
Salt Chemistry, 2, J. Braunstein, G. Mamantov and G. P.

67

18)

19)

20)

21)
22)
23)
24)

25)

Smith (Eds.), Plenum Press, New York (1973), 27.

E. R. Buckle and R. R. Finbow : Int. Met. Rev., 21 (1976),
197.

K. D. Muzhzhavlev, O. A. Lebedev, A. N. Tatakin and

O. N. Dronyaeva : Sov. J. Non-Ferrous Met., 11-10 (1970),
49,

T. Nakajima, H. Imoto, K. Nakanishi and N. Watanabe :
Denki Kagaku (Electrochemistry), 42 (1974), 85. (in Japa-
nese).

Yu. M. Ryabukhin : Russ. J. Inorg. Chem., 7 (1962), 565.
Yu. M. Ryabukhin : Russ. J. Inorg. Chem., 11 (1966), 1296.
Yu. M. Ryabukhin and N. G. Bukun: Russ. J. Inorg. Chem.,
13 (1968), 597.

J.D. Van Norman and R. J. Tivers : Molten Salts,

G. Mamantov (Ed.), M. Dekker, New York (1969), 509.
R.E. Andresen, T. @stvold and H. A. @ye : Molten Salts,
Proc. the Intern. Sympo. on Molten Salts, J. P. Pemster,
J. Braunstein, K. Nobe, D. R. Morris and N. E. Richards
(Eds.), The Electrochemical Society, Princeton, NJ (1976),
111.

Yu. V. Borisoglebskiy, Buy Van Khyng and M. M. Vetyukov :
WAA Trans. from Tsvet. Met., No. 7 (1981), 48.

R. A. Carpio, L. A. King, A. P. Ratvik, T. @stvold and H. A.
oye: Light Metals 1981, AIME (1981), 325.

M. Kowalski and G. W. Harrington : Inorg. Nucl. Chem.
Letters, 3 (1967), 121.

W. E. Haupin, R. S. Danchik and J. W, Luffy :

Light Metals 1976, 1, AIME (1976), 159.

E. Aarebrot, R. E. Andresen, T. @stvold and H. A. gye :
Light Metals 1977, 1, AIME (1977), 491.

E. Aarebrot, R. E. Andresen, T.@stvold and H. A. @stvold
and H. A. @ye: Metall, 32 (1978), 41.

B. Lillebuen and S. A. Ytterdahl : Electrochim. Acta,

25 (1980), 131.

H. Okuyama and T. Ishikawa : Extended Abstracts of the
11th Meeting on Molten Salts Chemistry, Electrochemical
Society of Japan (1977), 57 (in Japanese).



