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Influence of Minor Elements on Oxidation
Resistance of TiAl Intermetallic Compounds

Masaki Kumagai, Kazuhisa Shibue and Mok-Soon Kim

Influence of chlorine, sodium and oxygen on oxidation behavior has been studied in reactive-
sintered Ti-33.5mass%Al-2.5mass%Mn made from various raw powders. As the chlorine content
in reactive-sintered TiAl-Mn increase, the mass gain during oxidation test at 1223K for 86.4ks
decreases. The TiAl-Mn containing chlorine more than 500ppm has excellent oxidation resistance

owing to the protective AL,O; film formed on the surface at an early stage of oxidation. Chlorine
in the TiAl-Mn exists as NaCl particles which are introduced from Ti powder produced by Hunter

method.

Moreover, halogen elements such as fluorine and bromine have been found to improve oxidation

resistance of TiAl-Mn.
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Tablel Raw Tipowder.
Powder size Content (mass%)
Manufacturing process -
Cum) 0 Cl Na Mg Ti
Hunter < 149 0.08~0.14 0.10~0.15 0.08~0.12 < 0.001 bal.
Kroll—HDH < 149 0.30~0.40 0.002~0.01 < 0.001 0.001~0.005 bal.
PREP < 250 0.04 < 0.001 < 0.001 < 0.001 bal.
Ti AlL-M L NeCl Y (s AlMn
- i -Mn i NaCl 1 onge .
Table2 Raw Al—Mn alloy powder. powder powder LPowder ! pTi g Ingot
- _..-_J
Powder size Content (mass%%) I e L__ _l
Manufacturing process
: (um) Mn 0 Al [ Mixing i
He gas atomization | < 149 70 | 014 | bal | Comp‘action |
Air atomization < 149 7.0 0.36 bal. [
l Degassing J
I
. Extrusion
2 £ B AH & [ [ |
21 R l Reactive sinteringj
sk, WERUF MY v LABORK Z TiAl-Mn &8 - I — Pl:?xfenl”:?ngm
BMLEHE (ERT 5 1o 12, Table] ISR/ ¥ & — [ Homogenization |
BRI F I UERK (BEAY - 5HED, 70—
WEC KB AR OF 5 v EKBEABRICHIKE LR (a) Reactive sintering (b) Melting

FEEYF v 7 208D, 23077 X< BEEREEE
(Plasma Rotating Electrode Process ; LI PREP &
WFRT ) LB TiMR (ERYF v 7 2WED &,
Table 2 1</RT He TR H 5 WIRZESKT b w4 AFEIC X
D {EBiE hz Al—Tmass%Mn AE&MKREZFEBRK S L
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T, Fig. ISR A & 0 RUGHESM2EBIL 72, Ti—
33.5mass%Al—2.5 mass%Mn DFRK & 75 5 K S Ti
AL Al-Mn &R ETEAL, @8I X OFEREILH
0% L, TOEREE2ERZ2mm, WE2mm, &
X200mm® Al &@8a v 7 FIcFHA L, 728K X10.8ks
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BHE%, B2 EE L cE 673K THE18mm (M
50) IEARIFH AT - oo BON MMM ST TS
WO Al &@ e A lIRE L, HIP & % Vv T1573
KXT.2ks, 152 MPa ® 7 N = v AEFT TRIGEER
Ltz ZD1#% 1.3X107°Pa 0 B2, 1273K X 86.4ks
DM THENEAIT e i, CIRUNaEDE
WEEH ARSI 2 7o, SEHRIE 1 um ONaCl iR %R
BN A TRISBEREM ZFR L 7co CO LI LTE
NI IGEREM D BRI L /o, WD
W, 773 X2T — 7B LD Ti—33.5 mass%Al—2.5
mass%6Mn DK & v FEHAERIL, BRI & L TRIEE
Bicpta Lo,
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HekEbiNo 1 R U A BIM O L2 BRI SRR % Fig. 2 127K

Tig. 1 Specimen preparation.

Table3 Chemical ¢
TiAl—Mn prepared by various Ti and
Al—Mn alloy powders. (mass%)

tion for reactive-sintered

Specimen

Ti |Al-Mnl NaCl | Ti | Al|Mn| O | C1 | Na | Mg
to powder | powder | powder
1 |Hunter| He - 164033424 (014 0.05 | 0.04 [<<0.001
2 |Hunter| He ~ 1639133424 1012 0.08 | 0.06 [<0.001
3| HDH | He - |63.8(334| 24 |0.25|0.013 <0.001} 0.003
4| HDH | He ~ 163.9]3341 25 |0.20 0.005 |<0.001| 0.001
5|PREP| He — 1640|335 | 24 |0.08 [<0.001/<0.0011<C0.001
6 |Hunter| Air - |63.9]334| 24 [017] 0.05 | 0.05 |<0.001
7| Hunter| Air - 163933324 026 0.06 | 0.06 [<0.001
8| HDH | He 05 163833324 020} 016 | 0.14 |<0.001

T RUGHEREM I vk (TIAD &9 # 5 —kK (TiAl+
TisAD O 2/ S ->TH b, BEM G EERGE Y S
A5 —RNETH ot NV y—HiE 2 TiEKELH
WEBDIRERRTF M) Y ABREELEEh T
Foo TRUENY Y —HEICE B TikERERR & Ui Ti—
S5mass%Al—2.5mass¥Sn &E&® KA LNBE D E[E
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(a) Reactive-sintered (Specimen No.1)

(b) Melted

Fig. 2 Microstructures of reactive-sintered and melted Ti-33.5A1-2.5Mn.

Fig. 3 SEM image of a NaCl particle in the fracture surface

of reactive-sintered TiAl-Mn (Specimen No.1).
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Fig. 4 Apparatus and heat pattern of oxidation
test.
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Fig. 5 Oxidation curves of TiAl-Mn at 1223K.
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Fig. 6 Cross sections of oxide scale on reactive-sintered

TiAl-Mn after oxidation at 1223K for 86.4ks.
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Fig. 7 Influence of oxygen content on mass gain at
1223K for 86.4ks (Specimen No. shows at the

shoulder on dots).
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Fig. 8 Influence of chlorine content on mass gain of
reactive-sintered TiAl-Mn at 1223K for 86. 4ks.
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Fig.9 Influence of sodium content on mass gain of
reactive-sintered TiAl-Mn at 1223K for 86.4ks.
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Fig. 10 Influence of coatings on melted Ti-33.5A1-2.5Mn
at 1223K for 86.4ks.
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Fig. 11 Influence of test atmosphere on mass gain of
melted Ti-33.5A1-25Mn at 1223K for 86.4ks.
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Fig. 12 Cross section of oxide scale on melted TiAl-Mn
after oxidation test in air contain 200ppm chlorine
gas at 1223K for 86.4ks.
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Intergranular Corrosion in Cold Rolled
AAL182 Aluminium Alloys

Shin Tsuchida and Hiroki Tanaka

The effects of process parameters and chemical composition on the intergranular corrosion of

strain hardened AA5182 alloys have been investigated for high strength can end stock.

The sensitivity to intergranular corrosion was enhanced by annealing below 473K after the final

cold rolling. However, it was reduced by the intermediate annealing at 623K and also by a large

amount of cold deformation after the intermediate annealing. A slight addition of copper (ap-

proximately 0.15%) was also effective on improving the corrosion sensitivity of the hard stock.
These results have been supported by TEM observations of the S-phase (Al:Mg:) precipitation
at the deformed grain boundaries or the T-phase (AlsMgiCu) in the grain matrix.
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o v FHicflibn 251828413, MIE{LRETIE
%7 400N/mm? D5 |[iRR X % Hr o JE BT O ERE &
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Tablel Chemical compositions. (mass%%)

alloy Si Fe Cu Mn Mg Al
A 0.09 0.26 0.05 0.35 45 bal.
B 0.10 0.24 0.06 0.45 4.7 bal.
C 0.09 0.25 0.15 0.45 4.7 bal.

L4 B RS L, TISKXSh LB U d &,
ERAFESE & STETEA0.8mm & U, TOESLTT23
KX5s O £ L LTh SHEITELET0.32mm i
LAEERERAEL I, Tha323~623K Oonig X i
BT 1 ~1000min JOE U 7248, 7KiE U B ER BRIt
Lo

Fi, BREIFE L2 £ &, £ 11%423K X 5h ZLE
L 2REMORBRE %7 / — oM, BB EBRE
P LB I L 7o,

S 5T, B8NS EMTANEEG SR AREE LK
FTEEBAREIT A0, Tablel IR L2AEA, B,
C OEESER W EBNE O b &, EH4.6mm i
EATZE LT, BEIEZET0.75mm Xixl.5mm & L, &
ZTHEBRIFIC X » TT28K X 10s 2918, & % i3 nBusfE
40K/h T623K x 2h firs O@ffers & L &7\, 5] &ft
WCHATFERZT0.80mm & LABEREABE L, 0D
BEH I IE, RLRIE AR A B 5 o I MBGEEL40
K/h T453K X 2h OELE %A T, KBoRRICHL
7o

2.2 EFINKICLIEEERE

#EALF ) v £0.1%, 7 vERO3% B A 4 v KIT
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Fig. 1 Weight loss of the strain hardened AA5182
sheets in the immersion test in the model
solution.
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Fig. 2

Cross sections (LT-ST) of the corroded
portions in the AAb5182 hard sheets
annealed for 1000 min.
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Fig. 4 Anodic polarization curves for the two AA5182
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ABEEZE LIS VWbMEERLKRYT 2 &, BREMRS

fir, ABBM L BICaMOENETH S, WoIES, b
MT i RRER O DS ERAIc i, FLABM A
7oA T BR OB E B o L sEE s
TW3,

O RAIEL A Fig. 5 Ok 5 el b4 3, o7
FLEEN Ep & B B2 45 oBi & thig A0 0
ABEBOEEROZHE LTEHRT 5, F1o, AFLE
IR T OB LA 0y OEHME TIES N BB
Ep’ &9 5%, Fig. 4R LcpifRicBIL TE S 1 Ep,
Ep’ Z[ERfpIciRd, $Hb5, MABAZEILYT
Vaticid Ep & Ep’ OEMNB & 242mV H B O
Th b,

L@@aEprﬁéné BALOHM, I, I, I
TORMEBEHRT 5101, EBNEBRET->T%
@%%%%%ﬁ%bto%@%%%Fgﬁumﬁo%




Vol.34 No.3

AR L 72 AABI82 A& ONARA

131

Potential

~ Inflection point

Curreut density

Fig. 5 Tentative definitions of the pitting
potential Ep and Ep’. Three regions
1,Iland I are divided by Ep and Ep’.

Fig. 6 The corroded surfaces after the constant
potential electrolysis for the strain hardened
AAS5182 sheets.
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Fig. 7 Effects of process conditions on the corrosion
rate of the strain hardened AA5182 sheets.
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Fig. 8 Corrosion morphologies of the AA5182
sheets after the immersion tests for
15 days in the model solution.
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Fig. 9 Effect of chemical composition on the
corrosion rate in the model solution.
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Flatness Measurement of Aluminium Foil

Nobuyuki Muto, Satoru Ito and Norio Chida

An air jet type shapemeter has been developed for aluminium foil, and practically used for
several years in the foil separator of Sumikei Aluminium Foil Co, Ltd.. However, the shapemeter
has the following two technical problems :

(a) the flatness display is influenced by line tension, ete., because the displacement distribution

of the foil itself is used for the indication of flatness.

(b) the displacement sensor is located 45mm away from the air jet nozzle in the direction of
the foil traveling, because the displacement at the loading point of air jet cannot be directly
measured.

To solve problem (a), the distribution of the relative difference in elongation is applied to
determine the indication of flatness. For this purpose, a new method calculating the relative
difference in elongation using the displacement has been developed. In addition to solve problem
(b), an advanced shapemeter having an improved air jet nozzle in the center of the displacement
sensor has been developed.

The accuracy of measurement of the relative difference in elongation is about 6 I-unit,
under the following conditions : air nozzle pressure : 147.1kPa ; line tension : 21~85N/mm? ; line
speeds : 200~350m/min ; gap between sensor and pass line : 3.5mm.
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Fig. 1 Force balance.
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Fig. 2 Displacement distribution of aluminium
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force on the center.
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Development of Corrosion Resistant Brazing
Sheet for Drawn Cup Type Evaporators

Part 1.

Alloy Development”

Shigenori Yamauchi* *, Yoshifusa Shoji***, Kenji kato****,
Yuji Suzuki****, Keizo Takeuchi***** and Yasuaki [sobe******

Extensive work was conducted to develop a corrosion resistant brazing sheet alloy and to apply

it to a drawn cup type evaporator in automotive air conditioning system. The items to be investi-

gated included the influence of chemical composition of the core alloy on corrosion resistance,

suppression of erosion during the brazing cycle, and enhancement of the brazing sheet formability.

Additional investigation was conducted to develop a new corrosion test method on the basis of

better understanding of the mechanism of corrosion in the field and to evaluate the corrosion re-

sistance of a evaporator fabricated from the new alloy. This paper, as Part 1, describes the results

of alloy development from the metallurgical and electrochemical point of view.

1. Introduction

Drawn cup type evaporators are widely
used in automotive air conditioning systems.
They are mostly fabricated by vacuum brazing
of aluminium alloy brazing sheets and alumin-
ium alloy fins. Most of the brazing sheets are
composed of AA3SXXX alloy cores and Al—Si
filler alloy claddings.

There is a strong demand for weight reduc-
tion and the improvement of the external cor-
rosion resistance of the evaporator to enhance
the overall reliability and the performance of
the system. One possible method to meet this
demand is to increase the strength and the
corrosion resistance of the brazing sheet al-
loy.

Extensive work was conducted to develop a

- This paper was presented at the 1993 SAE Inter-
national Congress & Exposition, Detroit,
Michigan, U.S.A.,March 1—5, 1993.
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corrosion resistant brazing sheet and to ap-
ply it to a drawn cup type evaporator. As a
result, new brazing sheet with high corrosion
resistance, enhanced resistance to the erosion
(liquid phase penetration) during the brazing
cycle, and high formability was developed,
and was successfully put in service.

This paper, as Part1, describes the results
of alloy development. It includes the influence
of the chemical composition of the core alloy
on corrosion resistance, microstructural influ-
ence of a layer-by-layer Ti distribution on
corrosion resistance, and the effects of precip-
itate distribution on both erosion resistance
and formability. »

2. Improvement of corrosion resistance

In general, corrosion resistance of an alu-
minium alloy is influenced by chemical compo-
sition such as Mn, Mg and impurities (Fe and
Si)¥. And corrosion resistance of a brazing
sheet is enhanced by the addition of Cu and
Ti® to Al—Mn core alloy. However, mecha-
nism of the effect of alloying addition, espe-
cially of Ti addition, is not exactly recognized
so far. In the present work, chemical composi-
tion of the core alloy is optimized with looking
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Tablel Corrosion test methods.
Test Solution Condition
S 30min 49°C
SWAAT (ASTM, G43—7T5) Synthetic sea water, pH3 Cyle{ ooy R
Soak 90min 49°C, 98%
I ion 30min 40°C
AIT (Alternate immersion test) 3%NaCl, pH3 Cycle< ramersion Shmim
Dry 30min 50°C
CASS (JIS, D020D) 5%NaCl+0.26g/1 CuCly, pH3 Spray 49°C
AASS (ASTM, B287—174) 5%NaCl, pH3 Spray 35°C
0.8 I 1.0 I
T , ‘
no Ti 0.15Ti £ no Ti 0.18Ti
= 08t
— <
£ o6l 8 B
~ T 06
£ 5 _1
a B
S ¢
< 26, 04r
'g 0.4 e
= S
3 £ 02r
3
‘% 0.2 - 0 -
= SWAAT AIT CASS AASS
336h 672h 336h 336h
Fig. 2 Effect of Ti addition on corrosion depth of
0 AL-1.19%Mn-19Mg-0.6% Si-0.5%Cu alloy sheet.
CASS AIT
336h 672h
Fig. 1 Effect of Ti addition on corrosion

depth of Al-1.2%Mn-0.5%Cu alloy
sheet.

for better understandings on the effects of al-
loying additions by using the various labora-
tory corrosion tests as shown in Table1.
Influence of Ti addition on the corrosion re-
sistance of Al—Mn alloy sheet is shown in
Figs.1 and 2. Addition of small amount of Ti
decreases the corrosion depth for both alloys
in all the corrosion tests. Ti addition to these
alloys changes the corrosion morphology
from pitting to lamellar type corrosion as
shown in Fig. 3 . Corrosion pits of Ti-contain-
ing alloys tend to proceed sideways as well
as in the direction of wall thickness while cor-
rosion pits of the alloy without Ti proceed in
a normal direction, that is, the wall thickness
direction. The lamellar type corrosion of Ti-
containing alloys relates directly to the layer-
by-layer distribution of Ti in the alloys as
demonstrated in Fig. 4, which shows clearly

21

Fig.3 Cross section of corrosion pit of
Al-1.19%Mn-1%Mg-0.62551-0.5%Cu
alloy sheet after SWAAT(336h).
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Fig. 4 EPMA line analysis of Ti in the cross section
after corrosion test.
<«—> wall thickness direction.

that the layers of low concentration of Ti cor-
rode preferentially to the layers of high con-
centration of Ti®. The layer-by-layer distribu-
tion of Ti as shown more clearly in Fig.5 is
attributed to remainders of peritectic segrega-
tion during slab casting because diffusion of
Ti in aluminium alloy is slow?® at temperatures
of homogenization, hot rolling, annealing and
brazing. The lamellar type corrosion along
the layers of low concentration of Ti is as-
cribed to galvanic action between the low con-
centration layers and the adjacent high con-
centration layers because pitting potential of
aluminium alloy moves cathodically with Ti
content in solid solution as shown in Figs. 6
and 7.

Influence of Fe+Si content in the core alloy
on the corrosion resistance of brazing sheet
is shown in Fig. 8. Reduction of Fe+Si obvi-

22

Fig. 5 EPMA line analysis of Ti in

Al-Mn alloy sheet.

ously enhances the corrosion resistance of
the brazing sheet. This is due to the decrease .
of number of intermetallic compounds which
may act as the active cathodes to the adjacent
matrix in corrosion reaction and accelerate
the pitting corrosion of the matrix.

Table 2 shows the influence of Mg content
in the core alloy on the corrosion resistance
of a model cup specimen which is fabricated
from brazing sheets to simulate a certain por-
tion of drawn cup type evaporator. Time to
perforation of the model cup specimen extends
by Mg addition of 0.2%. This means that addi-
tion of appropriate amount of Mg improves
the corrosion resistance of a brazed heat ex-
changer contrary to a general understanding
that corrosion resistance of Mg-containing al-
uminium alloy such as AA3005 is inferior to
Mg-free alloy such as AA3003. This phenome-
non cannot be distinctly interpreted at pre-
sent, but Mg seems to interact with Cu in the
alloy and to mitigate an ununiform distribu-
tion of Cu which may cause during a manu-
facturing and,or brazing process.

Cu in a core alloy may enhance the corro-
sion resistance of a brazing sheet because Cu
forms a certain distribution in a diffusion lay-
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Fig. 7 Relation between pitting potential
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alloy(3%NaCl, pH 3,deaerated).

er after brazing cycle and forms favorable
potential distribution near the surface ; the
core is cathodic and the surface is anodic®.
Excessive Cu, however, is deleterious for the
corrosion resistance of a heat exchanger be-
cause fillets tend to corrode due to the galvan-
ic action between the cathodic core and the
anodic fillets. Excessive Cu is also harmful
for formability of a brazing sheet.

Based on the consideration discussed above,
chemical composition of core alloy is opti-
mized for a new brazing sheet. Thus the cor-
rosion resistance of a newly developed brazing

23
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Fig. 8 Influence of Fe+Si in Al-Mn-core alloy
on corrosion resistance of brazing sheet.

Table2 Effect of Mg addition to Al—Mn core alloy on
corrosion resistance of model cup specimen.

Mg Test duration (h)
Test o
6 250 500 750 1000
T T T T
0 —O0—"C0O—0—=X
CASS 0.2 —O—0O—0O—0O—X
04 —O——0O—0—X
0 —O0—C0O—"0O——0O—X
SWAAT 0.2 —O0O—0O—0O—0O—0O—X
04 —O—0O——0O—xX
O No perforation of model cup specimen
X Perforation of model cup specimen
0.5 T J
—~ Conventional
£
E oat
oy
g
°© 03rf
_E New
v
e
5 0.2
[&]
€
3
E 01}
s
=
O 1 1
250 500 750
Time (h)
Fig. 9 Corrosion resistance of new and conventional

brazing sheet (CASS).
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sheet is superior to a conventional brazing
sheet which is composed of AA3003 alloy core
and AA4104 alloy claddings. Fig.9 shows a
comparison of the corrosion resistance bet-
ween new and conventional brazing sheets.

Fig. 11 TEM micrograph of Al-Mn alloy core showing
precipitate dispersion.

24

3. Suppression of erosion during brazing

Because brazing sheet for a drawn cup type
evaporator is subjected to a brazing cycle af-
ter press-forming, the core may be eroded by
liquid phase of the brazing filler alloy during
brazing. Cross section of an eroded portion
is shown in Fig. 10. This phenomenon should
be suppressed because it may result in lack
of the filler metal at the joint to be brazed
and in lowering of the corrosion resistance at
the eroded portion.

The erosion may occur in case that the de-
formed structure of the core remains unrecry-
stallized even at melting temperature of the
brazing alloy. Thus the erosion may be influ-
enced by recrystallizability of the core, and
therefore it might be affected by dispersion
of fine precipitates which may retard the re-
crystallization of the core.

In the present work, the erosion behavior is
investigated on the brazing sheets with various

100
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Fig. 12 Precipitate size distribution
in the core shown in Fig.11.
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size distributions of precipitates in the core.

Precipitate dispersion of an Al—Mn core al-
loy depends on the conditions of homogeniza-
tion, hot rolling and annealing in the manu-
facturing process. Typical examples of precip-
itate dispersion are shown in Fig.11 for
AAS3003 alloy core. Precipitate size distribution
for the examples in Fig. 11 is demonstrated in
Fig. 12. Specimen A includes a large number
of fine precipitates, specimen B has coarse
precipitates with a few fine precipitates, and
specimen C contains coarse precipitates and
a large number of very fine ones with the size
of ca. 0.04 um.

Erosion behavior of a brazing sheet is eval-
uated in the cross section® after it is lightly
deformed by cold rolling and then subjected
to a drop formation test” in a vacuum brazing
furnace as shown in Fig. 13. Fig. 14 shows av-

Core —11— Brazing
cycle
Brazing v
alloy

(a) Specimen
(brazing sheet)

(b) Drop frmation

Fig. 13 Schema of drop formation test.

0.20

0.15

O w >

0.10

0.05

Average erosion depth (mm)

O 1
0 5 10 15 20 25

Reduction (%)

Fig. 14 Relation between cold reduction
before brazing and average
erosion depth.
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erage erosion depth of brazing sheets which
are composed of AA3003 alloy cores with the
three types of precipitate dispersion and
AA4104 alloy claddings with the clad ratio of
15% (both sides). In every specimen, erosion
depth is considerable within the range of low
reduction, which corresponds to unrecrystalli-
zed microstructure of the core within the same
reduction range after the drop formation test.
A reduction range of the considerable erosion
depth is dependent on the specimen ; speci-
mens A and C suffer the erosion within com-
paratively wide range, while the specimen B
suffers the slight erosion within the limited
range. These erosion behaviors depend on the
recrystallization characteristics of the core,
which are predominantly influenced by the
number density of fine precipitates up to ca.
0.1 ym. Fine precipitates retard the recrystalli-
zation of the core due to a dragging effect,
and lead to the erosion within the considera-
bly wide reduction range®®.

The newly developed brazing sheet has high
erosion resistance similarly to the specimen B
in Fig. 14, because its precipitate dispersion is
well controlled by an appropriate combina-
tion of the conditions of homogenization, hot
rolling and annealing.

4. Enhancement of formability

Brazing sheets are press-formed to form
configurations of refrigerant passages and
air passages with corrugated fins. Enhanced
formability of the brazing sheet leads to an
increase of a degree of freedom on the design
of a heat exchanger.

Formability of the brazing sheet is predomi-
nantly influenced by grain size and dispersoid
size distribution of the Al—Mn core alloy.
Thus the control of the precipitate dispersion
in the manufacturing of the brazing sheet is
of great importance for the formability as
well as the erosion resistance previously men-
tioned. This is the case especially for core al-
loys with Mg and,or Cu addition because
the addition of these elements tends to lower
the formability of the brazing sheet.

Forming limit diagram of the newly devel-
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Fig. 15 Forming limit diagram of new and
conventional brazing sheets.

oped brazing sheet is shown in Fig.15, in
which data of the conventional brazing sheets
with and without a careful control of precipi-
tate dispersion are included. In spite of some
alloying additions in the core alloy, formabili-
ty of the new sheet is enhanced to a compara-
ble level to the well-controlled conventional
sheet.

5. Conclusion

Corrosion resistance of a brazing sheet is
influenced by Ti, Mg, Cu and Fe+Si in Al—
Mn core alloy. Small addition of Ti, among
them, enhances the corrosion resistance in a
unique manner ; it distributes layer by layer
in the sheet wall and changes the corrosion
morphology from pitting to lamellar type cor-
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rosion, which is attributed to the galvanic ac-
tion between the high Ti concentration layer
and the low Ti concentration layer due to the
pitting corrosion difference among them.

Resistance to the erosion (liquid phase pen-
etration) during brazing cycle and formability
are improved by the control of precipitate
size distribution in the core alloy, which is at-
tained by an appropriate combination of the
conditions of homogenization, hot rolling and
annealing in the manufacturing process of
the brazing sheet.

The brazing sheet with the core alloy devel-
oped newly on the basis of above considera-
tion is highly corrosion-resistant and has the
enhanced erosion resistance and formability.
It is successfully put in service as presented
in Part 2.
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A frequency-independent method with an all-platinum cell was developed for the measurements
of the electrical conductivity of cryolite-base melts. The newly-developed method was applied to
the measurements of pseudo-ternary, NasAlFs—CaF:— Al;:Os and industrially important, pseudo-
quarternary, NasAlFs— AlF;—CaFz— Al,Os melts in order to reinvestigate the anomaly which was
once reported to exist in the electrical conductivity of these melts in previous work. Because the
density of a melt is strongly related with its structure, the density of the pseudo-quarternary
melts was also measured by the hydrostatic weighing method. The results of the measurements
resolve the anomaly at ca.6 mass% Al:QOs; in the pseudo-quarternary melts of near industrial
standard compositions a:nd deny an abrupt structural change there.

1. Introduction

Cryolite ( NasAlFs ) -base, pseudo-ternary,
NasAlFs— AlF:—CaF: melts are well-known sol-
vents for alumina (ALQO:) and have been the
major components of the classical electrolyte®
for industrial aluminium electrolysis. The
electrical conductivity and density of cryolite-
base melts have long been both of theoretical
interest and of practical significance. These
properties of electrolytic baths possibly affect
the operation of a modern aluminium cell ; a
variation of these properties may lead to both
improved or reduced efficiency and specific
consumption.

Although a number of measured values of
these indispensable properties for cryolite-
base, pseudo-binary and pseudo-ternary melts
are available® " the values vary markedly,
and moreover, reliable ones are limitedP?99912,
mainly because of the material problems due
to the corrosive nature of the melts con-

*  Part of this study was published in Denki Kagaku,
61 (1993),734.
The experimental work reported here was mainly
done during the years 1973-1977 when the authors
were still actively involved in the aluminium reduc-
tion business.

*» New Metal Products Development Department,
Technical Research Laboratories.
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cerned”® and of the frequency dispersion of
the measured conductivity of fluoride melts'™?.
Regarding cryolite-base, alumina-containing,
pseudo-quarternary melts of industrial impor-
tance, previous conductivity measurements
are very scarce till quite recently? 9?2~

In the laboratory measurements of resistivi-
ty (i.e., the inverse of conductivity) of cryo-
lite-base melts, Gaspard et al.®® once reported
that the measured resistivity of a bath con-
taining 6 mass% (designated only as % from
now on) CaF: as an additive showed an ab-
normal decrease at ca. 6% ALQOs. This decrease
reportedly became maximum when the solvent
bath contained 6% AlFs. Gaspard et al.® in-
ferred a change of the melt structure with
their anomaly also from referring to the liter-
ature dealing with the melt property varia-
tion. The anomaly of resistivity of electrolytic
baths, if it really exists, may significantly in-
fluence not only the efficiency and specific
consumption, but also the computer control,
mostly executed nowadays based on detect-
ing resistivity variation of a reduction cell, of
the interpolar distance, the thermal balance
of the cell and so on.

The bath composition where Gaspard et
al.® observed the most abnormal resistivity
is close to both their industrial standard at
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that time and the optimum composition pro-
posed by Welch®.

The aims of this study are to obtain fre-
quency-independent, reliable conductivity val-
ues of industrially-important, pseudo-quarter-
nary baths, in the neighborhood of industrial
standard compositions in particular, and to
reinvestigate the above-described anomaly
with the help of measurements of melt densi-
ty which is not only valuable fundamentally
but also strongly related with the melt struc-
ture.

The results, as will be shown, resolve the
anomaly reported in the previous work.

2. Experimental

2.1 Materials and temperature measure-

ments

All the chemicals used in this investigation
were reagent grade (fluorides, Morita Kagaku
Kogyo, Japan ; and alumina, Wako Pure
Chemical, Japan). Measuring samples were
previously fused in an argon atmosphere
from vacuum-dried chemicals, pulverized after
quenching, and then stored in a dessicator up
to the time of measurements. The composi-
tions of solvent baths (i.e., the compositions
excluding alumina) were varied, in due con-
sideration of Japanese industrial standard
compositions at that time, as follows : All%
3%, 6%, and 9% ; CaF: 3%, and 6% ; and
NasAlFs, the remainder. The Al:Os: contents of
sample melts were varied within 0 —8% most-
ly by 0.5 or 1% increments.

Melt temperature was measured with a Pt-
Pt (10% Rh) thermocouple immersed directly
a fixed distance in a melt. The accuracy was
within £ 1°C.

2.2 Electrical conductivity measurements

For each conductivity measurement, we
weighed a sample corresponding exactly to 3
X107? dm® volume-melt based on our own den-
sity data. Figure 1 shows the experimental cell
and furnace employed. We used an all-platinum
conductivity cell similar to the one reported
by Bajcsy et al.*’ For our measurements,
however, we used a 3 cm id, 0.5 mm thick plati-
num hemispherical electrode also as a con-
tainer for a measuring melt in place of using
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a separate crucible. With a micrometer a
bright-platinum rod at only the first stage of
the measurements or afterwards exclusively
platinized-platinum rod (3 mm dia), which has
a hemispherical lower end and a 0.5 mm dia
platinum current-leading wire at the top, was
lowered precisely into the melt as the other
electrode. To the both electrodes, platinum
lead wires were welded for the purpose of a
four-lead technique in conductivity measure-
ments with a double bridge ; more in detail,
another 0.5 mm dia platinum lead wire to the
rod electrode for voltage, and to the hemi-
spherical electrode four platinum lead wires,
out of which three 1 mm dia wires are welded
to the points near the rim of the hemisphere
for current and the other 0.5 mm dia wire to
the bottom for voltage. The three platinum
lead wires to the hemispherical electrode also
served as a supporting means for the hemi-
sphere and a melt in it.

2
3
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\L" ’///5
7L 7 7
T/ /A 7
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Fig. 1 Schematic diagram of the apparatus for

conductivity measurements.

1, Micrometer ; 2, Stand ; 3, Alumina tube;
4, Thermocouple ; 5, Water-cooled head ;
6, Alumina cover ; 7, Incone1® retort ;

8, Alumina radiation shields ; 9, Electric
furnace ; 10, Platinum radiation shields ;
11, Platinum rod electrode ; 12, Platinum
crucible electrode ; 13, Melt.
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Fig. 2 Bridge circuit for conductivity measurements.

R, and R., Variable resistances of the Kelvin
bridge ; Ry and Rq, Fixed resistances of the
Kelvin bridge ; Raq, Standard resistance of the
Kelvin bridge ; C, Variable capacitance.

Figure 2 shows the bridge circuit for the
electrical conductivity measurements. The AC
bridge used was the Kelvin bridge specially
designed for this study (Shimadzu Denki
Keisokuki, Japan, Type BF-902, modified fur-
ther by the manufacturer for the purpose.).
The bridge was driven by a sinusoidal wave
(1—100 kHz) generated by an oscillator
(Hewlett Packard, U.S. A., Type 204C) and
bridge balance was obtained with a tuned null
detector (Yokogawa-Hewlett Packard, Japan,
Type 4403A).

Conductivity values were measured at six
immersion depths of the rod electrode, as will
be described later, mainly at only one typical
temperature of 1000°C for each run.

As will be shown in Results section in detail,
platinizing the platinum rod electrode for
each run and balancing the reactance of a
measuring melt with a variable capacitance,
connected parallel to the standard resistance
of the bridge (cf. Fig. 2), virtually eliminated
the frequency-dependence of our measured re-
sistance of the cell in the range of frequencies
over ca.7 kHz. Because the precision of the
measuring circuit fell beyond 50 kHz and fully-
tuned null detection beyond 20 kHz was impos-
sible, we regarded later the measured resis-
tance values only in the frequency range 6.7
20 kHz as polarization resitance-free and as
“purely” ohmic. On the other hand, most of
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the previous measurements employed some
kinds of extrapolation procedures®® 1)
which is one of the major sources of error in
conductivity measurements™®"®, to obtain the
resistance at infinite frequency. By the use of
the Kelvin double bridge with the four-lead
electrode technique, we were able to measure
a small resistance of the conductivity cell
here reported, such as less than 0.2 Q, with
an accuracy of £1%, excluding a much larger
lead resistance. The total error of the meas-
urements was estimated to be within =2-3%.

2.3 Cell constant

The cell constants of the conductivity cell
were obtained at ambient temperatures at six
precise (within =0.01 mm) immersion depths,
ranging from 2 to 12 mm, of the rod electrode
by using exactly the same volume of 0.1 mol
dm™® standard aqueous KCl solutions as that
of the melt at the high measuring tempera-
tures. Next Eq.(1), first developed by Fay®
for alumina melts and later well applied by
Taniuchi et al.? to fluoride melts for the cruci-
ble-type cell described above, has been estab-
lished for each run between these cell con-
stants, K, and the measured values of the re-
sistance, R, of the measuring melts at the cor-
responding immersion depths.

R = ,OKcen + Riead (1)
where, o is the resistivity of the melt™', and
Ries, the ohmic resistance of the leads (sub-
stantially zero in our measurements by virtue
of the four-leads). From the slope of Eq.(1),
we can obtain the resistivity, o, of the sam-
ple melt.

2.4 Density measurements

For density measurements, we weighed ca.
0.25 kg of a sample for each run. The density
values were measured at a series of rising
and descending temperatures (0.033Cs™*) by
the conventional hydrostatic weighing method
using an 1 cm dia platinum sinker with a 0.3
mm dia platinum suspension wire and using a
platinum crucible as well. we made correc-
tions on the measured values only for the
sticking of evaporated material(s) to the sus-

*t In this report, we use resistivity, o, instead of con-
ductivity, &, for the comparison with the results
of Gaspard et al., because Gaspard et al. mainly
showed their o values only graphically.
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pension wire. The total error of the measure-
ments was estimated to be within £0.3%. We
had illustrated the apparatus for density
measurements and the measuring procedure
in our previous paper®™.

Since the density showed an exactly linear
relationship with temperature as same as pre-
vious references showed"®¥? only calculated
values at a given temperature with the regres-
sion equations, derived by the least-squares
method, are used in the following.

0.3 i T
\ Number : depth of immersion (mm)
N X
0.2 \ 5
~ \‘ 6
& |\
N 8
= k 10
12
0.1
999 (NaAlF -6 %AIF;-6%CaF,)-1%Al1,0;
1000°C
0
0 5 10 15 20

f (kHz)

Fig. 3 Dependence of the measured resistance, &, on the
frequency, f, of the measuring AC.

03 [ I | 1 |
99%(1N a;AlF-6%AIF;-6%CaF,)-1%A1,0,
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%

0.2 /

R=pK+ Rieau
/ 0 =0.426Q-cm
0.1

/

R (@
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Fig. 4 Dependence of the measured resistivity values, R,
on the cell constants, K.

3. Resulis

3.1 Preliminary experiments

Preliminary experiments with pure cryolite
and some cryolite-base melts demonstrate
that the measured values of electrical conduc-
tivity with a bright-platinum rod depend pro-
foundly on frequency. Although extrapolating
the values to infinite frequency by use of sev-
eral procedures, e.g., plotting the values vs.
the inverse frequency or vs. the inverse square
root of frequency, led to some convergence,
the justification remained empirical, and the
obtained values at infinite frequency were er-
ratic. Platinizing slightly the surface of the
rod electrode by a conventional method before
each run substantially eliminated for the first
time the frequency dispersion in the range be-
yond several kHz, as Fig. 3 typically shows.

Figure 4 shows an example of the relation-

4.0
® This work
O Gaspard et al?
Edwards et al?®
Yim et al®
/ = Bajcsy et al?®
Matiasovsky et al®
3.5 Wang et al.
(from regr. eq.)?
/ -=- Choudhary
Y (from regr. eq.)?®
"T\ /‘i‘f
g 3.0 r.//,mn&”'
/0’
N
25
2.0

7980 1000 1020 1040 1060 1080 1100 1120
Temperature (°C)

Fig.5 Conductivity, &, of cryolite at different
temperatures.

Hatched region, most reliable values?99812220%)
A\, Batashev cited in ref. 1 ; ©, Shimizu et al.'® ; H,
Taniuchi et al.”® and Matiafovsky et al.” ; ¥V, Sato
et al.'” : A, Abramov et al. cited inref. 6 ; @, Narita
et al.’¥ . @, Mashovetz et al. cited in ref. 12 ; 3,
Edojan et al. cited in ref. 12 ; [, Vajna cited in ref.
1. ¥, Belyaev cited in ref. 8 ; O, Arndt et al.?
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Fig. 6 Dependence of the resistivity, p, of [NasAlFs-6%
AlF3-6%CaF3)-AlaO3 melts on the Al:O; content.

—(—, This work ; —/x—, Gaspard et al.?’ (at
990°C) ; —[J—, Gaspard et al.””(at 1010°C) ;
— « — Vidament et al. cited in ref. 12(solvent
bath : 6% AlF; —5%CaF; at liquidus tempera-
tures) ; —— —, Calculated with the regression
equation of Choudhary et al.®

ship, expressed in Eq.(1), between measured
resistivity values and cell constants for a
pseudo-quarternary melt. The fit of the equa-
tion with the experimental points is good.

Figure 5 compares the temperature depend-
ence of our measured conductivity values of
pure cryolite with other literature values??®"%
WD 00205 which include the most reliable
valueg?#¥99W®® (shown as the hatched re-
gion in Fig.5.). Our values are close to the
most reliable values, though ours show some
scattering. This agreement demonstrates the
validity of our treatment for obtaining con-
ductivity values.

3.2 Measured resistivity of pseudo-

quarternary and ternary melts

Figure 6 shows our resistivity values as a
function of the Al:Os content in the NasAlFs—
6 %6 AlF: — 6 % CaF: solvent bath, in which
Gaspard et al.”™ observed the most abnormal
change at 6% ALOs. In Fig. 6 we also plot the
values of Gaspard et al.®® at different temper-
atures and of Vidament et al. at liquidus tem-
peratures, cited by Rolin in the literature®,
and calculated values by us with the regres-
sion equation of the conductivity, which was
first derived by Choudhary® and later modi-
fied for some coefficients of terms in the
equation by Fellner et al.® *!, as a function of
both composition and temperature from the

*2  Because the modification by Fellner et al. has no in-
fluence on the calculation for the pertinent pseudo-
quarternary melt, we designate the equation as the
Choudhary reqression equation from now on.
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Fig. 7 Dependence of the resistivity of [NasAlFs-6%CaF2]
-Al203 melts on the AlOs content.

past preferred values of various cryolite-base
melts. All the curves in Fig. 6 except those of
Gaspard et al. show no abnormal changes
around 6% Al:Os.

Figure 7 shows our values of resistivity ob-
tained in the pseudo-ternary melt containing
only 6% CaF: as an additive in a solvent bath
together with the values of Gaspard et al.®
and our calculated values with the regression
equation described above. In this pseudo-
ternary melts, Gaspard et al.® also observed
a distinctly abnormal change. Our data in
Fig. 7, however, show no anomaly reported
by Gaspard et al. in the range and confirm
the Al:Os-content dependence of the resistivity
values same as that of the calculated values,
though ours somewhat deviate from the re-
gression curve.

Figure 8 shows our resistivity values ob-
tained in the solvent baths containing both 3
9% AlFs and 6% CaF: as additives ; in the bath
Gaspard et al.® observed a slightly abnormal
change. Our data at 1000°C show no anomaly
in Fig.8 either and demonstrate the same
tendency as observed in Figs. 6 and 7.

Figure 9 shows our resistivity values meas-
ured for two solvent baths both containing 3
% CaF: at different AlFs contents (6% and 9
%); the contents are more similar to those in
our industrial standard baths (3—49% CaF:
and ca.8% AlF:) at that time than those in
the baths of Gaspard et al. We observe no
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Fig. 8 Dependence of the resistivity of [NasAlFe-3% 2.05 N
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—2.959% AlF;—8%CaFs— Al:O3 bath) ; — — —, 2.00 5
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by Haupin® ** for multicomponent melts. All
AlL,Q; content  (mass%) . . )
the plots in Fig. 11 demonstrate a monotonic
Fig. 9 Dependence of the resistivity of [NajAlFs-

AlF3-3%CaF2]-Al:Os melts on the Al:O3 content.

(O, This work(solvent bath : 6%A1F3—3%CaFy;
A, This work(solvent both : 9%6A1F;—3%CaF»;
— ——, Calculated with the regression equation
of Choudhary et al.”(solvent bath : 6% AlFs—
3%CaFy) ; — * —, Calculated with the regres-
sion equation of Choudhary et al.”® (solvent
bath : 9% AlF;—3%CaF2).

anomalies near 6% ALQOs in these melts again.
Our values in Fig. 9 agree well with the litera-
ture regression equation values.

3.3 Measured density of pseudo-

quarternary melts

Our measured values of density demonst-
rate a linear relationship with temperature as
typically shown in Fig.10. Tablel summa-
rizes the coefficients of the regression equa-
tions obtained from our experimental data by
the least-squares method.

Figure 11 shows the dependence of our den-
sity values on the Al:Os content at a represent-
ative temperature of 1000°C. In Fig. 11 we also
show typical literature values®” from rather

ample references for the pseudo-binary,
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decay with increasing ALOs content and are
nearly linear around 6% AlLQ:s.

Our density values at different tempera-
tures and other literature density values ex-
cept for unreliable old ones for related cryo-
lite-base melts also demonstrate the tendency
(not shown) same as that depicted in Fig. 11.

4. Discussion

A monograph dealing with high-temperature
physicochemical measurements once described
that platinum black sinters to platinum grey
at high temperatures, although platinized-
platinum electrodes are generally used®. An-
other references®®  on the other hand, stated
that platinizing electrodes were ineffective
for eliminating polarization in molten salts,
because the platinized surfaces were converted

«3 In our previous work?’, we derived a regression
equation of density for the relevant pseudo-quarter-
nary melts. Calculated values with this regression
equation are not used here owing to the unjustifia-
ble omission of the Al:Os-content dependence in the
coefficient of the temperature term in this equation.
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Tablel Coefficients of the regression equations for the density of cryolite-base,

pseudo-quarternary melts.

d (grem™) = g—bt
t : Temperature (°C)

Solvent bath AlsOs b No. of Temp. range
content B (107 3g+cm ™3
(mass%) (mass%) (grem™®) <°C~1) measurement C)

0 2.9701 0.8792 16 10001100
2 2.9054 0.8379 12 9901100

NagAlFg—6% AlF;—3%CaF; 4 2.9050 0.8464 19 980—1100
6 2.8780 0.8280 25 9801100
8 2.8652 0.8252 22 9801100
0 3.0366 0.9279 21 9901100
2 2.9679 0.8744 26 980—1100
4 2.9571 0.8741 23 9801100

NasAlFs—6% AlF;—6%CalF, 5 2.9264 0.8487 26 9801100
6 2.9094 0.8360 23 9801100
7 2.8993 0.8311 26 9801100
8 2.8842 0.8229 21 9801100
0 3.0513 0.9711 22 9901100
2 2.9724 0.9085 26 9801100
4 2.9859 0.8838 13 9801100

NasAlFs—9% AlF;—3%CaFy
5 2.9243 0.8786 25 9801100
6 2.8959 0.8565 13 9801100
7 2.8709 0.8371 13 980—1100

(100~ x)%(NayAIF -6 %AIF -3%CaF, - x%Al,0;
| 1 1 H i 1 |

(100—x)9 (NasAlIF -6 % AIF 6% CaF, - x%AL,0,
| [ |

| | !
(100—x)%NasAlF ¢ x%Al,04
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/71
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=
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Fig. 11 Dependence of the density of NasAlFs-AlFs;-CaF,-
Al203 and NaszAlFs-Al;03 melts on the AlO3 content.

—(—, This work(solvent bath : 6% AlF;—3%
CaFs) ; —/Xx—, This work (solvent both : 6%
AlF3—6%CaFy) ; —[—, This work (solvent
bath : ,9% AlF;—3%CaFs) ; —++—, Calculated
with the regression equation of Haupin® (sol-
vent bath : 6% AlF;—~6%CaF;) ; — ~ @~ —,
Edwards et al.¥ (solvent bath : no additives) ;
— M-+, Matiadovsky et al.” (solvent bath :
no additives).
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to ineffective grey deposits on heating. Our
measurements clearly revealed that the plati-
nized-platinum (platinum “black” on platinum
at first) is valid for eliminating the polariza-
tion effect on the electrode in cryolite-base
fluoride melts even in a period of sintering or
conversion of the platinum black to platinum
grey.

Since all the plots in Figs. 6—9, except those
of Gaspard et al. obtained in the laboratory,
demonstrate a nearly linear variation of the
resistivity with the Al:Os content, the change
of the melt structure inferred by Gaspard et
al.® in the range of AlLO; contents concerned
is resolved. Furthermore, the data obtained
by Gaspard et al.”®” in the industrial cells sup-
port the tendency of our result. A quite-re-
cently published report by Wang et al.” also
supports the tendency of our result, although
their measurements are limited to maximum
6% Al:Os in melts, and they present another
modification of the Choudhary equation.

The presence of anomalies at different Al:Os
contents in some other physicochemical prop-
erties of the melts than resistivity has been
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reported in the literature ; Gaspard et al.™
cited two references™ regarding their resistivi-
ty anomaly. Gaspard et al. tried to attribute
their resistivity anomaly at the content of 6%
Al:Os, at which reportedly the enthalpy curves
for alumina dissolution flattened out and sur-
face enthalpy curve exhibited a minimum as
well, to the change of melt structure sus-
taining these “anomalous” phenomena. It is
our opinion that this kind of treatment is in-
adequate, unless the reliability of the cited
data is approved. Moreover, almost at “every”
content of Al:Os we can find so-called anoma-
lies for specific physicochemical properties of
NasAlFs — Al:Os melts, if we do not critically
evaluate these original data®.

Because all our density data as well as other
pertinent literature data show no anomalies
with the Al:Os content, the abrupt change, in-
ferred by Gaspard et al., of the melt struc-
ture at 6% AlLO:s is denied.

Although melt structure, even when alumi-
na is added to cryolite, is not yet well estab-
lished, it is widely recognized that complex
ions are formed in these melts”*’. Hence, the
results obtained also seem to deny, around
6% Al:Os, the abrupt change of the species of
the complex ions formed.

Since sodium ions have been known as al-
most sole charge-carring ions in pseudo-bina-
ry, NasAlFs—AlLQOs melts®, even though charge-
carriers are not known for the pertinent pseu-
do-quarternary melts, it is difficult to consid-
er that the relevant pseudo-quarternary
melts, which do not seem to contain more mo-
bile ions (like lithium ions) than sodium ions,
give resistivity values, as reported by Gaspard
et al. (cf. Fig. 6), far much smaller than that
of pure cryolite (corresponding 0.357 Q «cm
at 1000°C from above-cited conductivity value)
only at the specific contents of alumina. Our
results throw doubt upon the existence of the
abnormal resistivity.

The reason why Gaspard et al. observed
the abnormally low resistivity is not clear.
One possible explanation could be the low re-
sistivity of the “activated cryolite”***” whose
existence, however, is under serious suspi-

*4 One of the references cited is incorrect to our know-
ledge.
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cions®™.

5. Conclusion

We summarize the conclusions of this inves-
tigation as follows :

(1) An electrical conductivity-measuring
method using a classical all-platinum cell for
fluoride melts has been modified by platiniz-
ing a smaller platinum rod electrode for each
run.

(2) By using the Kelvin bridge and the plati-
nized-platinum as electrode, we have been able
to eliminate the frequency dependence of re-
sistivity of cryolite-base melts and have been
able to obtain reliable resistivity values with-
out any extrapolation to infinite frequency.

(3) The obtained conductivity values for pure
cryolite at different temperatures agree, with-
in the limits of experimental error, with the
most reliable literature values.

(4) The obtained resistivity values for the
cryolite-base, pseudo-quarternary melts of
nearly industrial compositions for aluminium
electrolysis show a smooth change with Al:Os
content ; this resolves the anomaly existed in
the previous work and confirms the tendency
predicted from the previous regression equa-
tions, reported in the literature, for electrical
conductivity.

(5) The density of the same pseudo-quarter-
nary melts has been measured by the hydro-
static weighing method using only platinum
as a material in contact with melts.

(6) The obtained density values show a
strictly linear change with temperature and
are expressed by linear regression equations.

(7) The dependence of the density values of
the pseudo-quarternary melts on ALQOs; con-
tent is monotonic and nearly linear around
69 ALOs ; this also denies the abrupt change
of the structure or of the ionic species of the
melts at the pertinent Al:Os content.
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Development and application of vacuum brazing
technology for large and high-pressure
aluminium heat exchangers

Kojiro Mitsui, Tetsuo Abiko, Fumio Ueda and Keizo Namba

This report describes research and development on vacuum brazing technology for large and
high-pressure aluminium plate-fin type of heat exchangers, including improvement of the materials
and required facilities, and it also introduces the present production capability of these exchangers
by applying the results.

Main items contained are as follows :

(1) Study on heating method in vacuum atomosphere

(2) Computer simulation of stress distribution under fixturing load by using of FEM

(3) Development of full-automatical feedback-control system of vacuum brazing furnace

(4) Improvement of fin materials with high sag resistance under high heating temperature and
long holding time for the brazing

(5) Development of fin materials with strength enough to endure high pressure service and with
good vacuum brazeability

According to these results, we have been able to manufacture larger cryogenic aluminium heat
exchangers with 1300mm width, 1500mm height and 6700mm length for the maximum dimension,
and higher-pressure heat exchangers with 9MPa for the maximum design pressure. Total weight
of heat exchangers produced in 1991 amounted to 1800 tons, and we have been one of the biggest
manufacturer all over the world.
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Introduction of New Premium Quality
Aluminium Foundry at Sumikei Technos, Ltd.

Masakazu Furugori, Susumu Inumaru, Yoshinori Kataoka
and Toshinori Inoue

Sumikei Technos, Ltd., which was established as the affiliated company of Sumitomo Light
Metal Industries, Ltd. in June 1991, started the production of premium quality aluminium alloy
shape casting products in April 1992. The die tooling plant and machining products plant are sched-
uled to be constructed in the near future. The casting machines are highly automated squeeze cast-
ing and vacuum die casting “Vacural” equipment, which is the first to be operating in Japan.
Squeeze casting produces high quality thick products and Vacural is for thin pieces.
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Adhesive Bonding of Aluminium Alloys Used
in Automotive Applications

Tsutomu Usami and Yoshifumi Hasegawa

This review outlines surface characterization, surface preparation and adhesive bondability of
aluminium alloys used in automotive applicatins.

The resistance spot-welding of aluminium alloys still remains one of the most effective assem-
bly joining methods in automobile manufacturing in spite of poor electrode life and expensive
equipment. Application of Adhesive bonding of aluminium alloys has been limited mainly in non
load-bearing parts. But in near future applications of structural adhesive bonding of aluminium
alloys will be expected to increase and information on reliability and failure prediction of bonded
joints will be required. In order to satisfy the requirement, much more effort should be needed.
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The fundamental aspects of the process kinetics of hydrogen degassing from liquid aluminium

and aluminium alloys are reviewed concerning the removal of hydrogen in a vacuum and by

purging gases. Also, various industrial units for the degassing have been briefly mentioned.

Techniques for hydrogen determination are critically viewed.

5. Hydrogen removal from liquid
aluminium and aluminium alloys

The removal of hydrogen from liquid alu-
minium can be accomplished principally by the
two methods being vacuum treating and inert
gas or actively mixed gases flush degassing.
The inert gases such as nitrogen, argon, heli-
um as well as chemically active gases such as
chlorine and freon, or mixtures of these gases
are used for the degassing.

Such above process involving either of the
two methods is based on the mass transfer of
hydrogen between the liquid aluminium and a
hydrogen-dilute gas phase.

Industrially, the continuous refining meth-
ods using gases, applied usually with simulta-
neous metal filteration treatments, are accom-
plished in a series of different reactors in re-
spect which differ to their structural and tech-
nological features for the liquid refining.

5.1 Hydrogen degassing in a vacuum

5.1.1 Vacuum degassing

There are many informations which are a-
vailable on both the thermodynamics of de-
gassing system and the overall performance
of various industrial units, but the fundamen-
tal aspects of the process kinetics of hydro-
gen degassing from liquid aluminium are not

*  Partl: Sumitomo Light Metal Technical Reports,
33 [3] (1992), 189.
Part 2 : ibid., 34 [ 1] (1993), 39.
** Technical Research Laboratories
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satisfactorily known.
(1) Kinetics

An interested study on the kinetics of hy-
drogen degassing from liquid aluminium has
been reported by Eichenauer, Hattenbach and
Witte®, It can be considered that the kinetics
was mainly determined by the combination of
first order diffusion and first order boundary
surface reaction.

As for the degassing curve P = P(¢t), the e-
quation for the diffusion from infinitely ex-
panded disk — of which thickness can be e-
qual to the filled depth H of liquid aluminium
in a cylindrical crucible — is given by*®

P—P 8 5 1
P. A

Dt >

AH (63

withn=1,2,3 -
The process of degassing of hydrogen from
liquid aluminium under the given experimental

conditions, can be described as following :

(___ %Dt )
P-P _,. exp I7
i 2
P. ._..Z“__ + Z“— 472
teZ. | tg'7 (54)

where P. is the measured final pressure in the
gas collecting volume of apparatus at the end
of degassing under the consideration of blank
pressure, P is the measured pressure in the
volume at time ¢ in the process of degassing,
D is the diffusion coefficient of hydrogen in
liquid aluminium, ¢ is the time, H is the depth
of liquid aluminium in a cylindrical crucible,
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and the coefficient Z. is the solution of tran-
scendental equation (55) :
kH

Zigh =~ (55)
here k denotes the rate constant.

Being large value of Dt H, the higher terms
of right hand side of the equation (54) might
have been neglected, so that the equation can
be changed in a more simple form which is

given in a time dependant law of first order

(_ ZﬁDt)
Pp-P _, "\ I
P. z
tgZ tg* +2 (56)

Fig. 31 shows the rate constant for degass-
ing of hydrogen from the liquid aluminium
(99.993wt % Al) with respective to the liquid
depth of 16, 28, 39 and 168mm in the tempera-
ture range of 660~1050°C. In this apparatus
the pressure over the liquid aluminium could
be reduced to 10~* Torr (1 Torr=133.32Pa)
within 15s all the experiments through.

In these measurements®, all of the degass-
ing curves were held by the relation of expo-
nential function :

Pe -
= A exp(—at)
P P (57
Temperatur (°C)
1000 900 800 700
1.75 T T T I
8 Bath depth
o (mm)
2.00 %A 010
: 13 A 28
= o 39
I o 168
o
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2
o
]
|
2.50 623 *
~ - - I
o 4 W s
o EBAE
2.75
w Clo &
3.00
0.7 0.8 0.9 1.0 1.1

Temperatur 1/7x10% (X1073, K1)

Fig. 31 Rate constant as functions of temperature
and bath depth3®.
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The rate constants of two first order reac-
tions have been found that one is
_ e[ @9)
ki = 1.4X10 exp( BT (58)
in the temperature range between the melting
point and approximately 820°C (Reaction 1),
and the other is

ks = 7.1X10° exp(—

27000)
RT
in the range of 820~1050°C (Reaction II).

Systematic deviation of the results from
those which were obtained at the maximum
liquid depth could be related to the diffusion
of hydrogen in liquid aluminium (The value
of the diffusion coefficient of hydrogen in the
liguid was estimated to be 0.01~0.1lcm?s™).

They® have interpreted the results by as-
suming that the penetration of the hydrogen
atoms through the surface layer is the rate-
determined step. If oxygen is adsorbed at the
surface the rate is determined by the reaction
1, if not, the rate is determined by the reac-
tion 1.
(2) Diffusion coefficient in melt

Afterwards, the data for diffusion of hydro-
gen in liguid aluminium in the temperature
range of 780 ~ 1000 °C were reported by
Eichenauer and Markopoulos®. They achieved
the experiments by a modified Sieverts’ tech-
nique using carefully designed furnace as re-
produced in Fig. 32, in which the corundum
crucible (cylindrical form with height of 6cm
and diameter of ca. 4cm) contained 100g of
zone melt refined liquid aluminium (99.9999wt
%) . Being evacuated by a vacuum pump, the
crucible was kept in a high vacuum (P=10"°
Torr (1 Torr=133.32Pa)) in the quartz tube.
The corundum tube (length of 80cm, diameter
of 20cm, thickness of 0.lcm) was held at the
distance of few mm from the surface over the
aluminium bath. But the setting of the tube
sometimes might be adjusted, by an external
manipulation, to a suitable distance within
few cm in vertical direction without any dete-
rioration of the vacuum. Under such condi-
tions of evacuation by a vacuum pump, the
crucible was held at the experimental temper-
ature for about one week. Subsequently, the
quartz tube was charged with high purity hy-
drogen gas (minimum 99.9999%) in the pres-

(69
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Fig. 32 Experimental arrangements®.

sure range of 0.5~ 1atm (1 atm=1.013 X 10°
Pa). After a few hours, the liquid aluminium
in the crucible had been saturated, with cer-
tainty, with the hydrogen gas. Then, the hy-
drogen gas was expelled rapidly from the
quartz tube by vacuum pump. At the same
time, the exhaustion of hydrogen from the lig-
uid aluminium began and the hydrogen con-
centration in the liquid was reduced to the
concentration which corresponded to the equi-
librium hydrogen partial pressure of 50 Torr
(1Torr=133.32Pa). As the pressure attained
below this threshold, the liquid aluminium,
having been free from the formation of gas
bubble, was quieted and the diffusion of dis-
solving hydrogen from the liquid occured in
series. The degassing process of hydrogen in
the liquid aluminium was traced by measur-
ing the oblique lengths risen in the differential
oil manometer joined to the cylindrical metal
volume in which the partial pressure of dif-
fused hydrogen had been increasing with time.
The calculation of diffusion coefficient of
hydrogen has been based on the first order
equation (60) which is derived from the pre-
vious equation (53)* with the approximation
that ¢ is large.
n—n_ 8

1. T

m:Di )
47

2 eXp(' (60)

61

where n is the quantity of hydrogen gas col-
lected in the immersion tube, in mol, and n. is
the total quantity of hydrogen gas, in mol, at
final.

They have also confirmed that as to hydro-
gen degassing the experimental data had pro-
duced on skew curve in the form of

C eXp<_ _k_t._>
ne H (61)

Fig. 33* shows the serial plots of the diffu-
sion coefficients of hydrogen in the liquid alu-
minium with those in the solid aluminium'’
(see the Section 2.2 in Part 1), as a function
of temperature.

The diffusion coefficient of hydrogen in the
liquid aluminium has been given, as a function
of temperature, by the equation (62).

Temperature (°C)

400 500 600 800
2 T T i T
Melting
point /
I Liquid phase
- |
w I
°
| /
Solid phase
4/

1.4 1.2 1.0 0.8
Temperature 1/TX10% (1073, K™Y
T T D H
C) x) (em?/s°105)  (cm)
780 1053 4,16 3.9
806 1079 437 5.4
837 1110 4.40 3.9
849 1122 4.57 5.4
875 1148 441 3.9
875 1148 4.90 3.9
930 1208 5.62 5.4
930 1208 5.24 5.4
960 1233 5.64 3.9
1001 1274 5.88 3.9

Fig. 33 Diffusion coefficients of hydrogen in solid!®
and liquid aluminium?®.
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D =38x%10"*
< 4600><4.1840(J/m01)> R
xp|— ,cm’es
(62)

RT

The activation energy of diffusion of hydro-
gen in the liquid phase is smaller by the fac-
tor of 2 than that in the solid phase. At the
melting point the rate of diffusion shows the
increase of the factor of 6 in the liquid phase.
If oxygen is absent the rate of degassing is
no longer determined by diffusion but by a
surface reaction which is more strongly tem-

perature dependent.

There had some similar knowledges on this
field to be submitted by another authors®’.
The lowest value of the diffusion coefficient
have been used to the works of Sigworth and
Engh®*® so as to refer afterward. Where the
diffusion coefficient of hydrogen in liquid alu-
minium Ds were expressed by the equation
(63)86)‘

Dy~ 3.85X10™

(_ 16400><4.1840(J/m01)> s
exp ,cm’ e s
(63)

RT

However, these values (e.g., Du =1X107*m?®+
s™! at 1000K) should seem to be as lower as
those (e.g., D =1X107*m? *» s~ at 720K* ; see
Section 2.5 in Part 1) in solid aluminium, so
the values Du should be considered to be sus-
pect.

(3) Rate of hydrogen removal

A mathematical analysis for the kinetics of
hydrogen removal from liquid aluminium has
been submitted by Sigworth and Engh®. Un-
der the vacuum condition, the hydrogen re-
moval may be occur in series following the
three steps :

(1) By diffusion from the immediate metal
surface, which is continually being re-
newed by convection,

(2) By free evaporation at the surface, and

(3) By diffusion through the gas phase.

The individual mass transfer coefficients for
any one of these three steps can be related to
the overall effective mass transfer coefficient
k. by the equation (64).

1 1 1\
ke_<k1+ ke ks) (640

By way of example, it can be demonstrated
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that the hydrogen removal from an induction-
heated melts held in cylindrical crucible in e-
vacuated system. In this case, the step (1) can
be satisfied because, that the metal usually
rises at the center, flows radially outward
along the surface and sinks at the outer cir-
cumference. The available equation for the
effective mass transfer coefficient has been
given by Machlins quoted from the paper by
Richardson®.
b=(2) wmpa

"\ Y Re (65)
where Ur is the radial velocity of the metal
surface at the crucible edge in mes™, Rc is the
radius of the crucible in m, and Du is the dif-
fusion coefficient of hydrogen in liquid alu-
minium in m*ss™,

Using the typical values : Ur = 0.2m*s "},
Re ~ 0.1lm and Ds ~ 107*m?+*s~" at 1000K, A:
can be evaluated to be about 2X10*m-s™".

The free evaporation coefficient for hydro-
gen in aluminium k., which could be found
from the Hertz-Langmuir-Knudsen equation,
has been estimated at about 10* times greater
than the value of k.. Also, it can be acquired
that k> k™, so the mass transfer in liquid al-
uminium can be defined as a rate controlling,
and k. = ki, where k1 depends on the degree
of metal stirring, and would probably be in
the range of 1 to 5X10™*mes™".

From these consideration, the diffusion of
hydrogen in liquid aluminium has been shown
to be rate limiting. Therefore, the rate of hy-
drogen removal is first order with respect to
hydrogen concentration in the liquid alumin-
ium.

Thus for a batch reactor, the rate of hydro-
gen removal has been given by

[Wt%H]t . < ke,OAs )

T oo exXpl— ¢

[wt9%H; M
and for continuous reactor

[wt2%H]: | = k.0 As

[wtI%H]. M (67
where (wt%H) sub i, t, and e denote the hy-
drogen concentration at initial, at time ¢ and
at equilibrium, respectively, o is the density
of liquid aluminium in kgem™, As is the melt
surface area in m? ¢ is the time from start of
degassing in s, M is the weight of aluminium
bath in kg, and M is the flowrate of liquid alu-

(66)
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minium in continuous reactor in kges™.

5.1.2 Degassing by gas purgingin a vacuum

Sigworth and Engh® extended a mathemati-
cal analysis for the kinetics of hydrogen re-
moval to a melt held in vacuum and purged
by inert gas. In this case which operates in
parallel to degas the melt, hydrogen is re-
moved both by gas bubbles and by the surface
reaction.

A mass balance equation constructed for
the hydrogen leaving the section of the melt
and entering inert gas phase which changes
in gas composition as a bubble ascends in the
melt has also been introduced by Sigworth
and Engh®.

PHQ _
A (Rnert ) B
kp AA [wt9%H] <1_ K(Pu)" )
100ms 2G Ju [wt%H]/ (68)

where P is the pressure of inert gas in atm
(1 atm=1.013X10° Pa), Py, is the partial pres-
sure of hydrogen gas in atm, ms is the molec-
ular weight of hydrogen, G is the flowrate of
inert gas in kge*mol+*s™!, k is the mass trans-
fer coefficient for hydrogen in m*s™, o is the
density of liquid aluminium in kgem™3 A is
the contact area of bubble in the melt, and K
is the equilibrium constant for the reaction :

K = fu (wt%H) /" (Pu)""?, fu is Henrian activi-
ty coefficient of hydrogen.

For gas purging in a vacuum, the equation
(68) was modified and simplified by a mathe-
matical means to propose a certain assump-
sion.

As for the case of diffusion control, the so-
lution of the equation (68) can be given in the
form of

Py,
Poer(h=ho) (69
where A is the distance traveled by bubble from
the bottom, hs is the height of aluminium bath
in m, and

~[1+al™ —1

_ KpA [wt%H] P
 100ms 2G oghe
B p A° [wt96H]
100ms 2G (69a);

k" is the mass transfer coefficient of hydro-
gen at bottom of melt in mes™, A° is the con-
tact area of bubbles at bottom of melt in m?,
g is the gravitational constant, A is the height
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of aluminium bath in m, and P? is the total
pressure at the bottom of the melt in atm (1
atm=1.013 X 10°Pa).
And using a Maclaurin series in “a”,
P, 12 30

P 70 et (70)

The first term is available because “a” is
less than 0.1. However “a” is greater than 0.1
only with extremely small bubbles and with
high hydrogen contents.

The resultant equations which can be de-

scribed for the degassing rate are :

[wto%H].
[Wt%HJi B
exp~<£ RpA® P kuOAs)t
7 M pghe M (7D
for a batch reactor, and
[Wt%H]i — 1=
[wt%H].
12 RpA° P ki p As
T M o8h M )

for a continuous reactor, respectively.

Here, £° could be calculated from the equa-
tions® if the bubble radius were unchanged
from the entering value (this should seems to
be doubted how far it is practical®) :

k= 0k, (13)
B B 5900><4.1840(J/rnol))
k =10.0122 exp< BT
(14
d ~1/4
O "'< o > (75)

where & is the mass transfer coefficient for
hydrogen to inert gas bubbles in m+s™!, 8. is
the correlation factor for bubble expansion, d
is the diameter of bubble in m, and d is the
original diameter of bubble at bottom of melt
in m (the diameter can be experimentally esti-
mated by using water model).

This equation proposed by Richardson,
Robertson and Staples® can be used to calcu-
late the mass transfer coefficient for the met-
al baths, in which the depth is more than 5cm
and has no interfacial turbulence existence,
so that the melt can be stirred by the ascend-
ing bubbles.

b= 22 (Des D, mes! -
where den is the effective diameter of the sur-
face of reaction cell in m, and @ is the volu-
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metric flowrate of inert gas in m®ss™.

The two rate equations would seem to be
met with the most of industrial processes,
while the dissolved hydrogen remained at an
ordinary state.

It can be found that the vacuum removes the
equilibrium limitation present in the atmos-
pheric process, so the low oxygen purging
gas consumption is reduced large without de-
fect of the desired hydrogen reduction.

According to Szekely and Martins®’ who
studied the fluid mechanics of bubble growth
in liquid steel and so forth at reduced pres-
sures, the important consequence of their
findings was that significant distortion of the
bubbles occurred on approaching the free sur-
face ; Furthermore, the expanded observa-
tion was much less than what one could ex-
pect from hydrostatic considerations. This
would lead to a significant reduction in the
available interfacial area and might explain
the apparent poor efficiency of many vacuum
degassing units.

5.2 Hydrogen removal by inert gas flushing

The first definitive work of the theoretical
nature has been reported by Geller®*’ who
considered the equilibrium behavior between
purging gases and metal bath during flushing,
and also considered the deviations from this
ideal case.

The derivation presented by Geller®* is

224 1 1

Ve~ [PK <’c_ G >”(C_C°>] (1M
where V:is the volume of flushing gas in liters
per kg of molten aluminium, Ms, is the molec-
ular weight of hydrogen, P is the total pres-
sure on the system in atm (latm=1.013 X 10°
Pa), K=Cu/Pus'? is the constant ; Cu is the
concentration of dissolved hydrogen in mol-
ten aluminium in wt%, Pm is the partial pres-
sure in atm of dissolved hydrogen gas in the
bubble by Sievert’s law, and C» and C are the
hydrogen concentrations in wt% in initial and
in flushed molten aluminium, respectively.

Pehlke and Bement™ studied the removal of
hydrogen from molten aluminium by inert ar-
gon gas flush degassing. Considering the ki-
netics of the degassing process, a modified
Geller’s mathematical model® can be used to
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deduce the kinetics of mass transfer”. To an-
alyze the experiments, an overall mass trans-
fer coefficient, which depended on the purge
gas bubble size, was introduced to correlate
the observed degassing rate.

For mass transfer control, the removal of
dissolved hydrogen by a single bubble through
the liquid metal phase may be ascribed to the
equation (78) having been assumed that the
mass transfer is limited by the transport of
hydrogen.

Cg;g = — kL@b(CE - CM) (78)
where n, is the moles of hydrogen being re-

moved, k. is the mass transfer coefficient in
cme*s™!, a is the area of the bubble-metal in-
terface in cm? and Ce and Cu are the concen-
trations of hydrogen in the metal at bubble in-
terface and in the bulk metal, respectively, in
molscm™.

Since the term Cs represents the concentra-
tion in the equilibrium with the partial pres-
sure of hydrogen in the bubble, Cs is approxi-
mately zero if the rate of transfer of hydro-
gen to the bubble is small.

So a system consisting of crucible of liquid
metal is exposed to a hydrogen free atmos-
phere, in which an inert flush gas bubble gen-
erator is immersed, that the mass transfer a-
cross the free surface of the melt in the sys-
tem can be described by Fick’s first law™ :

dne dC,

@ Pt (79)
where D is the diffusion coefficient of hydro-
gen in the liquid phase, As is the surface area
of the melt, and dC,dx is the hydrogen con-
centration gradient which can be replaced by
Cw/ & where & is the boundary layer thick-
ness.

Noting that ne can be converted to concen-
tration units by dividing by the volume of the
melt Va, the equation (80) results from the
equations (78) and (79) :

dcC; 1 D 3RLF T«
¢ V. <AS?5'+ N >dt (80)
where
__ Fr. _3Fc.
Vb ’ 14 ’

n is the number of bubble in the melt at any
instant, F is the flow rate of the flush gas, 7
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is the time required for a bubble to rise through
the melt, Vi is the volume of a single bubble,
and rs is the bubble radius.

To integrate the equation (80), the equation
(82) which expresses the instantaneous hydro-
gen concentration of the melt in terms of the
interested variables can be obtained® :

dcg _
1 3kLFT
or
C= C’oexp[— gj?/st - SZX?FJ: Tr; dt]
(82)

where C; is the concentration of hydrogen dis-
solved in the melt in wt%, and G and C are
the concentrations of hydrogen in the melt at
initial and at flushed time ¢, respectively.

In view of the considerations : (1) the effect
of the thermal expansion of bubbles of flush
gas, if the gas is not at the melt temperature
upon release into the melt, and (2) the effect
of expansion caused by reduced pressure head
as the bubble rises, the equation (82) has been
simplified and reduced to :

In C _ _( DAs 3kLFTr>
Co 6 Va re Vi (83)
where
. h . 4(,0L_pb>gdb]l/2.
=t =] o :

h is the hight of the melt above the exit of the
delivery mechanism, V. is the terminal rise ve-
locity of the bubble, oL is the liquid density,
O+ is the gas density in the bubble, g is the
acceleration of gravity, d» is the bubble diame-
ter, and f is the friction factor which is defined
in terms of the Reynolds number.

Figs. 34 and 35" show the experimental re-
sults as for the influences of bubble size and
of flushing rate of argon on the removal of
hydrogen in liquid aluminium, respectively.
Table 8*” also shows the mass transfer coeffi-
cients calculated at 700°C.

It can be found™ that an average value for
mass transfer coefficient k. at 700°C in a flow
rate of 13.3cm® argon per sec. was 3.9 X 107!
cmes™! within the experimental accuracy which
was estimated to be 25%, thus the mass trans-
fer coefficient was larger for the higher flow
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0 Flushing'f rate=13.3cm3/s {
o) O Run # 3
0O Run # 5,6,7
—-0.1 AN ARun # 8 —

—-0.2

N
. 03 A ‘
oIS \
—0.4 ™
\b:().350m
—-05

In

N
—0.6 rb=0.20m‘§
—-0.7
0 5 10 15 20 25
Degassing time (X 60s)
Flush tube Argon Degassing Concentration
Run opening flow rate time of hydrogen
(mm)  (em®s™  (x60s)  (ppm)*

#3 5 13.3 0 0.775
3 0.72

6 0.735

12 0.645

#5 3.5 13.3 0 1.225
6 1.045

#6 3.5 13.3 0 0.965

6 0.825

#7 3.5 13.3 0 1.535
24 0.82

#8 2 13.3 0 0.975
0.86

12 0.60

* lppm = 1.11em®Hs(STP),~100g

Fig. 34 Influence of bubble size on removal of hydrogen by

argon flushing 9.

rate, which might be due to turbulence in the
melt.

Dantzig, Clumpner and Tyler® have devel-
oped a model which is accounted for the ef-
fects of both the diffusion of dissolved hydro-
gen through aluminiun melt into insoluble
purge gas bubbles and the chemical kinetics
of hydrogen adsorption at the bubble sur-
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0
o ORun # 3
o] ARun # 4
—0.1
N N—“ =13.3cm?/s
—-0.2
A
— —0.3
S
£
Jay
—04
0 F=26.7cm3/s
—0.5
—-0.6
(aY
—0.7
0 5 10 15 20
Degassing time (X60s)
Flush tube Argon Degassing Concentration
Run opening flow rate time of hydrogen
(mm)  Cem®s™  (x60s)  (ppm)*
#3 5 133 0 0.775
3 0.72
6 0.735
12 0.645
#4 5 2.6 0 1.03
0.855
0.83
0.695
16 0.555

* 1ppm = L1em®H (STP),/100g

Fig. 35 Influence of flushing rate on hydrogen removal

for bubble radius of 0.5cm%.

faces.

There is interested knowledge concerning
the matter : the purge gas bubbles do not at-
tain to the equilibrium hydrogen concentra-
tion during those travel through the melt in
any conventional process™. It is reasonable
to be assumed that the degassing of the bath
by the bubble column is independent of verti-
cal as well as angular position in the melt.

Considering these, they® have modeled the
degassing process of static melts which take
into account the bubble column to be a cylin-
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Table8 Calculation of mass transfer coefficients (at 700°C)™.

Bubble Bubble Slope ki1, D/§
radius residence
(emPper  time (em per  (ecm per
(em)  sce.) &) ™ sec.) sec.)
- None - ~1.03x107* 1.64%1073
0.5 13.3 0.356 —2.56x107* 3.7x107?
0.35 13.3 0.425 —4.35%107* 4.5x107?
0.2 13.3 0.563 —6.79%x107* 3.5x107*
0.5 26.7 0.356 —6.72x107% 6.8x1072
Melt cylinder Bubble column
(Radius R) (Radius b)

(a) Schematic view of bubble column rising in the center
of a cylindrical melt for use in modeling.

Total bubble
surface area

Lol

(b) Slice of thickness & for solving diffusion equation.

Fig. 36 Schematatic views of bubble column®®.

der of radius b inside a concentric cylindrical
melt radius R as shown in Fig. 36 (a). The de-
gassing of hydrogen in the bubble column re-
gion is thought to be very rapid, so that the
rate limiting step of the process is the remov-
al of hydrogen from the melt contained in the
region b <r <R.

The formulation of the model as described
above is as follows : In the region b<< r <R
for a slice of thickness & in the vertical derec-
tion, as shown in Fig.36 (b), the governing
diffusion equation which may be find the vari-
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ation of the melt hydrogen concentration with ing equations, the dimensionless system of
respect to the time can be written as : equations can be solved as following:
020G, _ (90D, 1 0C, 9) 0C(D _ 90 1 9CGD
ot or r or , ot or r or ,

~ b<r <R (84) B <r <1 (88)
where C(r,t) is the dimensional concentra- oC(r, b)
tion of hydrogen in the melt at a dimensional or — NeClr, D{CCr O+ ay =0
radial position r at dimensional time % . atr= 8 (89)

The mechanism for the uptake of hydrogen 0C(r, t) 0 atr=1

by the purge gas bubbles must de considered or C))
to pose the boundary condition on the circum- Clr,H=1 att=0 D
ference of the bubble columm. Arranging the Three dimensionless groups :
rate equation of uptake of hydrogen by a sin- 20,
gle bubble of diameter dy for the total rate *- Co— Cq
equation of hydrogen uptake and total rate b
equation of formation of hydrogen gas (it is h= R , an~d B
equal to one-half the total flux of hydrogen N = di'mkR (Co — Cu)
atom from the melt at » = ), and then, for " bD ,
the combination of those, the equation for the appeared in the system of the equations (88)
boundary condition at r = b has been derived: to (91) are the parameters, where a is the

0C(L, D _ dimk -

- = kinetic constant determined by the experimen-
2 __ 2
oD [C(b, ) — Ca']

or (85) tal conditions, B is the geometric factor which
where ns» is the number of bubbles per unit is established by the dispersion of the purge
length of bubble columm, k is the rate con- bubble columns in the melt, and Nois the ratio
stant for degassing reaction per unit area of of the kinetic adsorption rate of hydrogen by
bubble, b is the radius of interior bubble col- the bubbles to the diffusion rate of hydrogen
umn, D is the diffusion coefficient of hydro- through the melt. The Nb value is therefore a
gen in the melt, and C, is the dimensional melt measure of the rate controlling process :
concentration of hydrogen in equilibrium with Large values of No correspond to the condi-
purge gas. tions where diffusion controls, and converse-
At r = R there is no flux of hydrogen atoms ly, at small values of No adsorption kinetics
across this surface, so that the boundary con- is the rate controlling step.

dition is The average value of dimensionless hydro-
0 CGL ) —0 at F=R gen concentration in the melt Cave at a given t
or (86) ime, by a degassing operation, may be ob-

The primary condition of the melt concen- tained practically from the solution C(r, £)

tration of hydrogen, prior to introduction of Crvo= _T_% f C(r, Ordr
- 8

the purge gas, is assumed to be homogeneous (92)
and equal to G, so that Consequently, an explicit finit difference
Cr,)=C at t=0 @&n scheme has been used to obtain a numerical
To make the interpretation for the solution solution for the system of the equations (88)
of the equations (84) to (87), the dimension- to (91). Thus the analytical difficulty due to
less variables are defined for the nonlinear boundary condition at r = 8 is
. C— Cq avoided.
concentration ; C= C—Cy ' 0= Cx=l A great deal of small scale with the experi-

mental and calculated data (in those cases
that tests were performed in a cylindrical cru-

time ; ¢t = }1; t,0<t<eo, and
cible 20.3cm diameter holding approximately
20kg of aluminium) were available for the

Substituting these variables into the govern- degassing of hydrogen in 2000kg of alumin-

radial position ; r = r,0<r<<t.

67
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jum melts using nitrogen/Freon—12 (CCLEF2)
mixtures which were arrayed into four effec-
tive treatment zones (four contiguous cylin-
ders) inside a cylindrical furnace as shown in
Fig. 37,

The degassing experimental data in com-
parison with the theoretical predicted curve

Effective treatment zone
(63.5 cm diameter)

Bubble column
(38.1 cm diameter)

Furnace wall
(152cm diameter)

Fig. 37 Schematic view of 2000kg melt furnace showing
effective treatment zones and bubble columns®®.

were shown by reproducing in Fig. 38, In the
Tables 9 and 10® those which show the sup-
portive data for the calculation of k and the
calculating dimensionless parameters in the
furnace fluxing, respectively.

Tt can be explained that the excellent agree-
ment could be obtained and having validated
the effectiveness of the theoretical model in
the case in which circulation within the melt
would had been negligible.

Naturally, the model can not be applied to
process where there is significant circulation
of the melt by the purge gases, nor where
there is appreciable melt turbulance, which
would substantially alter the effective diffu-
sivity of hydrogen.

The interesting researches, as cited above,
would seem to suggest that the hydrogen de-
gassing of molten aluminium is likely to be a
nonequilibrium process controlled by mass
transfer in the liquid metallic phase.

A research which concerning the kinetics of

Table 10 Date for calculating dimensionless parameters in
dempsey furnace fluxing®™.

1.0
\ Predicted curve Effective treatment zone diameter : 63.5cm
& 'Og Np=20, ¢=0.33, =06 Bubble column diameter : 38.1cm
RN 05k Gas flow rate per tube : 378scm®/s
(S [SIRE .
. Bubble size : 2.5em
R Bubbele rising velocity : 32cm/s
0,00 1'0 2'0 '3'0 4‘0 5‘0 Initi.a‘l c?ncentration (abvg) : 0.30em®H, (STP)./100g
Equilibrium concentration : 0.05cm*H, (STP)./100g
i b
Time  (x60s) Dimensionless groups : B= % =0.6
Fig. 38 Nort?qalized hydrf)gen concentration vs time with 6kFR(Co — Cig)
predicted theoretical curve for 2000kg melts®®. Np = =20
7 bDdyup
Table9 Supportive date for calculation of &%
G — = k(em/)/
Run R b S N o 6RFR(Gy— C)* oy
5 (em®H2(STP) Np= —i (cm®H:(STP)
Nos. f(em) (cm) (em) (em®/s) (em/s) 7 bDdpus
/100g) /100g)
2,34 10.2 0.5 0.05 1.0 5 24 0.38 9 0.314
8,9 102 - 05 0.05 1.0 15 24 0.35 40 0.513
6,7 10.2 2.5 0.25 1.6 5 26 0.335 1.5 0.522
10 10.2 2.5 0.25 1.8 15 28 0.38 5 0.610
In all cases, Co = 0.05cm®H, (STP),/100g Mean : 0.490

D = 0.086cm?/s in liquid aluminium

Std. dev : 0.125

* Where F is the total flow rate of purge gas, us is the rising velocity of the bubbles which determined experimental-
ly, f is the frequency of bubble emission from orifice, and ns for Np may be substituted by the relation of

I A
b Up ﬁdbsub
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hydrogen degassing of molten aluminium with
purging gases was carried out by Botor*®. Tt
seemed to be taking upon to prove the validity
of this hypothesis. The investigations on hy-
drogen degassing of about 69moles molten al-
uminium with a purity of 99.8mass% Al and
the initial hydrogen concentration of 0.6cm?’
(STP).”100g Al were performed by flushing

k;values for B esti- @
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Fig. 39 Effect of temperature on the variation o‘f the overall
mass transfer coefficient of hydrogen in the
refining process using nitrogen (a), using argon
(b), using chlorine (C)%¥.

respectively nitrogen (99.8vol%), argon (99.9
vol%), chlorine (99.5vo0l%), and a mixture of
nitrogen and chlorine through a quartz noz-
zle, in dependence on the temperature ranged
from 950 to 1150K, the flow rate of purge
gases and the measured system geometry. In
addition, hydrogen content in molten alumin-
ium could be determined by the Dardel method
with the FMA Aluschmelztester-apparatus.

Figs. 39 and 40° show the experimentally
determined values of overall mass transfer
coefficients of hydrogen in molten aluminium
into the purge gas bubbles k along with its
theoretical values that estimated from mass
transfer coefficients in liquid and in gaseous
phase.

The equations which has been formulated
to calculate the overall mass transfer coeffi-
cients are :
for the experimental values,

G W]
k= d X
oF x Am (93)
P 6gh
Ud (94)
gd 0.5
U=1.02 <~————
2 (95)
12 k-values for B estimated from (a)
w11 relationships of:
E ———Higbie
= 10 Q — —Baird and Davidson
ECE), 9 7/ }\ Pieter and van Krevelen
8 8 e
7 b 4
< 6(?
£ s
3 0 10 20 30 40 50 60 70 80 90 100
% Chlorine concentration (vol. 25Cl,)
Q
© 8
& o e (b)
k) 7 e e .
= I el e RS
g s T | =%
0 5 O
é 4 AN
\
3

0 10 20 30 40 50 60 70 80 90 100
Fiow rate of nitrogeng (cm3/s)

(a) Variation of the overall mass transfer coeffigient in
dependence on chlorine concentration in nitrogen
at a temperature of 995K.

(b) Variations of the overall mass transfer coefficient of
hydrogen in dependence on the flow rate of nitrogen
at a temperature of 995K.

Fig. 40 Variation of the overall mass transfer
coefficient?®.
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d = 0.54(qd*®)*** (96) B =2 ( Duen )1/ 2
where % is the overall mass transfer coeffi- : TT* (100)

cient of hydrogen in molten aluminium into
purge gas bubbles, F is the liquid metal gas
bubble interfacial area, G- is the number of
moles of metal examined in Al moles, A7 1is
the driving modulus of the process which is
consistent with the diffusion equation of
Maxwell, X« is the value Xu when 7 = 0 in H
mole,/ Al mole, T is the refining time in s, g
is the flow rate of gas in cm’+s™’, h is the
height of molten aluminium column in cm, U
is the rate of bubbles ascending in cmes™, d
is the diameter of gas bubble in cm, g is the
acceleration due to gravity in cme+s™? and dz
is the outside diameter of quartz nozzle in cm.

The theoretical values of overall mass trans-
fer coefficient k have been determined from
mass transfer coefficients in liquid 8. and
gaseous [ phase.

1 _ 1 L

ki 2B B Ch)
where n is the interchanging factor used for
recalculating the driving modulus of liquid
phase expressed by concentrations specific for
this phase into substitute modulus expressed
by concentrations specific for gaseous phase.

The equations which have used to calculate
the both two coefficients : One is, for the mass
transfer coefficient of hydrogen in the bub-
bles of gaseous phase, the dimensionless equa-
tion of Pieter and Van Krevelen® :

Bed _

A= D~ 00 (98)
where Sk is the Sherwood number, and Du-gas
is the diffusion coefficient of hydrogen in
purge gas in molecm™'+s™"' (calculated based
on the kinetic theory of gases when consider-
ing the interparticle-interaction forces), and
the other is for the mass transfer coefficient
of hydrogen in molten aluminium. From three
independent equations, the first empirical re-
lationship by the same researchers® is

Sh=—2% _11Res s

H-Al

99
where Du.a is the diffusion coefficient of hy-
drogen in molten aluminium in molescm™*s™",
Re is the Reynolds number, and Sc is the
Schmidt number. The second relationship based
on penetration theory by Higbie® is
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for spherical bubbles and Re number > 1,
where 7 * is the dwell time of the liquid ele-
ment at the liquid-gas interface estimated as
a bubble diameter : its ascending rate ratio,
in s, and the third relationship modified the
penetration theory by Baird and Davidson® is

B = 0.975d""* Du-a" g% aon
being considered that the mass transfer pro-
cess proceeds only through a frontal surface
of deformed gas bubbles®™ in the form of
spherical caps®™.

The diffusion coefficient of hydrogen in mol-
ten aluminium Ds.a which was necessary to
compute the mass transfer coefficients from
the equations (99) to (101) had been calculated
using the equation (62) given by Eichenauer
and Markopoulos®.

Botor* has found from these researches
that the diffusion process of hydrogen desorp-
tion is controlled by mass transfer in the liq-
uid aluminium. The value of real activation en-
ergy of the process of overall mass transfer
has been estimated to be 38.5, 37.2 and 39.7kdJ
/mole for nitrogen, argon and chlorine re-
spectively, being of the same order as that of
hydrogen diffusion in molten aluminium. Also,
Botor* has said that when using chlorine and
a mixture of chlorine and nitrogen as purge
gases the process of hydrogen degassing pro-
ceeds far more intensively than those by using
inert gases :

From comparison at the temperature of 1000
K in Fig. 39 the values of overall mass transfer
coefficient are 6.01X1073, 6.31xX107* and 8.39 X
10*mole*m™2+s™! for nitrogen, argon and chlo-
rine respectively. The effect of chlorine con-
centration in nitrogen, as shown in Fig. 40 (a),
has indicated moreover that hydrogen degass-
ing of metal as well as its overall mass trans-
fer coefficient reach the maximum value at a
concentration of about 10vol% of chlorine in
nitrogen gas. The phenomenon was explained
by the increase of the volume, that is the met-
al-gas interfacial area, of gas bubbles due to
exothermic reaction of chlorine with alumin-
ium. And the fall in the experimental values
in the range of higher flow rate of nitrogen
gas was explained by the change of hydrody-
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namic conditions : For nitrogen gas flow rate
from 3 to 83cm®+s™!, the equivalent diameter
of bubbles was varied from 1.04 to 2.68cm and
Reynolds number underwent a change from
4200 to 17100, respectively.

No practical effect of metallostatic pressure
from 18 to 63cm on the overall mass transfer
coefficient of hydrogen from molten alumin-
ium into nitrogen purge gas bubbles was re-
ported.

The serial mathematical analyses for the
kinetics of hydrogen removal®®™" and also of
alkaline metals®*” and inclusion®” using purge
gases have been reported by Sigworth and
Engh®*’, Engh and Pedersen’’, Engh and
Sigworth*®, and Pedersen®™.

The mathematical treatment for the remov-
al of hydrogen® would seems to be a model
for another three which similar assumptions
have been applied.

The equation (68) cited in prior section has
been solved to describe the hydrogen removal
by the use of the purging gas. These equa-
tions which have solved are :
for the hydrogen removal in batch reactor®®®
97y

diwt%H] _ [wt¥%H]*- Z

e B

_ % ([wt9%H] — [wt%H]v)

(102)
and for the removal of hydrogen in continuous
reactors%)ﬂ?)W)’

0.2

0.1F

O impeller

porous plug

0 Run no.1.3.1
A Runno.1.4.1
O Runno.1.5.1
200kg batch

Hydrogen concentration (ppm)

0h|$xl 1 ol P IR | P SRS U W B S S|
0 150 300 450 600 750 900 1050 1200 1350 1500

Gaspurging time (s)

Run No. 1.3.1. as a numerical example :

AlSiTMg 05 fu= 175
(fg = 1 for pure aluminium)
A = 0.1Tm?
dy = 26mm (measured in water-models and scaled to aluminium)
As = 0.20m?
M = 200kg

G = 4.46%107¢ kmols™?
k=23%10"*m-s™!

ks = 1.43%107* mes™!
K =1.2%10"*

[wt% HI, is [wt% HJ] found in melt after long holding time with no gaspurging.

Experimental value is much lower than given by eq. (a) and lower than given by

[wtd% Hl; = 0.14x107* %

eq. (b) with Py, = 1 atm (1 atm = 1.013%10° Pa) :

- -4

[wt% H], = 0.14x107* % %HQO + %AI(D - %AIzOs + Hoawm ()
B=1.05x10"3 ;

b = 3.48x1077 Hinnw = 5 He )

¢=24%10""= (b * A * Pier * K2/ (Ufe? « 100my »

&)

Fig. 41 Gaspurging with lance, porous plug and impeller in
200kg batch for the same gasflow Q=0.36ms/hs?.
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(wt%H]2 - Z
B

+ -2 (Cwi96H] — [wt96H])

([wt%HI: — [wt%HD =

(103)
where
K(PH20>1/2 _
[Wt%H] fH B
[wt%H]. (at bath surface)
[wt%H] ’
B= M * P * K
200mu 'fH2 G’
D‘ks'As‘Pinm‘K? .
200mu e fd* G ’ (106)
Z is the variable which relates the actual par-
tial pressure of hydrogen in the exit gas to

Z:

(104)

(105)

b =

the equilibrium partial pressure given by the
metal composition, (wt%HJ: is the concentra-
tion of hydrogen at initial, (wt%H)v = [wt%H)+
Z is the gas composition which is equal to that
of the escaping bubbles from the melt in the
case where there should be little or no hydro-
gen pickup from the air, so that by blow-
ing inert gas on the melt surface, (wt%H]v~
0, Pu® is the partial pressure of hydrogen gas
in bubbles at melt surface in atm (latm=1.013
X 10° Pa), ks is the mass transfer coefficients
~! and
the value of ks can be obtained using the equa-
tion (65), B’ is found from B by replacing M
with M, and, except for the above, all symbols

to bath surface for hydrogen in mes

0.2

3 o}
8 o oan
3 o
T
gr ]
o O01r
O A
c [ A" A
o I A
o - oA 70,200,700kg - batch
el L AN
>
= 5 o lance
g L
i L A porous plug

| o impeller

O ......... | S S T S L
0 0.1 0.2

Calc. hydrogen conc., (H.). (ppm)

Fig. 42 Experimental and calculated hydrogen concen-
trations in 70, 200 and 700kg batch using lances,
porous plugs and impellers®?.
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are the same denotations as those which de-
scribed for the equations (66) to (68).

Figs.41 and 42 show the two numerical
examples from the works by Engh and
Pedersen®.

According to these conclusions, the mass
transfer of hydrogen in the melt boundary
layer is assumed to be rate limitting and the
correspondence between calculated hydrogen
level and practical Telegas instrument read-
ings seems acceptable.

Though those models®**” for the removal
of hydrogen have been presented, it should be
noticed uncertainty that the mass transfer
coefficients k an ks are not known very accu-
rately : For the mass transfer coefficient k for
the removal of hydrogen to inert gas bubbles
in aluminium at 1000K,

k=1.22X10"*

( 5900 % 4.1840 >< d- )“/4

exp| —

RT 1.37 (107
where d. is the equivalent diameter of bubble
in m, in their previous paper® and
k=41x%10"*

< 5900 < 4.1840 >< de >“/”‘

expl —

RT 1.37 (108)
in the other postpaper®™ have been used.
Recently, Leroy and Pignault®™ have shown
the article how very simple efficiency model
can be used to represent for hydrogen degass-
ing process by the use of rotating-impeller
gas injector treatments, combining first-order
kinetics for batch treatment and residence
time distribution for in-line system, leading
to realistic efficiency laws.

They have had macroscopically the kinetics
of hydrogen elimination®™* ;

CcC@)— C-

G . oKy (109)
where C(¢) is the concentration at time ¢ in
min, (v is the initial concentration, C« is the
asymptotic concentration, and K is the elimi-
nation rate in min~'. The two parameters K
and C- depend on the various treatment con-
ditions, including rotation speed, gas flow
rates, nature of alloys, temperature, rotor
shape and reactor volume.
To predict the performance of an in-line

reactor, the Villermaux’s equation was used
to combine with removal kinetics and resi-
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dence time distribution.
C— Cw
Co — Ce (110)
where C is the output concentration, (o is the
input concentration, and E(¢) is the residence
time distribution.

The formula of E(t) of a plug flow compart-
ment and a perfectly stirred compartment
are :

EW=0—1)
for a plug flow, and

E(®)= —i— exp(— —g)

= (exp(— KOE(dt

ain

=~ 03

<

aTi]

o .

=t - © — Experimental results

5 ——  Numerical adjustment

5 021

T

5

L

- O01r

.2

T

b= L

[9]

Q

8 0.0 I i 1 L 1 I | L 1

© 0 2 4 6 8 10
Time (X60s)

Fig. 43 An example of hydrogen removal kinetics using
a batch Alpur-type process (the numerical
adjustment accurately represents the
experimental results.)®.
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a —— Numerical adjustment
= 04}
(A
T
T L
A
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Q
Q
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&] . _
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Time (X60s)

Fig. 44 Typical residence time distribution results for
an industrial Alpur ladle with the theoretical
response for two perfectly stirred treatment
compartments and a plug-flow exit compartment
in series®.
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for well-stirred stage (112)
where ¢ is the Dirac function, and 7 is the
mean residence time which is equivalent to the
reactor volume V divided by the metal flow
rate Q.

It may be assumed that the gas-liquid reac-
tor is, usually, perfectly stirred, therefore the
elimination law is

C—C 1
CG—C.  (A+Kz) (113)
where n is the number of perfectly stirred
compartments in series.

For the calculation, the values of parame-
ters K and C- those which were obtained dur-
ing the batch tests can be used. And those cal-
culated results could be presented in Figs. 43,
44 and 45*. The numerical adjustments which
have been led from the experimental data
ploted in Fig. 43 have given K= (0.43£0.05) X
60s7!, C-=0.06£0.0lcm*H. (STP),”100gAl, re-
spectively.

A mathematical model for hydrogen remov-
al in porous trough diffuser, which is used as
a passive disperser in the metal transfer
trough, has been developed by Stevens, Yu and
Eckert™. Fig. 46 shows porous trough diffuser
which was experimented.

The examination for the hydrogen remov-
al was performed by the diffuser with 2770~
10890kg,”3.6ks of metal flow rates resulting
in a range of Reynolds numbers for molten al-
uminium of 5000~20000 (the bulk metal veloci-
ty was greater than 1.5cme<s™"), and with ar-

=~ 0.15

g o 2
& ?

S - 8o 0o

— O

N o 5 O
o o

£ ol0f 0 & % &

< oo

T o

E

A

. 005} 0 — Expenmental results
2 ~—  Numerical adjustment
©

5 L

3

g 000 L L L 1 I 1
© 0.00 0.10 0.20 0.30

Co (cm3 Hy(STP)/100gAl)

Fig. 45 An example of hydrogen removal by an in-line
Alpur process for the same metal flow rate (the

asymptotic concentration C., is assumed to be nil)%®.
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34
18‘4
] Metal flow, typical level T
T8
153# :i 4
PEEIEEEI I roe
Flux gas (argon) Unit - ¢

Fig. 46 Porous trough module!®®.

gon gas flow rates of 1415~4250dm® " 3.6ks.
In each of the trials molten zinc was added,
as a tracer to estimate residence time distri-
bution function E(t), upstream of the porous
diffuser section of the troughing. They had
monitored upstream and downstream hydro-
gen contents with Telegas, and had also moni-
tored metal and ambient temperatures, rela-
tive humidity, metal depth and argon moisture
level for each drop.

Concerning those experiments, the results
have shown that the Reynolds number of the
metal has a large effect and that as the
Reynolds number is increased, the distribu-
tion approximates that of an ideal plug flow
reactor more and more closely. ‘

From the equation of hydrogen mass bal-
ance over the control volume of thin strip of
the porous trough, being based on the plug
flow of the metal stream, an equation which
expresses the outlet hydrogen concentration
can be given :

How = Hof [B+Mexp(—t»)]E(Ddt (11
where
Ki{p v h[H:01 + ks’ [H.OJ.2%

B= Halo v h Lk :

(115)

—K4{p v h[HzO] &+ ks/ [H20] ao.s}
Huo(p vh +E)
—{p vh+ks} Ha
Hin(,O vh +ks/>

M:

> <_ kas/>
exp F ) (116)
JE®War=1,
for ideal plug flow, ain

H is the hydrogen concentration of melt and
sub in and out denote inlet and outlet respec-
tively, t is the time, and metal residence time,
v is the product of mass transfer coefficient
to fluxing gas bubble, and to the bubble inter-
facial area, E(t) is the residence time distribu-
tion function, Kis = K*? is the equilibrium con-
stant of the reaction with moisture, o is the
metal density, & is the metal depth, (H:0J. is
the water concentration in atmosphere, (H.0J:
is the water concentration in flux gas, ks’ is
the mass transfer coefficient, L is the length
of porous trough section, w is the width of
trough, and F'is the metal flow rate.

Table 11 shows outlet hydrogen values.
The values were calculated using the values
of variables ks’ and v those which were de-
termined from plant data. The numberes indi-
cate that, although axial diffusion is certainly
occurring, plug flow is likely to be good ap-
proximation of the conditions existing in the
porous trough.

It may be, those mathematical models should
seem to be of limited use.

Separating from the above'™, an inline hy-
drogen removal used the same porous trough
diffuser has been reported by Stevenson™’.
By assuming a mass transport of hydrogen
to be the limiting process, the diffusional mass

Table 11 Comparison of ideal and non-ideal outlet hydrogen values'™.

Argon gas Metal flow Estimated Bstimated

flow rate rate Metal outlet [HI- outlet [H] %
(% 28.3dm? (x0.453kg/ stream Re ideal non-ideal Error
(STP)/3.6ks) 3.6ks) (em®(STP)/100g) (cm*(STP)/100g)

50 6,100 5,000 0.0798 0.0799 0.1
150 6,100 5,000 0.0798 0.0799 0.1
50 13,500 10,000 0.0846 0.0846 -
150 13,500 10,000 0.0898 0.0895 0.3
50 22,000 18,000 0.0870 0.0847 2.6
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transfer that across the liquid boundary lay-
er at bubble surface has been treated with a
mass transfer coefficient as given by the e-
quation (118).

Gw, = RA([H] —[H]» (118)
where Gu, 1s the average hydrogen removal
rate in cm®H.,3.6ks, k is the average mass
transfer coefficient in g, (3.6ks * unit area),
A is the average total bubble surface area,

(H] is the average upstream hydrogen concen-
tration in cm®H. (STP) 100gAl, and [H]J. is
the dissolved hydrogen concentration at the
metal bubble interface in cm®H:(STP),”100gAl.
The difference of the dissolved hydrogen a-
cross the boundary layer ((H)— (HJ.) is the
driving force.

An experiment has been made on three al-
loys 5052, 6061 and 3003 in the metal flow rates

Table 12 Industrially available melt treatment system.

] Impurities removed: | Ref.
System Company Description
Hydrogen| Inclusion | no.
. Filter bed of tabular alumina balls coated with salt, count-
British 104
FILD . er-current flow of gas bubbles generated by a perforated Yes Yes
Aluminium 108)
tube and molten salt flux cover over melt
: Dual filter beds of tabular alumina balls and aggregate 103)
469 Alcoa with counter-current flow of gas bubbles generated by Yes Yes 108)
porous media
. Filter bed of petroleum coke with counter-current flow of
DUFI | Alusuisse . Yes Yes 108)
gas bubbles generated by porous media
Uni Reactor chamber where small gas bubbles are generated 182%
SNIF mo? and intimately mixed in the melt using a spinning nozzle Yes p*
Carbide . 110)
with stator 119)
Reactor chamber where fine bubbles of gas are generated 108)
622 Alcoa and intimately mixed in the melt with a rotary vane Yes P* 113)
disperser 120)
Reactor chamber where fine bubbles of gas are generated 106)
ALPUR | Pechiney and intimately mixed in the melt using a rotary vane Yes P 107
disperser 17
Cylindrical reactor chamber where fine gas bubbles are
MINT® Conso}idated generajceq by high-pressure nozzles (find.are dis?ersed by Ves Yes 108)
Aluminum the swirling action of the metal which is then filtered
through ceramic foam of SELEE® structure
Fine gas bubbles are generated by the rotating nozzle
GBF Showa which has unique geometry at the base of rotor. Rotating - p* 115)
es
Aluminium motion of melt is suppressed by the buffle plates set inside 116)
reactor
RAM ASY Fine gas I?ubbles are generated from the holes inside wall Yes p 109)
of cylindrical rotor 118)
Purging gas is introduced at the base of unique geometry 1
R.D.U | FOSECO of rotor, and as the rotor is turned, so the gas stream is Yes P 14
ejected horizontally from the orifice of the rotor
DMC—4 Nichols-‘ 'I?wo sPecial porous plug diffuser for degassing, and melt Yes Ves 12)
Homeshield filtration
Reactor is comprised of a fixed ceramic filter bed and a
AFD Alean cylindrical rotor. The gjas bubbles ascend upward, in a Yes Yes 19D
counter-current sense with respect to the molten metal
flow

* No positive filtration but partial removal of inclusions by flotation
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of 5.25 to 10.42kg s '. Consequently, the re-
sults of calculated values of kA with respect
to the metal flow rates for these alloys show
a maximum kA at 8.56kges™! for alloy 5052
and 9.44 kges™! for alloy 3003, respectively.
However, alloy 6061 presented a much differ-
ent relationship from those of the two, and
the values of kA can demonstrate the loss of
bubble surface area A with the increasing flux
gas'™ and molten metal flow rates.

Besides, the mass transfer coefficient can
be served as a simplified representation for
the diffusivity of hydrogen, with respect to
the hydrogen chemical potential, in metal®"®.
Consequently, kA values increased in depend-
ence of a greater magnesium content and tem-
perature, those which would increase the hy-
drogen chemical potential. In other words,
with all another variables held constant, the
hydrogen removal rate should increase with
increasing magnesium.

The industrial degassing systems available
today, as given in the paper by Clumpner et
al.®™ are briefly listed in Table 12!~

Considering one particular technology, for
instance, the geometrical conditions of the in-
troduction of the purge gas in these systems
are uniquely varied, and as a consequence the
mass transfer coefficient must be adjusted
when the refered, fundamental models re-
viewed in the above® ™' are applied to these
industrial systems and experimental condi-
tions.

6. Techniques for hydrogen
determination

Recently, techniques for determination of
the hydrogen content in aluminium and its al-
loys have been reviewed by Anyalebechi®™®,

For accurate, reproducible and guantitative
evaluation of the hydrogen content in alumin-
ium and its alloys, the well-proven accurate
methods such as the Telegas instrument and
Hot Vacuum Subfusion Extraction (Ransley)
technique” ™" should be used for the molten
metal and solid samples, respectively” >,
The ability of these techniques to measure hy-
drogen content on their routine production
basis implies the control of hydrogen content
in molten metal or alloys prior and during

76

casting, and the solid state (casting and
wrought products).

According to Anyalebechi™™ the Telegas
instrument is the best technique for continu-
ous determination of the hydrogen concentra-
tion in aluminium and its alloys melts during
casting.

What man can afford to use (buy), does
the latest version, SLM Hydrogen Determina-
tor', Alcoa Telegas I gnd AISCAN™
~1)  They are also less operator dependent
and almost fully automatic.

The electrochemical technique which is based
on the principle of measuring the hydrogen
content in molten aluminium with a galvanic
cell type hydrogen sensor in the form of a sol-
id electrolyte probe device has been reported
by Yajima, Iwahara, Fukatsu, Ohashi and
Koide®. The sensor developed by them™ con-
sists of CaZrosIneOs-.-proton conducting ce-
ramics. The hydrogen content determined by
this sensor has shown good agreement with
that measured by Telegas method.

Operation involves the measurement with
millivoltmeter of the electromotive force (emf)
induced in the probe in which standard hydro-
gen gas (1 vol % in He) is flowing in the stand-
ard compartment of the cell. Melt tempera-
ture is simultaneously measured with a ther-
mocouple. The calculation of hydrogen con-
tent is based on solubility of hydrogen in pure
aluminium, so that alloy correction factors,
similar to those used for the Telegas instru-
ment, are applied to correct for the difference
in hydrogen solubility in the given alloy.

7. Conclusion

Hydrogen in aluminium and aluminium al-
loys has been briefly reviewed with the em-
phases on
(1) The nature of hydrogen : hydrogen solu-
bility, hydrogen situation, hydride formation
and hydrogen diffusion,

(2) The distribution of hydrogen : origin of
porosity in castings, threshold hydrogen con-
tent for pore formation and mathematical
prediction for porosity formation,

(3) The effects of hydrogen : on mechanical
properties, on surface blistering and on hy-
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drogen-assisted fracture,

(4) The process kinetics of hydrogen degass-
ing : in vacuum and by purging gases, and
available various industrial units, and

(5) The techniques for hydrogen determina-
tion,

as a prerequisite for adequate, desirable con-
trol of hydrogen content through all man-
ufacturing stages.
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