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The Forms of Electrodeposits from AlCl;-NaCl Baths
at Moderate Temperatures®

The Electrodeposition of Aluminium from Aluminium
Chloride Baths (Part 1)

by Katsuhisa Itoh**, Tatsuo Ishikawa*** and Rinzo Midorikawa*#t*

This investigation was undertaken to explore the possibilities of the industrial application of
the electrolysis of aluminium chloride baths in a moderate temperature range. Cathodic
polarization characteristics and the forms of deposits in the nearly equimolar region of AICls-
NaCl baths were studied potentiostatically and coulombstatically.

The results obtained are as follows:

(1) A pre-wave appears in the cathodic polarization curves obtained in the baths containing
more than 50 mole % AICls at 400°-505°C.

(2) In the case of aluminium cathode, dendritic deposits are mainly formed by the
electrolysis in the potential range where the pre-wave appears, whereas powdery ones are form-
ed exclusively by the electrolysis at less noble potentials. In any way, smooth deposits suitable
for electrowinning or electroplating of aluminium are not obtained at 400°-505°C.

(3) In the case of copper cathode, the smooth deposits are formed to some extent in the same
temperature range; however, continued electrolysis results in the formation of irregular deposits.
(4) At temperatures higher ~than 574°C, molten Al-Cu alloys are formed directly in the
case of copper cathode,

(5) At temperatures from 610°C to the melting point of aluminium, aluminium chloride in
the baths can not be maintained at concentrations higher than 50 mole %, and minute globules
or dendrites or partially molten dendrites are formed in the case of aluminium or tungsten
cathode. The smooth deposits are not formed.

(6) It seems reasonable to assume that the dendrites, formed on aluminium cathode at 400°-
505°C, result from primary deposition, whereas the powders result secondarily from the reaction
of primarily deposited sodium with aluminium-containing ions in the bath.

1. Introduction

A molten mixture of aluminium chloride and
sodium chloride was used as an electrolyte for

the first electrowinning of aluminium in the

*#A part of this work was presented in the form of pre-
print at the 5th Annual Symposium on Fused Salt
Chemistry of the Electrochemical Society of Japan,
held in Sapporo, Hokkaido, August 24-25, 1971.

**Research Department

##¥Department of Metallurgy, Faculty of Engineering,
Hokkaido University, Professor, Dr. Eng.

FrkFaculty of Engineering, Hokkaido Technical University,
Professor, Dr. Eng.

middle of the 19th century by Bunsen and Deville,
that time,
chloride-alkali metal chloride baths have been

independently?-®. Since aluminium
used, because of their low-melting points, as media
of any types of electrolysis of aluminjum: electro-
winning ¥~®, electrorefining ~1®, and electro-
plating!®~3, In recent years, they have also been
studied as reaction media and as electrolytes of
secondary batteries or fuel cells®®~%,

It has been said that the electrolytic pro-
duction of aluminium from the aluminium chloride
bath has the following advantages over the con-
ventional Hall-Héroult process in which aluminium
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oxide, produced from bauxite ores, is reduced
electrolytically:

(i) Chlorine is produced as a valuable by-product
without any consumption of carbon anode®-1),
(ii) Harmful gases are less released in the atmos-
phere.

(iiD) Corrosion problems of the furnace materials
are not so significant®.

other than bauxite

can be used as a raw material®.

(iv) Aluminous minerals
(v) The purity of primary aluminium is good®.
(vD) Current efficiency is good®.®,

(vii) Raw materials can be obtained cheaply and
easily®,

On the other hand, the shortcomings described
earlier are as follows:

(i) There is a marked tendency for the aluminium
deposit to be dendritic even under the conditions
of low current densities and/or agitation®.19.16)~
19),29) ~25)

(i) Carbon or graphite anode is disintegrated by
swelling at temperatures lower than 400°CP.

(iii) The specific electric conductivity of the bath
is smallP18),

(iv) The evaporation loss of aluminium chloride
is great®  and the electrolysis under pressure to
avoid the loss is costly and troublesome.

(v) The handling and storage of aluminium chloride
is rather difficult®,.

Among these shortcomings, the dendrite forma-
tion is one of the most difficult problems to solve.
The electrolysis must - be undertaken below a
current density of 10 mA/cm? to suppress the
dendrite. Such a low current density, leading to
low productivity, seems to be an industrial bot-
tleneck of the electrolytic production of aluminium
from the chloride bath at low temperatures.

Recently, the electrolytic production of alumin-
ium above its melting point from the chloride
bath has also been tried to avoid these difficul-
ties™, Little is known so far, however, about the
electrodeposition of aluminium at moderate tem-
peratures from 400°C to the vicinity of the melting
point of aluminium® -9~1D, The aim of the present
investigation is to classify the forms of electro-
deposits from the chloride baths and to explore
the possibilities of the industrial application of the
aluminium chloride

electrolysis. Measurements

of polarization characteristics were made and po-

tentiostatic electrolysis was carried out in AlCls-
NaCl baths. The forms of electrodeposits obtained
bath
temperature, bath composition, cathodic potential,

were correlated to electrolysis conditions:

and electric quantity to which special attention
was paid in this study.

2. Experimental

2.1 Experimental apparatus

Fig. 1 shows the experimental apparatus used
in this investigation. A container of a bath was a
recrystallized alumina crucible which was held in
a retort of opaque quartz glass by use of quartz
wool. In order to avoid excessive condensation of
the evaporated components of the bath, a ground-
glass joint with a water jaket in the first series
of experiments was replaced later by a Teflon seal
without cooling. All experiments were carried out
under an atmosphere of argon or nitrogen purified
through columns of active copper and anhydrous
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Fig. 1 Experimental apparatus and assembly of the
electrolysis cell.
1, thermocouple sheath; 2, quartz cell; 8, working
electrode; 4, Ag reference electrode; 5, Al counter
electrodes; 6, electric furnace; 7, AlClz-NaCl bath;

8, alumina crucible; 9, Al turnings; 10, quartz wool.
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magnesium perchlorate. The bath was heated in
an electric resistant furnace; the bath temperature
was maintained constant within 3°C by an elec-
tronic temperature controller.
2.2 Electrolytic bath

The phase diagram of the system AlCls-NaCl
15,39,40 ysed in this study is shown in Fig. 2. It
indicates that the first crystalization temperature
of the system rises up abruptly when the con-
centration of aluminium chloride is less than 50 mole
%. It is also known that the vapor pressure of
the-system increases steeply with an increase in
the concentration of aluminium chloride” %0, As a
compromise, the baths of nearly equimolar compo-
sitions were used in this investigation. The accurate
content of the aluminium chloride in the bath was
determined by frequent sampling of the bath and
the chelate titration of aluminium in the usual
manner.

The materials used were as follows: commercial
aluminium chloride was purified according to the
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Fig. 2 Phase diagram for the system AlClg-NaCl(data from
Kendall et al, Midorikawa, and Fischer et al.).
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procedure desribed earlier by one of the authores
18); reagent grade sodium chloride was dried in a
dry oven at about 130° C for a long time. A mixed
salt of purified aluminium chloride and sodium
chloride was heated to about 400°C with alumin-
ium turnings before the experiment in order to
remove impurities. During the experiment, high
purity aluminium turnings were also placed in the
bath for further purification. The weight of the
bath used in each run was about 90 g.
2.3, Measurements of cathodic polarization
characteristics ‘
High purity aluminium wires with the diameter
in the
first series of experiments. They were polished to

of 3mm were used as working electrode

%800 of a silicon carbide abrasive paper, degreased
with methanol, and immersed partially in the bath
to make the immersion surface of about lcm?,
But under certain conditions where large dendrites
were formed at the interface of the immersion,
the reproducibility of the measurements was poor.
Tungsten wires with the diameter of 3mm, sealed
in heat resistant glass and immersed perfectly in
the bath, were also used to avoid this anomaly
after the same surface pretreatment as in the case
of aluminium.

The Ag/AgCl (0.1 mole fraction) in LiCl-KCl
(eutectic melt) electrode was used as the reference
electrode*, stability of which had been well con-
firmed in the moderate temperature range in the
literature®, Two high purity aluminium wires with
the diameter of 5mm, between which the working
electrode was set, were used as counter electrode.
Distances between each electrode were about 2cm.

After the working electrode had been stood for
about ten minutes following the immersion in
order to stabilize the potential, polarization char-
acteristics were measured. The working electrode
was polarized by steps of 10-20 mV manually and
the current value was read after about 30 seconds.
In the potential range where current rose up
rapidly the potential was changed by steps of 50-
100 mV, and the current.value was read within 10
seconds.

2.4 Potentiostatic experimental electrolysis

The same reference and counter electrodes as
in the measurements of the cathodic polarization

*All the potentials hereinafter are reported with respect to

this Ag reference electrode.
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characteristics were used in the electrolysis. As
cathode, the same aluminium wires as the work-
ing electrode in the polarization measurements
were used most frequently.

Other materials were also used: aluminium
wires, electropolished in a solution of perchloric acid
and acetic anhydride or etched with a hot caustic
soda solution or dissolved anodically in the molten
salt bath; copper plates (10mm x30mm x0.5mmt),
polished with abrasive papers or washed with an
ammoniacal solution; tungsten wires, polished in
the same way as discribed above,

Potentiostatic electrolysis was performed using
a potentiostat and an electronic coulometer with
a relay which was set previously at a desired
value of electric quantity.

Methanol was used for the removal of entrained
salts from the cathode. Preliminary experiments
revealed that removal with water or ethyl eter
was not appropriate to observe the cathode sur-
face. The electrodeposits were observed with a
binocular microscope at a magnification of 16 or
40 and then classified.

3. Results

3.1 Cathodic polarization characteristics

3.1.1 Cathodic polarization characteristics at
400°C

. Typical polarization curves vary with the bath

composition as shown in Fig. 3.

At the equimolar composition, the current rose
up rapidly when the potential was shifted toward
the less noble than about—1.0 V. The reproducibility
of the measurements was extremely good at this
composition, regardless of the cathode materials,
i. e., aluminium or tungsten. Current densities were
saturated at about 1A/cm? when the potential was
shifted toward the less noble than about —1.3V.
The cathode surface was covered with spongy
aggregates Which consisted of occuluded salts and
‘fine powders of aluminium.

When the aluminium chloride concentration was
increased, the equilibrium electrode potential of
aluminium shifted in the noble direction, and a
pre-wave appeared in the polarization curve prior
to the steep rise of the current. The critical
potential where the pre-wave changed to the steep
rise -did not depend on the bath composition and
was in fair agreement with the stay-potential, E.,
which was observed instantaneously after the

— 4

5-10° T T T T T T T
AICH, (Mol%)
O 2530
0] 53.0
10%+ o 51.3 b
® 50.1
e
&l
N
<C
E
=
‘»
o
< 107} 8
=
L
5
(&)
=
@
«©
o
(el
<
10} 1
1 1 i ) L { 1

1
-09 -08 -0.7
Potential (V vs. Ag ref.)

-4 -13 -12 -11 -10

Fig. 3 Typical cathodic polarization curves obtained in
AlCls-NaCl baths at 400°C(working electrode: Al, W).

interruption of the polarizing current. The repro-
ducibility of the measurements was poor in this
composition range. The current rose up abruptly
in some cases, particularly with aluminium cathode,
when large dendrites were formed at the interface
of the immersion.

3.1.2 Cathodic polarization characteristics at

505°C

Typical polarization curves vary with the bath
composition as shown in Fig. 4. The dependence
of the polarization characteristics on the bath
composition was substantially the same as in the
case of 400°C.

At the concentrations of less than 50 mole %
AlCls, the current dropped rather abruptly when
the working electrode was polarized toward the
potential less noble than—1.1 V. The reproducibility
of the measurements was not good and the surface
of the working electrode was covered with crys-
talline salts.

3.1.3 Cathodic polarization characteristics at
575°-665°C
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Fig. 4 Typical cathodic polarization curves obtained in AlCl3~
NaCl baths at 505°C (working electrode: Al, W).

Fig. 5 shows typical polarization curves. In this
temperature range, vaporization of the bath com-
ponents was violent and aluminium chloride could
not be maintained at concentrations higher than
50 mole %. The presence of the pre-wave on the
cathodic polarization curves was not obvious.

3.2 Potentiostatic electrolysis
3.2.1 Electrolysis with aluminium cathode at
400°C

Table 1 gives some examples of the potentiostatic
electrolysis carried out on the basis of the results
of the polarization measurements.

The forms of electrodeposits changed distinctly
at a critical bath composition. When the concentra-
tion of aluminium chloride in the bath was higher
than 50 mole %, dendrites were formed as well as
fine crystals by the electrolysis at the potential
nobler than E: even at the electric quantities of
7-10 C/cm?*(Fig. 6). The larger the electric quantity,
the larger the number and size of the dendrites
(Fig.7). In this composition range, fine grey
powders were formed by the electrolysis at the
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Fig. 5 Typical cathodic
AlIClg-NaCl baths at higher temperatures (working
electrode: Al, W).

polarization curves obtained in

potential less noble than E: and dendrites were
also formed at large electric quantities.

On the other hand, when the concentration of
aluminium chloride in the bath was about 50
mole % or less, only fine powders were formed,
regardless of the cathodic potential and the elec-
tric quantity (Fig. 8). The mass of the powdery
deposits contained entrapped salts and appeared
to be spongy when the potential of the cathode
was still less noble and/or the electric quantity
was still larger.

Two types of dendrites were formed:
sional leaf-like dendrites(false-dendrites'®)did not
make a certain angle between their stems and side

2-dimen-

arms (Fig. 9), whereas 3-dimensional dendrites
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Table 1 Typical electrolysis with aluminjium cathode at 400°C
Bath composition BE* QFk CD¥k
Run No. Spkks Form of depositiitss
(AICls mol%) -V)  (C/em2)  (mA/cm?)
G-17 53.0up 0.790 52 0.7- 19 P C+D
G-8 53.0up 0.835 7.7 1.2- 3.3 P C+4d
F-10 51.4 0.917 80 13- 48 EP C+D
G- 3 53.0up 0.928 374 12- 81 P C+D
J-7 51.3 0.930 25 6.3~ 11 B C+d
G-15 52.9 0.947 9.4 20- 25 P C+d
F-5 51.4 1.077 13.8 200-206 P P+d
G-9 53.0up 1.104 37 333-356 P P+d+D
G-22 52.9 1.198 7.5 P P
B-11 49.4 1.005 20 17- 37 P P
C-2 50.1 1.023 9.3 5.1- 19 P P
C-4 50.1 1.025 41 6.9- 20 P r
C-19 50.4 1.116 54 324-392 P P
C-21 50.4 1.221 10 728 P P
* Cathodic potential
** Electric quantity per unit area
*** Cathodic current density
*¥*% Surface pretreatment, P : polishing, E : etching, EP : electropolishing

*ekxk G i small crystal, D : dendrite, d : small dendrite, P : dowder

Fig. 6 Appearance

of electrodeposits
condition: G-15 in Table-1.

(x4). Electrolysis

Fig. 7 Appearance

of electrodeposits (x4).
condition: G-3 in Table 1.

Electrolysis

made an angle of 90° between them (Fig.10). The
former were less obtained by the electrolysis

both at relatively noble potentials and small

PFig. 8 Appearance of electrodepoits (x4). Electrolysis
condition: C-2 in Table 1.

Fig. 9 Typical 2-dimensional leaf-like dendrites (X 16).
Electrolysis condition: F-10 in Table 1.

electric quantities. The conditions of forming the
two types of dendrites, however, have not been
studied further in detail.
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Table 2 Typical electrolysis with aluminium cathode at 505°C

Bath composition E* Qi CD¥tek
Run No. SPkek  Form of deposititiers
(AICls mol%) V) (C/cm2) (mA/cm2)
H-16 52.9-53.8 0.840 9.4 2.9- 9.5 P C
F-17 50.5-51.4 0.950 454 51-140 EP D
I1-19 52.9-53.8 1.050 102 306-612 P C+4d
1-20 53.8 1.150 103 681-897 P C+d
D-4 48.8 1.001 6.5 38~ 43 P P
B-4 49.4 1.010 28 39~ 56 P P
D-18 48.8 1.095 84 7.6-168 r P
D-5 48.8 1.181 6.4 192-318up P P

* Cathodic potential
** Electric quantity per unit area
**¥ Cathodic current density
**#% Surface pretreatment, P : polishing, EP : electropolishing

#x#t G 1 small crystal, D : dendrite, d : small dendrite, P : powder

Fig, 10 Typical 3-dimensional dendrites (x16). Electrolysis
condition : G-17 in Table 1.

Fig. 11 Appearance of electrodeposits (x4).
D-5 in Table 2.

Electrolysis
condition :

The influence of surface pretreatment of the
cathode on the forms of deposits was not observed.
3.2.2 Electrolysis with aluminium cathode at

505°C

The results of typical electrolysis are given in
Table 2. Only powdery deposits were formed by
the electrolysis of baths containing less than 50
mole % AlCls (Figll), just like the case of 400°
C. When the concentration of aluminium chloride

in the bath exceeded 50 mole %, dendrites were

— 7

Fig. 12 Appearance of

electrodeposits

including large

dendrites at immersion interface (x4). Electrolysis

condition : F-17 in Table 2.

also formed at large electric quantities. In some

cases,  enormous 2-dimensional dendrites were

formed at the interface of the immersion(Fig. 12).

3.2.3 Electrolysis with aluminium cathode at
. 610°C

The results of typical electrolysis are given
in Table 3.

At this temperature, minute globules were form-
ed at the electric quantity of less than 20 C/cm?
when the potential of the cathode was as noble
as—0.9 to—0.95 V (Fig. 13). When the electrolysis
was continued to larger electric quantities or per-
small dendrites
were mainly formed (Fig. 14). The dendrites

obtained at this temperature (Fig. 15) were 3-

formed at less noble potentials,

dimensional, and much smaller and more compli-
cated than those obtained at lower tempertures.

No leaf-like
observed.

2-dimensional dendrites were
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Table 3 Typical electrolysis with aluminium cathode at 610°C

Bath composition E* Qk CDeerk
Run No. Form of deposit¥+¥k
(AICl3 mol%) -v) (C/cm2) (mA/cm?2)
F-21 43.7 0.917 81 7.1~ 28 G+d
F-26 43.7 0.923 33 G+ d
-13 42.3-49.4 0.949 8 18- 22 G
B-8 49.4 0.990 14 69- 81 G
E-4 42.3-49.4 1.088 44 322-548 G+ d
E- 2 42.3-49.4 1.160 104 292-490 G-+4d
F-28 43.7 1.211 6.5 548 P

* Cathodic potential
** Flectric quantity per unit area
**%* Cathodic current density
®xk (1 minute globule. d : small dendrite, P : powder

Fig. 13 Minute globules (% 16). Electrolysis condition : E-13
in Table 3. '

Fig. 14 Appearance of electrodeposits
condition : E-2 in Table 3.

(x4). Electrolysis

3.2.4 Electrolysis with aluminium or tungsten
cathode at temperatures close to the
melting point of aluminium

The results of typical electrolysis are given in
Table 4.

In the case of aluminium cathode, both the
minute globules and small roundish dendrites were
formed (Fig, 16).

In the case of tungsten cathode, the small
roundish dendrites were also formed, but their

Fig. 15 Small dendrites and minute globules (x16).
Electrolysis condition : E-4 in Table 3.

Fig. 16 Small roundish dendrites( x16). Electrolysis condition:
H-7 in Table 4.

substrate was the aluminium layer molten par-
tially (Fig. 17),
3.2.5 Electrolysis with copper cathode
Table 5 gives some examples of the electrolysis.
Regardless of the cathodic potential, smooth
layers were formed to some extent at 400°-505°C
by the electrolysis of the baths containing more
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Table 4 Typical electrolysis at temperatures close to the m.p. of aluminium

Bath temp. Bath composition E* QK CDetk
Run No, Bathode Form of depositirt
“c) (AICl; mol%) V) (C/em2)  (mA/cm?)

H-6 652 43.7-49.3 0.900 10.1 22- 44 Al G

H- 4 665 43.7-49.3 0.940 8.9 9- 18up Al G

H-7 652 43.7-49.3 1.000 92 118~ 192 Al G +dr
JW- 3 665 45.9-48.0 1.000 130 182- 270 w M-+dr

H- 1 665 43.7-49.3 1.200 86 560~ 630 Al G+dr
Jw-1 663 45.9-48.0 1.200 568 796-1500 W M-+dr
* Cathodic potential
** Electric quantity per unit area
*#* Cathodic current density
4% G minute globule, dr : small roundish dendrite, M : molten metal
Table 5 Typical electrolysis with copper cathode
Bath temp. Bath composition E* QK CDpetk
Run No. SPiskiok Form of deposit##sick
) (AICls mol%) V) (C/cm2) (mA/cm2)

KC-9 400 53.9 0.950 19 17- 20 E S+d

JC-2 400 51.3 0.950 107 54-178 E S - D 4 etk L P oiclololok
KC-5 400 51.6 1.059 9.5 38 EP S+ d A Pelskicler
KC-10 400 53.9 1.150 19 113-145 B S+P

JC-5 450 50.7-51.3 0.980 31.5 47-170 L S+D

JC-86 505 50.7-51.3 0.900 104 24~ 55up I S+D

1C-1 505 52.9-53.8 0.950 104 60-243 P S+C+d

1C-4 505 52.9-53, Srrrstiok 0.95) 151 48- 85 P S+CH+d

I1C-2 505 52.9-53.8 1.000 546 68-414up P S+C+P

I1C-3 505 52.9-53, Gtttk 1.000 567 105-211 P S+C+d
JC-8 574 48.0 0.890 69 9.6-109up B Molten alloy
JC-9 574 48.0 1.100 204 299-432 It Molten alloy
HC-1 664 43.7-49.3 1.200 659 441-552 134 Molten alloy

* Cathodic potential

** Flectric quantity per unit area
**% Cathodic current density
*%% Surface pretreatment, E: etching,

EP : electropolishing, P : polishing

wekkk Q2 gmooth deposit, d : small dendrite, D : dendrite, C : small granule, P : powder

*rkkx Little amount
*ekekkd Bath contains 3g of CoClg - 6H20

Fig. 17 Small roundish dendrites on tungsten cathode(X16).

Electrolysis condition : JW-1 in Table 4.

9

than 50 mole % AlCls. Even at a electric quantity
as small as 10 C/cm?, however, dendrites, small
grains, and fine powders were also formed
on them (Fig. 18 and 19), Most of the dendrites
were leaf-like. The nobler the potential of the
cathode, the more crystalline and shiny the smooth
layers, whereas the baser the former, the more
non-crystalline and greyish the latter. The greyish
layers exfoliated rather easily on exposure to air.
above 574°C, the deposits
obtained were supposed to have been melting in
the baths (Fig. 20 and 21).

irregular deposits was not

At temperatures

The formation of
prevented by the addition of a cobalt salt to the
bath (cf. Table 5).
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Fig. 18 Appearance of cathode after electrolysis (x4).

Electrolysis condition : JC-6 in Table 5.

Fig. 19 Appearance of cathode after electrolysis(x4). Most
of the irregular deposits falled off. Electrolysis

condition : IC-2 in Table 5.

3.3 Examination of the electrodeposits on the
copper cathode by electron probe micro-
analysis (EPMA)

The cross sections of the typical cathode shown
in Table 5 were examined by EPMA. The smooth
layers obtained at 400°C were found to be com-
posed of aluminium alone. On the other hand, the
smooth layers obtained at 505°C were mostly
Al-Cu alloys. An alloy layer
with the thickness of about 20p was also detected
on the copper cathode electrolyzed at 574°C. The
columnar structure of an alloy was observed on

composed of

the alloy layer, and hence it suggests the molten
state of the deposits during electrolysis.

4. Discussion

4.1 Interpretation of the cathodic polarization
characteristics

Fig. 20 Appearance of cathode after electrolysis (x4).
Electrolysis condition : JC-9 in Table 5.

Fig. 21 Appearance of partially immersed cathode after
electrolysis (x4). Electrolysis condition : HC-1 in
Table 5.

The cathodic polarization curves obtained at
400°-505°C showed that when the concentration of
aluminium chloride in the bath exceeds 50 mole %,
the equilibrium potential of aluminium shifts to-
ward the noble and there appears a pre-wave be-
fore the steep rise of current.

The critical potential where the current rises up
steeply has been confirmed to be constant and in
fair agreement with the stay-potential observed
instantaneously after the interruption of the polar-
izing current. In this connection, the previous
study by Sato et al*® has revealed that a well-
difined limiting current is present in the noble
potential region of cathodic polarization curves
and that a critical potential where the current
shifts toward the steep rise is consistent with the

potential of a plateau in potential decay curves
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measured after the cathode had been polarized
The critical
potential described above is identified by them as

toward the less noble potential.
the co-deposition potential of alkali metal with
aluminium. Their measurements were made, how-
ever, in the baths with much higher concentrations
of aluminium chloride (50-60 mole %) at low tem-
peratures.

In our experiments, although some difficulties
due to relatively high temperature make the
results rather equivocal, it can be said at least
that the polarization characteristics of the bath
at 400°-505°C are the same as in the case of the
low-melting baths.

The drop of the current, observed in the baths
containing less than about 49 mole % AlICls, may be
attributed to the coverage of the cathode with
precipitated salts. The phenomenon is very similar
to the passivation effect at cathodic currents
observed by other investigators in sweep voltam-
mograms obtained in low-melting baths’. It also
shows that much attention must be paid to the
maintenance of bath composition if the electroly-
sis at moderate temperatures may be applied to
industry.

4.2 Forms of deposits of aluminium
4.2.1 Electrolysis with aluminium cathode

The electrodeposition of aluminium on alumin-
ium cathode from aluminium chloride baths has
been reported only descriptively by a few investi-
gators® 1D.19.17.20 According to Plotnikov et all®
and Midorikawal?, the aluminium deposited on alu-
minium is inclined to be dendritic even at current
densities as small as 1-10 mA/cm? at low tempera-
tures. On the other hand, Gorubunova et al.?? re-
ported that if the precautions were taken for
protecting a bath from moisture and cathode was
dissolved anbdically in the bath before electroly-
sis, a smooth deposit- with the maximum thickness
of 1501 was obtained at the current density of
2mA/cm?2. They also observed that a deposit
became more compact and fine with a decrease
They
reported, however, that the optimum bath compo-
which
consistent at all with the results published pre-

in current density and bath temperature.

sition was equimolar AlCls-NaCl, is not

viously by any other investigators!®.18.,19.2D,22.29),
2),27),36)

Good et al.® obtained a thin initial film of

smooth aluminium on the cathode at 400°C at
current densities as high as 160-3840 mA/cm?;
however, continued deposition also took the form
of feathery dendrites.

Newalkar et al.lD obtained bright shiny crystals
at 350°-450°C and slightly blackish deposits at 500°
C in the batch type electrolysis experiments at
the current density of 200 mA/cm?2.

It may be concluded from the results of the
present experiments and those obtained by most
of the other investigators that an increase in bath
temperature does not prevent the formation of
dendrites to a great extent even in the baths
containing more than 50 mole % AlCls.

In this investigation, a critical bath composition
and cathodic potential were observed where the
forms of deposits on aluminium changed markedly.
Fig. 22 and 23 show the incidence of powdery
deposits on aluminium cathode at 400°-505°C as a
function of cathodic potential and electric quantity.
As the powdery deposits were obtained only by the
electrolysis at potentials less noble than —1.0V(E.),
it seems reasonable to conclude that the mechanism
of the electrodeposition of aluminium changes at
E..
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Fig. 22 Forms of electrodeposits as a function of cathodic
potential and electric quantity (bath composition :
AlCls 51.0-53.9mol% ~ NaCl 49.0-46.0 mol%; bath
temperature: 4002:5°C). C, small crystal; D, dendrite;
d, small dendrite; P, powder. Hypothetical thickness
of deposit as a layer is also plotted as the right-
hand ordinate,
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Fig. 23 Incidence of powders as a function of cathodic
potential and electric quantity (bath composition :
AlCls 49.4-50.4 mol% - NaCl 50.6-49.6 mol%; bath
temperature: 400+=5°C). P, powder.
Hypothetical thickness of deposit as a layer is also
plotted as the right-hand ordinate.

In a series of studies on the mechanism of the
electrodeposition of uranium, zirconium, thorium,
titanium, and cerium from chloride baths, Bockris
et al.®~4 have previously described that these
metals are produced by means of either of the
two deposition: dendrites appear from primary
deposition; powders appear from secondary depo-
sition which occurs in a bath containing a relatively
high concentration of alkali metal chloride. They
have pointed out certain critical facts upon which
discussion of the mechanism of forming powdery
or dendritic deposits of these metals may be
based:
(i) A change over from the formation of fine
powders to large dendrites takes place at a small
change of condition, e. g. of concentration etc.
There is no continuity of particle size between
the two forms of deposits.
(ii) The co-deposition of alkali metal has been
established during the electrodeposition of these
metals in a similar baths.
(iii) If the deposition of these metals are primary,
a polarographic limiting current is observable.

In the experiments of the electrowinning of

and chromium from chloride
baths, Kuroda et al.’®:5! have obtained the results

supporting the machanism proposed by Bockris et

beryllium, uranium,

al.

The present investigation also reveals the
following facts:

(i) There is a critical bath composition concern-
ing the change of the forms of aluminium depo-
sits.

(ii) A pre-wave appears in cathodic polarization
curves of the aluminium chloride baths if the
dendrites are formed.

According to Sato5?, the spongy mass of the
deposits, obtained from low-melting aluminjium
chloride baths by the electrolysis at extraordinary
large current densities, reacts violently with water
and emits sparks. Apparently this suggests the
presence of the co-deposited alkali metal.

Since all critical facts upon which the Bockris
mechanism is based are observable, as described
above, in the electrolysis of the aluminium
chloride baths at low and moderate temperatures
(at least 400°-505°C), it seems still more reasonable
to think that the dendrites obtained in the present
investigation arise from primary deposition and
the powders arise from secondary deposition by
the reaction of primarily electrodeposited sodium
with aluminium-containing ions, the presence of
which in the baths is highly probable. Concerning
ions from which aluminium electrodeposits prima-
rily and forms dendritic deposits, it is assumed
that they are mainly Al:Cl:” in our case, because
only the ionic fraction of the Al2Cl7~
abruptly when the concentration of aluminium

increases

chloride in a bath exceeds 50 mole % in the case
of the low-melting AlCls-NaCl baths®®.

At 610°C and temperatures close to the melting
point of aluminium, the forms of deposits obtained
are different from those obtained at lower tem-
peratures. One form of them, i. e, minute globule
is nearly the same as the small shiny globule
described by Fink et al® on nickel crucible
cathode at 630°C at the current density of 100
mA/cm?2, but the mechanism of the electrodepo-
sition at higher temperatures remains ambiguous.
4.2, 2 Electrolysis with copper cathode

The phase diagram of the Al-Cu system shows
the lowest eutectic point at a temperature of 548°
C and the composition of 67.0 wt % Al This ex-
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plains very well the experimental fact that molten
Al-Cu alloys are formed directly by the electro-
lysis of the aluminium chloride baths at tempera-
tures higher than This
finding is of technical interest, because molten
Al-Cu alloy is currently used as anode in the com-

the eutectic point.

mercial process of the electrorefining of alumin-
ium and has been recommended for using as
a bipolar electrode in a new refining process (cf.
the patents in the reference®),

5. Conclusions

Measurements of cathodic polarization character-
istics have been made and potentiostatic electrol-
ysis has been carried out in AICIs-NaCl baths
in the moderate temperature range from 400°C
to the vicinity of the melting point of aluminium.
The forms of electrodeposits obtained have been
discussed in terms of experimental conditions.

The main results obtained are as follows:

(1) A pre-wave arises in the cathodic polarization
curves at 400°-505°C, when the bath contains more
than 50 mole % AlCls.

(2) In the same temperature range as described
above, dendritic deposits are produced on alumin-
ium cathode predominantly whén the bath is elec-
trolized potentiostatically in the region of the
cathodic potential where the pre-wave appears,
whereas powdery ones are produced exclusively by
the electrolysis at less noble potentials. Smooth
deposits are in any event not formed on alumin-
jium. The smooth deposits are formed on copper
to some extent, but also not to a great extent.
(3) The dendrites, obtained on aluminium cathode
at 400°-505°C, seem to arise from primary depo-
sition, whereas the powders from secondary depo-
sition by so-called galvanic displacement?%,

(4) Molten Al-Cu alloys are formed by the elec-
trolysis with copper cathode at temperatures some-
what higher than the lowest eutectic point of the
Al-Cu binary system.

(5) The forms of deposits obtained at tempera-
tures higher than 610°C are complicated. The
mechanism of the electrodeposition at the high
temperatures are not determined.
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The Recrystallization Behavior at Weld Heat-affected-
zone of Commercially Pure Aluminum

by Keizo Namba,* Toshiyasu Fukui* and Yoshihiko Sugiyama*

This report presents the structural variations such as width of recrystallized zone and
recrystallized grain size of heat-affected-zone of commercially pure aluminum welds and
their influences on the tensile strength. Test pannels were made MIG welding process using
6 mm thick plate whose mechanical properties had been controlled by Hin or Han-tempering.

Softening behavior at heat-affected-zone is occurred in accordance with ordinary
recrystallization sequence, buv the extraordinary grain growth are not observed. The width
of recrystallized zone increases with an increase of cold rolling reduction (for Hin series)
and a decrease of pre-annealing temperature (for Hzn series) of base metal, while its grain
size becomes finner reversely.

Softening curve obtained by hardness distribution at heat-affected-zone and peak tempera-
ture in weld heat cycle depends only on tempering conditions of base metals. The
recrystallizing temperature shown in this curve is recognized to decrease with an increase
of cold rolling reduction or a decrease of pre-annealing temperature of base metal.

The tensile strength of heat-affected-zone is under the severe influence of tempering
conditions of base metal, that is, it increases with an increase of cold rolling reduction or
a decrease of pre-annealing temperature. This fact seems to result mainly from the variation
of grain size at heat affected zone described above,.

So long as the base metals possess similar strength in spite of difference in tempering
conditions of them, little difference is observed in the strength of heat-affected-zone.
However, width and grain size of recrystallized zone are fairly influenced by tempering

conditions.
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Table 1 Chemical compositions of test materials

Chemical compositions (%)
Materials Note
Cu Fe | si | Mg Mo | za | o | T | ar
Base metal 0.02 0.33 0.11 | <0.01 ] o0.01 0.02 * <0.01 1<0.01 R A1100
Filler metal 0.01 0.24 0.05 1 <0.01 | <0.01 |<0.01 ‘ <0.01 |<0.01 R AT100WY
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The Edge Waves of Thin Wall Roll-formed Product
Fundamental Study on Roll Forming Process(Rep. 3)

by Hiroshi Kimura

An experimental study was carried out on the edge waves observed on the roll forming
of thin wall S-profile section by using a production-type roll forming machine and alumi-
num painted coils. The following are the results obtained.

(1) The height of edge waves of products is reduced to about 1/20 by installing forming

shoes between forming roll stands.

(2) When edge waves exist on coils, the height of them is reduced to about 1/30 after

roll forming using forming shoes.

(3) The height of edge waves of products is scattered in its value even if the same

forming conditions are maintained.

This seems to be attributed to the eccentricity of forming rolls, the laxing of forming
shoes, etc., but the range of scattering can be reduced to a certain extent if suitable
adjustment of forming rolls and shoes is obtained.
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Fig. 1 Appearance of roll forming line.
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Fig. 2 Schematic illustration of roll forming line,

Table 1 Details of roll forming machine.

Number of forming stands k 16 stands
Interval of forming stands(mm) ‘ 350
Diameter of roll shaft (mm) 40
Horse-power of drive motor(h. p.) 30
Forming speed (m/min) ] 10~90

Table 2 Details of coil used in the experiment,

Material A1050R-H18

Thickness (mm) 0.4
Dimensions | Width (mm) 144

Coil length (m) about 400

. Elongation (%) 4

Mechanical Proof stress, 0.2% offset 16
properties (kg/mm?)

Tensile strength(kg/mmz2) 17

100

2.5R

0.4

——25-——

Fig. 3 Geometrical shape of product.
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Fig. 4 Roll flower showing the roll forming process.
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Effects of Some Ions in Water on the Diameter
and Depth of Pits Occurred on Aluminum

ﬁﬂ<

by Michiki Hagiwara

Effects of ions, Cu?*, Fe?*, Cl-, Si0Os2-, S04.2-, HCO;~ and NOs~, on pitting corrosion of
aluminum were studied by using artificially synthesized neutral water. The results obtained
are as follows:

(1) Both cations, Cu?* and Fe?', increased the number of pits.
decreased as the Cu?* content increased.

(2) Cl- ions showed an interaction with SO42~ and increased the number of pits.
the amount of Cl~ had no effect on the pit shape.

(8) When SiOs2~ was below 60ppm, it markedly increased the number of pits. The ratio of
the pit depth to the pit diameter decreased with an increase of the SiOs2~ content.

(4) SO42- showed a remarkable inhibiting effect on pitting corrosion. Few pits were formed
when the content of SO42~ was more than 60ppm. However, SO4%~ less than 60ppm produced
shallow and wide pits.

(5) HCOs~ or NOs~ of 10 to 30ppm inhibited pitting corrosion unless more than 30ppm of
Cl~ were present in the solution. However, the addition of more than 30ppm showed no
inhibiting effect. The pit shape was not influenced by HCOs~ and NOs~,

However, the pit depth

However,
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3. REERLLUVICEE

3.1 KRB osiE

Fig. 1 i No.1~No.8 BRI EE L =R DN
BR2RT, BEPO Cut BERPEWESIEROKT
b, ARD Uo7, Cut BRZWER
HEEBASZFLLD, ABRVFULLIZ LT TOH
FEHEETS Clr A TR EHEETH - 7o,

Fig. 2 13w Fe?t BREBRA ONBICES A5

Table 1 Compositions of test solutions (ppm)

No. Cuz+ Fe?* | cl- Si0g” S0,2- HCOy~ NO;~
1~ 4 0.03 — 10~180 10 — 10 -
5~ 8 0.3 - 10~180 10 — 10 —
9~12 0.05 0.05 10~300 10 — — —
13~16 0.5 0.05 10~300 10 — - -
17~20 0.05 0.5 10~300 10 — — —
21~24 0.5 0.5 10~300 10 — — —
25~29 — 0.05 0~300 30 30 30 10
3034 - 0.05 0~300 30 30 60 10
35~39 - 0.05 0~300 30 60 60 10
40~44 — 0.05 30 0~100 30 30 10
45~-49 — 0.05 30 0~100 30 60 10
50~54 - 0.05 100 0~100 60 60 10
55~50 - 0.05 100 30 0~100 30 10
60~64 - 0.05 30 30 0~100 30 10
65~69 - 0.05 100 30 0~100 60 10
70~74 — 0.05 100 30 30 0~100 10
5~79 — 0.05 100 30 60 0~100 10
80~84 - 0.05 30 30 30 0~100 10
85~89 - 0.05 30 30 30 60 0~100
90~04 - 0.05 30 30 30 30 0~100
95~99 - 0.05 100 30 60 60 0~100
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Fig. 1 Appearance of test specimens immersed in No. 1 to
No. 8 test solutions for 30 days at 40°C

Cuz+ cr- Sio%~ HCOj;
No. 1 0.03 10 10 10
No. 2 0.03 30 10 10
No. 3 0.03 90 10 10
No. 4 0.03 180 10 10
No. 5 0.3 10 10 10
No. 6 0.3 30 10 10
No. 7 0.3 90 10 10
No. 8 0.3 180 10 10
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BT e bTNCE 1%y, RSN L 7 SOI
ik 30ppm F TIXAE d % b EMIL LD 5 723, 60ppm
DETREGEZ B, LABN s DDOTHEhoT
HCOs~ B L3R NMBOEMIKIE LA LEALNRE S
- 7243, HCOs~ & 30ppm CHEFN D LD 5720 NOs™
13 30ppm LI Cikd & b 2L/ hs - 723, 60ppm Pl LT
HEKCH I BBt BROET 25 Mgl
BEEIZWITR 2B EE LW T, AL O
THME D DORRAEEL TR Y, BEAHL L - 2ET
P A E 7}’]«7‘573* ko) 7LC0

3.2 ILEH

BRI E U 7o AL ORI ETRIC X » T3 L {8
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BoNHEHAOMMEZUTEE LD 5,
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Fig. 2 Appearance of test specimens immersed in No. 9 to
No. 12 and No. 17 to No. 20 test solutions for 30 days

at 40°C
Cuz+ Fezt cr Si02-
No. 9 0.05 0.05 10 10
No. 10 0.05 0.05 30 10
No. 11 0.05 0.05 100 10
No. 12 0.05 0.05 300 10
No. 17 0.05 0.5 10 10
No. 18 0.05 0.5 30 10
No. 19 0.05 0.5 100 10
No. 20 0.05 0.5 300 10
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LaEHrs izt Clm OB Fig. 4 @20 18l%
R Clm BmoimE & S CAARKMETEAZRL, &
QIILET B S04~ BARE T Clm g W&
OWIMMREL L, ClI- & SO OWEEMANRSD C &R
R & Nie FLRICHS L34 Clm OfEM & LTk, BUTH
AP T AEMED pH 2ETIRBIZT ETHHY
L RZ B 2 B U T pitting site 2R TAHIEH & &
BEWHBD LT LTV B, Fig. 4 ORIk Cl- 28
HAEDFAS LT activator & UTIEHTA L & 2RT
L DTH B,
Si0%~ R EFAKDOBGEIE Fig bR 3 ¢ & & Si0f”
% 60ppm DB L ARMBKIC I 57, SIOF™ 1A
K, @RBECILE L TR ZETTHERMEEHRES
S D THBN,  ZFORMEEMAITS TSI
RELLUTRERERZPEAIEDCEERY, Clm BFTE
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Fig. 3 Appearance of test specimens immersed in test

solutions with different anion contents for 30 days
at 40°C.

THKCHED SiOF ZHEMTH LR ANFEET
W L ERHLNTWA, Fig. 5 OERIL SiOF- o
AWHEERABTL § 12- % b # 9, SiOF MET 60

ppm AET, LUAEARZHE TS L2BRUTWAEA,
Z OB 5 2T\,
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SO H 23 60ppm Pl ¢ E AT & A EFA L g S
BT ERRULTWD, Lunev 510 1@ ki, SO idm
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FITBENS F 2, BARLE 1L SO Ry / — RSl K
XL LTREEERMASLM S, AN IE NO3-&b
HB WL L TWD, Fig. 6 OFEEIX SO oEELAA
MEERZRL, ZORIBBRTHL 51 NO; b
ENTWize UL, Fig 4w Uik 5 Cl- 300ppm
DA SO 2 60ppm T HENRE DD TH I - 72l
b, HEASL VEOHEEEANERTHD L ENRET
Eﬂfco .

HCO3& NO; O &R H LI B8t X <l
TWice FNFNOEBOHNZ Fig. 7 8L Fig. 8 i©

Fez+ ClI-  SiO%” SOZ~  HCO; NOj
No. 25 0.05 0 30 30 30 10
No. 26 0.05 10 30 30 30 10
No. 27 0.05 30 30 30 30 10
No. 28 0.05 100 30 30 30 10
No. 29 0.05 300 30 30 30 10
No. 40 0.05 30 0 30 30 10
No. 41 0.05 30 10 30 30 10
No. 42 0.05 30 30 30 30 10
No. 43 0.05 30 60 30 30 10
No. 44 0.05 30 100 30 30 10
No. 60 0.05 30 30 0 30 10
No. 61 0.05 30 30 10 30 10
No. 62 0.05 30 30 30 30 10
No. 63 0.05 30 30 60 30 10
No. 64 0.05 30 30 100 30 10
No. 80 0.05 30 30 30 0 10
No. 81 0.05 30 30 30 10 10
No. 82 0.05 30 30 30 30 10
No. 83 0.05 30 30 30 60 10
No. 84 0.05 30 30 30 100 10
No. 90 0.05 30 30 30 30 0
No.91 0.05 30 30 30 30 10
No. 92 0.05 30 30 30 30 30
No. 93 0.05 30 30 30 30 60
No. 94 0.05 30 30 30 30 100
400 ———
Si05 7. S0 HCO, NO, Fe {
_ o 30 30 30 10 005
NE o 30 30 60 10 0.05 /
OCL): 300 ® 30 60 60 10 0.05
2
_{:1’ 200
5
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Fig. 4 Effects of Cl~

content in test solutions on the

number of pits on aluminum specimens.
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Fig. 5 Effects of SiO% content in test solutions on the

number of pits on aluminum specimens.

300
CI” Si0;” HCOj; NOj; Fe*”
0100 30 30 10 0.05
~ @ 3030 30 10 0.05
£ ® 100 30 60 10 0.05
j&]
8 [~
200
b
&
2z
a
S 100
&
£
E
Z —
I N—
O( \oh%lﬂ_
20 40 60 80 100
505"

content (ppm)

Fig. 6 Effects of SOZ™ content in test solutions on the

number of pits on aluminum specimens,
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Fig. 7 Effects of HCOj content in test solutions on the

number of pits on aluminum specimens.
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Fig. 8 Effects of NOj content in - test solutions on the

number of pits on aluminum specimens.
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Stress Corrosion Cracking of Cupronickel and Monel
Metal Tubes in High Pressure Feed Water Heater

by Shiro Sato and Koji Nagata

Several instances have been experienced in which cupronickel and Monel metal tubes
used for high pressure feed water heaters failed by stress corrosion cracking (S.C.C.). The
investigations on these troubles in services have been made to clarify the conditions in
which S.C.C. would occur. Moreover, an experimental study has been made to reproduce the
phenomenon of these failures by using an autoclave in which the stressed and non-stressed
specimens were exposed to pure water and steam at high temperature of 300 to 350°C. The
results obtained were as follows.

1) Cupronickel suffered intergranular corrosion in degassed and oxygen bearing steam at 300
to 350°C. It was found in several runs of the tests that the intergranular corrosion was
accelerated to the intergranular cracking by the applied tensile stress of 13.5kg/mm?2 and
18.5kg/mm? for 10% cupronickel and 30% cupronickel, respectively.

2) Intergranular cracking was affected considerably by the temperature of steam and the
temper of specimens. Namely, the lower the steam temperature was, the lower the threshold
stress of .cracking was. In regard to the temper of specimens, cold worked specimens
tended to rupture within test duration more readily than annealed specimens.

3) Monel metal was less liable to suffer the intergranular corrosion and was not easily failed
under applied tensile stress up to 45kg/mm?2. Cracking of this metal was successfully repro-
duced under the experimental conditions of high pH adjusted by ammonium hydroxide
with applied tensile stress above 35kg/mm2. Microscopic observation revealed that ammonia
in steam and water was effective to promote the intergranular attack of Monel metal.

4) The investigations on the failed Monel metal tubes by S.C.C. in service revealed that
these tubes had high level of residual tensile stress which was caused by straightening and
bending during tube manufacturing.

5) It is suggested that in order to avoid the danger of stress corrosion cracking the relief
of residual stress is necessary not only for cupronickel tubes but also for Monel metal tubes
served for high pressure feed water heaters of power plants
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WES T -7 ’

LD DB R R TE 2V A 2 VOBIVERENESR
T AEER A E L T A, MEMEEE M 5 O S
EHNDEHEIE /P8, ERTOERRIOBERIS
TR AEENRALLEOBRFE OWTIRB ST T &k
TAT, CNLOERPHATAC LI LERE T LS
BALN/co BBITEFRKNEASREL L THEHsRAX
LTy B X ONE RV AR VOEREI ORI REE
F=r I v—TRAWkENEEENT A MER2WME L
T2 DTH B,

2. RAREFS Y PESEHRKMEREOLNE
BEh=EH

2.1 BERAMAZEDTHOLE

BEOKIIT 7 v M 2 EERKINBEE R D%

L%FgldmuﬁngC?TOW/# A=
BIXEE U THRTMSEIMCER I NI & — € HINT75

MW&@?7/bk,%xwxﬁwmzabf%mwﬁu

Bic@EH s/ g~ B 125~250MW 07 7 v b i
HEHINTWD, NEE O EIXANE 15.88mm, WEL

25~1.65mm, & 15,000~26,000mm T& b, %H#
@BW%Wmm@IJ%Haabf@ménfméo%@
HERRITBISEE S TR . Ta= o r VBT 5
b, WTHAER, W00 Thb, TRIUXZNVER S
5 b, WI5TTA, #2100 b v EHEESND, BT RN
2 ZOVE T B O M A S IHTSSHE~48F T B\

T, MATAR, $500b v THB,

BB AR & U CIRRBSEEE S & BCREBINEE A S h
U Y, BF4LEMDERF AN T T v TRERM RO
HEREL Y, Bieg— v HA37T5MW L HokAE
TS5 MNTRHEANAZNVEIRECHEINDILE 57,
UL E—2 « u— FHOBEELEOS /e X AR

5L NTIE, AT ERNMZVEN—RICHERIN
TWb,
MEEBOmEE L LT, EARE RS BiREHRE
MEOESR, #IEAD D WHEEARHNERO L,
SRMOEH B X ORBE TS BRGIES LORFEa R b
DERENRBY SN DHHM, T F V4 ZVBFREEICE
DEALDNAEE S ELHARBE B EDHEDLEL
BB, HIZERDT T v FTAEA IO & L KD
pHEZ&EL THHEAIDD, TORTSHENNERV
A ENVERF L EBET D Do

2.2 30%F 1 7AZy TNVOIEHEEE N

A OBITEAENEIC ONWTIIEEDO—ANHE L
Te—f® 2HEDOHTHD, RERE L2~ HJ166
MWOHRETE 1 £ — v 86 Akngd: (KR
B 873°C, #A7KHIDREE 210°C) kW S EMFER a0
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25} 240)1&31]11 Steel {(39)and unknown(67)
L]
£ 20t
2
=
< 15+
o
€ 104
=3
=4
5
0 ) .
1955 1960 1965 1970 1975

Date of construction

Fig. 1 Historical change of tube materials used for high
pressure feed water heater at thermal power plants
in Japan during 1955 to 1973.
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Fig. 2 Relation between tube materials used for high
pressure feed water heater and generating power at
thermal power plant constructed in Japan during
1955 to 1978.
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ThY, I UMTHoNEC S WTEEFHALH -
TEMNENE D R > TEULRAEHN TS -7 ¥
BHC B3 5 BN 22 T2 NG L T b THIRIE R T %o

23 10%F 70y o hEEEh
B OEFAR IS & U TOEENE, HS0EL]
HEFIN4 — B B6MW LFO T 5 v bicfE
SNTEHOEARBHREZEL LTV =9 AFEHRE O
REUVTHBINESE, HEARELR0%* 7
gy rvOREBRELVTERINCGS LN HEET
EFREIEENTH B, IREARBNERBNIRO—F %
BDHTH D,

AEHE L2~V HIIBOMWO M FBEFREL 24—
885 faTknEkeR OInEGE SURRE 353°C, AT 17.9ke
/em? ; B/KHICRERE205°C, #8/KFES 100kg/cm?2) &
2~SMEMEA SN L OT, 408Kl FmZELD
Fro IRSINBGEHIL200 X2 X 4, 322'\mm DHEE TH H, %
DBV TIGREREHM TR B,

RREIVAC >DWTRBERO#AEZEB L L T3,
LD HLARNBENIZ L -TH D, BHIZENTE L b BH
THBEMRKC LABBIEHAC LS $ O TH -7z, Table
1 TR OBEFHR 2R T, HNEERREL 2 \WITEE

WHERBCBNTELE U TEEFAAKREL LD TS

b, BRI WTRAEM S, BETSWTEHNEN XL
DRI - THINAEFT L Tl b UM 2 IS B &
HNOBEZE L T, Hi e U8 OBMIEE R
BeBEiT b~ Ti, BERMRSAE L, OEREWEIT
»b, 3561 10~15kg/mm? R OEHE I HE SHHE M
CIAEL Tlhice M- THINZ AR U DG NRIZEE U
THMBEROBRHIENTHD, IR IATIENIICLS
SHBRID 2 b DEBELLND,

2.4 EXNATNOIEHEERN

T ROV A 2OV OB FEAAKINEGEE & U T OB RERLT
TR~ L S IEHIE TR B L R EHEISNS, ZLT
Mg OB CIRMERZET THD EEDRTWAHD,
AR INLHEFIIRIID N, FRHUTERT A BIT
B HEHOEHICHETHEER2E 0T, BRRK & HiK
MO¥EZf~, BREROMBIA% AL,

2.4.1 AREFOER

24— U HIIS6MW OFRER S SEEFTHAFKERD
EERK MBS E B SN 30 X 2 VEIRRER
PEEF Utz KREINCB T DB ERKINBSRE O L
HEHERE % Table 2 i, WWEKOFARE % Table 3

Table 1 Details of cracking of 10% Cupronickel tubes served for high pressure feed water heaters.

Details of Cracking

Mechanical properties of tubes

Number
of Duration Cracks Tensile properties Residual stress
tubes of . [ go.2 0B : 5 oy i
operation Portion Initiation Morphology*1 (kg/mm2) (kg/mm2) (%) (kg/mm?2) (kg/mm?)
1 Jun 25 e Middle  Siem L N.D. 56.1 10 ND. N.D.
2 ” Expansion :i";:er L N.D. 48.5 16 N.D. N.D.
3 Ot o g Middle i LC. 46.8 52.0 10 12~13 11~16
4 ” Middle ~ Steam I C. 4.4 50.5 18 11~18 9~14
, 33.0 39.5 73
5 Jui A55r 60 None cracking ~ ~ { 0 0
p 35.0 42.9 28

*] I1.C. : Intergranular cracking
N.D. Not detected

Table 2 Specification of Monel metal tubes and operating conditions in the design of high pressure feed

water heaters at the A power plant.

No of heater

5 6 7
Size 15.88¢x1.47tmm (U bend)
Number 272
Heater tube Material Monel metal
Temper Stress relief (ASTM163-63)
Pressure (kg/cm2) 18 45 63
Conditio?sst:;%lell side Superheating temperature(°C) 444 372 423
Saturated temperature(°C) 209 258 279
. . Pressure (kg/cm2) 210 210 210
Conditlons &% save) 919¢ Temperature at inlet (°C) 170.6 197.1 241.9
Temperature at outlet (°C) 197.1 241.9 264.6

— 3
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KRS,
J#EoEBMOBER/KNAERCHER INzE AV 2 20V
EORBEEZRITA BBIUCHEFGLRL > TWBNR,
NTNOBERIC BT b #Hhue L ARBHBEREELD TWa.
WM ORFERR, Hhue X530 (d2K) LREHKeX
HEBRC B EEDNS D BIK) wkRkflahsd, #h
VR T E39mm O (154 & HEE (1540
&<, CHit BT) - THEHER A28) LU,
HNFET TORBEIL 1 ~10FC KA THE, BL CHHF
TiE VENSN THICE - 72 b DRE N,
Uiy ¢ o# i P3P 104 & & oVl #at
fll (3A) T WTERFEF MK > TEH G2
BEUTHEULRNAHNTCS - 7o HINEMORK 2 Fig. 3
TRT, CHAMEZR - THL EERSOHNOEE,
NOBFILENEELMCH - 7ens, ﬂn%%MFg.B
ERIBERAEN TS 5 7ce WTROBE B WT § HNEL
%V% AT RS L 1 ~ 3 RO IR R SV AN S
----- BRICHETE Uiz,
WECDONT, i PEL TWITWEHERSCET 5
SR 2 fTI8 o e BRIV A ZVEDE 1L ASTM #
HEBI63IG T BRI RS E I THEI N D TH B, K
B3 JIS Mktic s, oo lp20%L I, @§#EMB
8B~ EHEINTWAETHE LW DTH S, T/RE
%bf%%&ﬁ@b?ﬂbﬁ%%mﬁ?%@?&otm,
BB DWW T S DR THRE2 AN D TH

X400

Fig. 3 Typical stress corrosion cracking of Monel metal
tube served for high pressure feed waer heater of

the A power plant showing intergranular cracking.

Table 3 Details of cracking of Monel metal tubes served for high pressure feed water heaters at

the A power station.

No. of Supplier Start of Heater number Date of Number of Number of Portion Initiation Morphology
turbine of tubes operation of trouble leak leaked tubes cracked tubes of cracks of cracks of cracks *
Jan, 65 30 4 U bend Water I.C.
1 A Jan. '63 58 ~Dec.’67 7 Expansion Water N.D.
Jam B, N, 2 U bend Water 1.C.
Oct. 63 1 1 U bend Water 1.C.
B6.A -
é}jAg;.)r.&}fSS 5 2 Expansion Water T.C.
9 B May ’63 Apr. 64 6 3 U bend Water 1C.
2 Expansion Water N.D.
e 20 2 2 U bend Water IC.
5A
Feb. 71 11 1 U bend Water I.C.
~Jul.,71 3 Expansion Water T.C.
Apr. '70 .
~Tun.770 — 2 Straight Steam 1.C.
— 3 Straight N.D. N.D
3 C Aug. 69 6A E%‘ec?:}m 2 U bend Steam 1.C.
Expansion N.D. N.D.
May. *70 .
613 ~Jun. 70 8 2 Stralght N.D. N.D.
Feb.’ 71 .
~Dec. 71 10 5 Straight N.D. N.D
* 1,C. @ Intergranular cracking
T.C. « Transgranular cracking
N.D. : Not detected -
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Table 4 Mechanical properties of Monel metal tubes failed in high pressure feed water heaters at A power station,

Tensile properties

Residual stress*

Supplier Hardness
of tubes Oo.2 oB ) HgrB o9 oy
(kg/mm?) (kg/mm?) (%) (kg/mm?) (kg/mm?2)
57.2 72.3 21 96.1~96.8 7.2~ 8.6 1.0~1.7
A 55.6 68.7 21 94.4~94.8 11.6~14.5 0~0.5
55.7 69.5 . 20 95.2~96.4 14.4~15.9 0.2~1.0
; 55.6 71.7 23 93.5~95.2 8.9 2.9
Failed tubes B 58.3 74.2 22 92.0~94.0 10.5 3.4
58.4 75.4 24 93.0~95.3 7.8 2.2
71.3 81.1 19.5 98.0~101 18.0~19.2 3.0~4.2
C 67.6 79.0 19 97.0~98.0 12.2~18.4 4.5~6.0
67.8 81.0 20 98.7~100 21.0~29.2 1.7~3.1
ASTM standard
for stress relieved >38.7 >63.0 >20 85~497 0 0

Monel metal tubes (B163-66)

* by Crampton method

olz, BMAEE T AR % Table 4 IW/Rd, A%

co=EXtX(Dp—D1)/(D1xDg), o;=EXtxi/(1/2)2

E : Young modulus (20,400 kg/mm2), ¢ : Thickness of tube
Dy : Outer diameter before slitting,
! : Length of slit. i: Amount of spring out

Ds : Quter diameter after slitting

HEHEEREE ARBEROSS

X OB i gz 10~15kg/mm? O AE HFHABEE A
FELTH Y, CHETE20ke/mm? B OME SR
BHIGHIPEET A LD EB LB IR T HER
ATz,

PDEDHEEC L b HNEREEREERKD D WIEER
RTELRNREERE, BENEL NEROBRRIGN
(EESEROBRE Gy X 2 BR G HEE
AN D) WERUTHELURISINEARINTED LE A
5 iz,

2.4.2 BREFROEH

2 — U HTI20MWOFE#H 2 8HHE T2 B FREHD
EEHKNSBECERIN eI VA Z VB ENGED
DR CRIBBRRAEL oo RIEE OB LK ISR
lazy teo&Ele—-% MNb) ~EFE3e—2MN8)

LBIFABETED, MBBBECIZIE YD R VA 20V
SR # Uil (15.88°%1.47"mm) 28 362RFEHI T
Wh, BOMBELZIL B, C BLED #HThsr, 1~
B8 o=y MBI ARREBERFEENRI 2 Tableb iR
T, BEEREBHEEHERD4d 2=y PR3 2=y |,
CHBREHEDla=y bRla=y NCELTEY, D
HBRERAD3 2=y PRITEETH 57z, ThBME —
SRR S B oEWMNEEIZEOR § KE W
BOr—~2H < (IHHFSHED, HKERBORLBEWE
8 v~ 2P (9 14D B d ~lze CDLD
LR R AREF OB ST S A 6 i,
RBETOFEMEZ >WTIE 6T—6A v —20E& %Kk
XY H 0TIV, 6T—6A b~ 21231 ARMBEHFEED
Rtz Tableb WiRT, Ae—2DEFNVAZVEILB

Table 5 Details of leakage of Monel metal tubes served for high pressure feed water heaters at the B power plant,

Total operating

No. of Supplier Start of . s 4 Heat number Date of Number of
unit of tubes operation time u(r}l}t;{llrsﬁ)sug. 72 of trouble leakage tubes leaked
1 D Dec. 64 59,350 — None 0
2 B Aug. 65 54,533 6A Jan, *69~Oct. '69 6
3 B Apr. 66 49,768 6A May 72 1
4 D Mar, 67 43,540 — None 0
5 B Oct. 67 39,488 — None 0
6A Apr. '71~Aug. 72 18
6 B Feb. 68 36,816 TA Nov. ’70 2
7B Dec. '70~Aug. '72 2
6A Apr. *72 4
7 C Oct. 70 16,816 6B Jun. ’71 2
7B Jul. 72 4
8B Jul. ’72 2
8 D Feb, *71 12,101 o None 0
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Table 6 Details of leakage of Monel metal tubes served for 6A heater of No. 6 Turbine at the B power plaht.

Conditions of operation:

Shell Temperature of saturated steam: 219°C
side Presure of steam 22kg /cm?
Tube Temperature of feed water 165~220°C
side Presssure of feed water 211 kg/cm?2
Date Number of Number of Portion of Intiation Morphology
leaked tubes cracked tubes cracks of cracks of cracks
Apr. 71 6 2 U bend N.D. N.D.
Nov. 71 3 1 U bend N.D. N.D.
Jun. 72 5 N.D. - — —
Aug. ’72 4 1 U bend Water side Transgranular

HBOEDTHD, BFI4TE S BB U e 4 K D>WT

DAHWEWE LU/ 4AARPHNCIDIDRXTIATE -7,
HNFE AN E RS i 2B 30mm O T aich b,

BEFHACH > TEREM X D #TU Tz, HINEo
Wi o nifke Fig 4 WR$, HIEOBEE A 3
BORH AR SN L EREY, FLUTH
HEBDLIDTHY, UL ZRICELTIHRNZESE
NEY 23 SJECHNAET L TWD (BEE) UAULE
HIIVE D BN L ST il 4 ~ B R ERIT 2 B RR
”ﬁ%*W%gmt(P”T%ﬁgﬂﬁwﬁﬁmvﬁﬁm

Table 4 IW/R Lz d D L I3FABETH H, HERCIIBE
I DERF IS ST A 'Ei%%ﬁ%ﬁiklf>b\ T

L¥s &

Fig. 4 Cross section of Monel metal tube served for high
pressure feed water heater of the B power plant,
showing that main cracking is transgranular type
connecting nonmetalic inclusion (above) and sub-

cracking separating from main cracking is intergra-

nulare type (below). (x400)

T SOMBRERZ B L7205, BEOE IV
A ZNVETIREL R WEINRA B NI, CHIEERBNE
M X B BN EEOETE LD DEEBEALND,
Kﬁﬁ:%ﬁzﬁﬁm‘duﬂ%h‘%@ WaREL -1z D i
ROBEEWCOWTHERMERE 2R~ 5, 0.2% ©
73 53.6kg/mm2, Bk &71.5kg/mm?2, DF23.5%,
& HrB93.5 Th b, HHIG/NE 2kg/mm2LUTTH -
Yoo

Pl 0@E s & ARET 6T—6A c—20 B U
TSSO IEARMNC X580 TH b, Hlhei
U DITHBEHIOET & LT, WEROEEIGT, dyn
Tz & 5B FABHIET SR ESBATEDC ILR
ERI I OET & REB A b iz,

243 BEhEfloFLHEER

Pl imikae A 3 & 08 B BEFOBHB L CBIRRE
Ui C REFHROBFHDS b, HinzELEBH) LHE
N2HEU M-8 (TH) OISFEDWT, HINFEAR
ma@gﬁmﬁﬁth%E@%%MUKomr%mm7
T EHin, HNIEERE No.5 23T d By #H
(30~40mm) Dy ¥E45° M AT Tl b, HRIGTH
WIS EFHHETH D, HlihoAEERmEKUT
5L EMBAN, HNEEIZBAMDONG.7, 82
THERATMTE Do - THIE—RNCRAE
EEm 10~15kg/mm? ONABHERIGCH2H T 58
230~40mm D /P S WER TR 72 Oy 8 45° (B o
M INERC BN, BEFAHECHR > TELLTE
HEHRKU L D FEERRCR > TEL D THD ELER
X5, OB WTRLOETIET A N5, 6,76 &
P 8ITRNTHE, TR LHRCELMALNOERE
2HLTW5, HbNo5®B & O 6 ik o 828 A E il
ThHN, TNdOETIHZOEERIE 20~30kg/mm?
LN RBEAREWEEENZE L TnD, NoT7is L8
TRHNOETRBERLEE L THNTH AR, ThbHOE
AL ESBNEYRSBICHEEL, RN EE %
RAMECH 5720

HNFEES CORB L EEROMNBETRERFISE LD
BEerRkps e Fig.5 0k>5Thh, #ikEE 4O0mm #
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Table 7 Summary of stress corrosion cracking of Monel metal tubes supplied by various tube makers served
for high pressure feed water heaters at various power plant.

No. of P.S. No. of Time to Supplier Radius Portion*! Initiation Morphology*2 Hoop stress at straigh

specimen (Turbine No.) heater failure (hours) of tubes of U bend of cracks of cracks of cracks portion (kg /mm2)

1 AQT) 5B 60,000 A 40 2-B Water 1.C. 8.6

2 47,000 A 40 2-D Water 1.C. 14.5

3 AQ@T) 5A 56,000 B 40 2-D Water 1.C. 8.9
g 4 45,000 B 40 2-D Water I.C. 10.5
g s AQBT) 6A 9,000 C — Straight Steam 1.C. 29.2
E 6 17,000 ¢ 40 2-B Steam 1.C. 19.2
§ 7 B@GT) 6.A 39,000 B 30 2-B Water T.C. 13.1
7% CAaT) 5B 88,000 B 40 9-C~B Steam T.C 15.3
o 9 AQ 5B 52,000 A 51 — — - 16.2
(]
3 10 AQT) 5A 56,000 B 73 - - — 7.8
o
911 A@BT B6A 28,000 C 40 — - - 13.4
v
é 12 B@T) B6A 39,000 B 40 — — - 11.6
o 13 39,000 B 100 — — — 10.5
o
> 14 caT 5B 38,000 B 62 - — — 17.2

15 56,000 B 1,540 - — — 16.6

1A ] A *2 1.C.: Intergranular cracking
*1 2 View from AA T.C. : Transgranular cracking
3- ‘:"‘A’ B @ D .
(outer) C (inner)

AT TIETE I L W R A b b, HILEE
BT OFHIGTIEOK X & D3 EEIBE cliy# 5 #
NEELTWD, b BBAHNEET il THo OEREIG
JENEEFOZNICELCHIG T2 D LEEBEALSNG
WA, Fig. 5 OFEIZEBEWOGIENRK XS Oy
WOBIELKRELZBCERZRBLT WS, Ti-lhe
ERUDZBERAGETEERC N2 £ R L b
#L, 30kg/mm?® BE LELO5ND, Fig.b DERERMS
EEWOBHIGIHER MH C Lic kb, dype sk
UnETORHZHEL 5 5,

—FFEN R L - 72ED 5 b No. 9, 14k X ¥15ic s
Wik, BERI 16kg/mm? Y LOBHIGNINEETS
RN ST, BRI D » THINEZEL TWIE W LT
NS DBEOIT AT, 625 L 001540mm & Fih e 4T
PEEE AR &0 CHRINT TN & o THIEI 40
INBINN, HTEERKE LS EBEO>NTHILLS
LEREBIDEELOND, Tzl 2EAO0mmD No.
113 & P12 3Tkl FAHEE PR Bl 2 A2 U T g e s,
HEWEHEIEHER 12~14dkg/mm? L #Nn % £ L 8
rvhad, Z2RIETMTBORN S S Wi EEL S
N5, LU Fig.5nsEHETHE, WIhofad s
BIERMEA U BT ESL 8D EEALLND,

RICHEHEROEHISOFRELC ONTETERE Ui, ®
F VA ZVISTIBRERME OEEBIC T, BOHEE
Mg izp—Rie e — Ve L ABENLABI NS, &
T % I BR BB BICER L 288, BRHIEIOR
FEINDEBRTOEEBLLND, GIHEARMHNEZED
KEWHEFHEOUBTEEU TIX, 325 C OB ERED

7

E
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~
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< 30 ry

s (==) e Cracked

= o None

é 25 ¢) Radius of U bend
=

w 20 (62) (1540)
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Tig. 5 Relation between time to failure at U bend and
residual hoop stressat straight portion of Monel
metals served for high prerrue feed water heater
straight line shows threshold stress of cracking at
U bend portion of 40 mm radius.

b Tz UL E RV X Z VB DWTIHGEA
HNEZHERED TNEWEA R INT W), HE
DEER B U TSI BEN T2 T WEEI it 23
CER—IRNTH -2 X5 CThD, HEEOHERTH
ETHA2EREISHICOL I RMETER & o clebic 4L
b DEELONDN, LORPHRTSERCLHM T
FOV R E VERAT DO NTHESIBRBEN L2 B L - ok
T, BEIMNTI 2 T4 D18 5 - I AT < 12549 Skg/
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mm?2(58~61kg/mm?2), BliEik S 2 ¥2kg/mm?2(73~75
kg/mm?), W3 HRB193 (95~98) FH L, OU»HE

2% (22%) EFL, &bk 1l~18kg/mm? AT
DEHIGIRET 72e T b O¥EIX Table 4 R L 728
BEEEDOMHICIZEELWEDTHY, LiROHPHEL
3T,

wiz UdhrmTe X 5T & 2% 8 G oFEr >
WTETFEE Uiz, Uiy coiTEboRIE DWW T,
M ERAOmm BT B B HENE & OBK 2 Fig. 61T,
Mg e oBEe2 Fig. T wwRd, I NE B XD
DT, ToEEERONI S OBNIEAL TWwa,
T EEE T N (BB 3%) &A%, HERN
FANDRAT Y TNy 2 REUHWCE 2EBETH E4M
Iz L TWAHETHOBRRIGIAMHEE UT, EENEE
-, EfiflofhEi b Fig.6 D BEAB I D ADW
e, Eohoslb Ak Lo CHADI Il
BIRBIGSIMIELET H L EA DB, Table7Tit g &7z 8
ADENMD S 5 C HMFD 2EREZRNT, CDOLSL
AT CHN2ELTH D, LEROHWERIEIRZUTHS L
ERHEMAI T WD,

Uiy g ooz @l L, X B &2 RS
BTk - THRINTWAION, oSl X Rk
FRESIT § &9 CWEBE FoMBE Nz R B RET X
HIGTIHHEOMERL D, & 5 IMEMENR ST
BLELR2EALD LB LNIHERNEERDOEDLEZINLL S
BEDOPEMNIZFERMTE D, EHOLAESDOITL
o Te FFER HE UG B O ME B 8 A foe MIE S 2 Table
8 IWRT, ML U 2 BEN IS R R BESIH 75 & T
Table 8 Measurement of residual hoop stress of Monel

metal tube by X-ray diffraction method.
Apparatus: Rigaku Denki Strain Flex 2902
Conditions of measurement:
Diffraction plane (420)

Target Cu

Filter Ni
Voltage-curret 30 KV—8mA
Divergence 0.35°
Irradiated area  2X3 mm
Time constant 16 sec

Scan speed 1 deg/min

Incidence angle 0°, 15°, 30°, 45°

EINEH T $15.9° X 1.47"mm) 2P R40mm
THITF 28D TH D, T NTOEETHD, WEMBEIX
Fig. 6 1IZ7R L 728 1—B i oAl L N EEMR T
HDHo BHIGHOREFRONMH 2L 2ENT,
TMmE60%, KEEBRAOLIEWIT THIEDE A 2 BB X
S THEBBREREL, SNEE,S 0.5mm ONE X CORIIT
R RKDice TP EMEDRECHE S BRISDDHDOEA
T oW, FRIEEIEMNEMECE > D TEE L D » T,

M8 BRI O FIE R & - 7217,

or=—Kj x_a__z_e__

osin?¢
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Fig. 6 Relation between Vickers hardness of cross section
and U bend portion of 40mm radius
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Fig. 7 Relation between Vickers hardness of cross section
and U bend radius of 40 to 150 mm. Measured at

portion @ shown in Fig. 6. Marks in this figure are

same as those in Fig. 6.
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Tig. 8 Distribution of residual hoop stress at straight
portion of stress relieved tubes measured by X-ray
diffraction method.
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FEOGINE 2~3kg/mm? ORI E Y, WENE
THY 9kg/mm2OFERBIRIEIEZ R L Tnb, - TH
R E AT NI & b BRB RIS EAYY dkg/mm 2
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EMORREZE UL R B - T W %, BARBEEEHEITH
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WnTIZ & b #9dke/mm?2 OFRIEIDHEIN A 5 b,

DEDRET X b, FRVAZVEDRIIDEITIER
REIC L D UL ED DA, s 50.1~0.2mmo B
BoR B IR ISHERERET S C &, UhiF o ATIER
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Fig. 9 Distribution of residual hoop stress at U bend portion
of stress relieved tubes measured by X-ray diffraction
method.
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Fig. 10 Distribution of residual hoop stress at straight and
U bend portion of straightening tube measured by
X-ray diffraction method.
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c=aPx (D-2t)/2t
o : Hoop stress(kg/mm?2)
s P : Difference of pressure between outside
and inside (kg/mm?2)
D : Quter diameter of tube
t : Thickess of tube
—HIGEERESN AR LD ARE Ml H FieonT ik

PH i, BEIAWELT v = 7OBEBEEON BNEALS
N5, UL UEEERENCHWT, HNNEE 1 B gEsf
UTHEUTWAEHBIZMS ATV, MERGHOARIRE
RTOIGIIBRHNCOWT DH D 5 #0355 LD W
HDNRB DR, EBE LB S 3BT TH/AKpH EIX9
B TRIBICIIEL U TWE e FKRED B2V X%
RIREABEOZRENGIEEINRRECER 2 /120
FTCERTDEAGNDD, LOMEDIWTET — 2R
Vo S HEHREBRICSYBENERS &9 HELEG
THED B2 Bk { funEnlkg/mm2 BETH b,
COEND BBV AEREROERZHNTL L
WEETH 5,

3. F—bt/L—7FR}

3.1 RHARAE S VICRBREE
BHEMERAWTERSF . Tuoz oy VB ITERL
A ZVOFRE LD X AWEL, BEERESFC TERR
BUR DGR $5A A, T2 FEIE & 1T FEE 2 In A B
EOWE & Ute, HIEROFELTH & E AL TA» b &R
110mm, %M 3 mm, FTHE S 20mm O/NHE[E
SRERFT 2 R U oo g (BT O B EFHd) DH/I
vk, 0.5mm % CHRIELE U722 Eyko 5 R % $ I
U, FEBRbiEREE& A T 700°C30 DR DBESI 2 1772 - 7o
WMIA (UTF H #ERYT) oBak, 0.55mm £ TH
RIEEE U 22 :700°C300 D adl 2 13720, & 5120.5mm
F CISTEIFERE U 7ot & BIBRERBA % BRELU 720

BB DLZERRS 12 b T HEIRAVEEE % Table 9 IR
T

TR b ICERTEC DWW TIRATRD L RE T
Y, Mg 2wk~ B ERDE D> THD, BESIDAF UV
2B A — N v~ T2 | OfRE D WERESE
K2 AS, HEEMED D WRECBERIG 2 /AL A
SREAFT 2 S L, 300~350°COREIC AR 3 IcEHER %

B UToo BRERRSEILEE 500 ©h b, ko pH
HIL7 Th Do E 32 ZMTHOWTIHEBER % 3,000
B CEELABEAaNLD, PH b 7 e=7KILX
> TIOCHREE LIS B S B

BARBRBRBE 24— Vv —T X OBOHL, BR
Fres X OEAEES 2EEL, HNFATH T DAMIES
OHBRRE Ui, &5 EARRBRER CEIRERZTT
L\, BARRNROBMOEE (BlRKs, OF, R
HE) OERRDI,

3.2 REARER

3.2110%F 1782wV

KEGCOWTREBTRE, HRES XCSHERER
LOMARD S & T, A—RAEORE S EDEEHBEDIG
SIEmERE (WISIIE 2.7~27.0kg/mm?) %2 {372 - 7.
2Bk pH X7, RRGHIZS00E TH 5,

KRB ORF ONBRIIEEPOBREFHICL - TH
oTH D, BEESKHOGACITEARRE b B0 aR
¥HR2ELTEDL, —REALTWIWIS RN
— HRESERGHOESTITERGOHEEE R 7 — )
BRI N T W, e COMTEEFRO 2mE
BEZNEERSHABRZ—FCRE U TR Y, SN
BT A& DN #ET LU T D EFRA S
Nize &5 ICEARRBOBMMEE R, SRR
BWTELLETUTWAERND -1

REREEE 2 A IGHE L BRI AERE S L OBRITE
WTHEBE L, Fig 11, 12 L 13 WR LT

Fig. 111X 300°C BMESFRSPcEE L 2E (O #,
H Mg 1E$ D) ORBRERTHSH. H Mtk nwTidf
PSS 8kg/mm?2 DAkl WDk FUE & O IR 2 HETT
MELNBH, Ok 28kg/mm? % CORIIISTIOH
BT, RIS & 5 BE 2 R AE RO IERERILA 5
FAAQR .

Fig. 12 13350°C &S CEME L= 5 | (O : 2,
Hit: 3@ ORBERZPRR LI DTH D, AFKMLET
TR FE A OG5 A G D OTEfIE & 13 CHE
S, HieownwTo 1 EORE % Rk Sfbo 4 HOR
BRI ST RS O ENREBD bd, COHEDORA
i H #1138, 5kg/mm?2, O #4C¢ik16kg/mm? 31
DITH Do RIFEEDINIES NS OWE 2 7 vk
Fig. 14 &R T, JHEMIRE T—RRICE L e VE &

Table 9 Chemical composition and mechanical properties of specimens served for autoclave tests.

Alloy Chemical composition (wt.%) Temper of

Mechanical properties

mark Cu Ni Fe Mn specimen oo.2(kg/mm?2) o s(kg/mm2) 3 (%)
CNTF1 R 10.14 1.18  0.45 Annealed 9.0 82.8 85
Cold rolled 27.0 33.5 16
CNTF3 R 8053 0.60  0.66 Annealed 13.1 41.5 40
Cold rolled 36.9 43.6 22
NCuT  80.50 R 1.8 0.96 Annealed 21.8 58.4 40
Cold rolled 44.9 65.4 24

— 10
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Fig. 11 The effect of applied tensile stress on the maximum
penetration depth of intergranular attack of 10%
cupronickel by exposure to oxygen bearing steam
at 300°C for 500 hours.
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Fig. 12 The effect of applied tensile stress on the maximum
penetration depth of intergranular attack of 10 %
cupronickel by exposure to degassed steam at 350°C
for 500 hours,
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Fig. 13 The effect of applied tensile stress on the maximum
penetration depth of intergranular attack of 10%
cupronickel by exposure to oxygen bearing steam

at 350°C for 500 hours.

e it 4

Fig. 14 Cross section of 10 % cupronickel by exposure to
degassed steam at 350°C for 500 hours under applied
tensile stress of 13.5 kg/mm2, showing the inter-
granular craking by tensile stress. )

EOATTHRYBEUER L 2SE0HNERENR L 2w

ERMNIMEN DR E & WHNBZERBT U b —FE

BRUTWEWREBAD EAG TV DD L 5 8EL

SNz, S HLICHBOBY BUMDARIES 5§ Z AP

EERBREPHMERED bR ORNWEZ TS 2 5 B8

COWTHHIET 5 C LIXBEZDTRWEBAL SN,

Fig 11~13C/R U 7o e OB S A g & B AG SR & g Arel
B OB EE ORI § &2, 4HE%EML 72130
DEBRIC 3 13 B ICTVERENTE SO RS 1l % R »
Table 10 IWRU 7o T DRICIEISIIIA IR T A4 U 7ok
FERES S P TR U o IBIIMEEEH DA 5 10
DOFBRIT I 1T B RIS, 7 2 +No. 7 % Jlic 3 hid i
BEE (EE S L OAERER SMRMHECBEE: 12
{3 13.5kg/mm? EEA SN, Tieb bHEHEI o




Vol. 15 No. 4

BHERKINEEF « T o= o 7 VB LOUE 20V X 2 VS DIETTRASAIC ONT

(280)

Table 10 Relation between the acceleration of intergranular attack of 10% cupronickel and the applied tensile

stress under various test conditions.

I\L%. Test conditions Depth of intergranular non Applied tensile stress (kg/mm2)
test ’Srpeergliggnosf Tempe;ature Oxygen applied tensile stress (x) Non acceleration Acceleration
1 300°C Yes 28 22.8 —
2 44 13.5 15.3
3 Annealed 20 12.3 16.2
4 350°C None 90 9.0 11.7
5 50 12.3 16.3
6 70 — 12.3
7 300°C Yes 52 5.4 8.1
8 56 — 13.5
9 None 35 8.1 18.5
10 Cold rolled 500G 29 16.2 .
11
12 25 — 18.5
13 Yes 139 8.1 13.5
142 16.2 —
TIX13.5kg/mm? P EDORIIGH X b, Hcizl8H WRERIXIOG % . 7o =y r vOBEDH 21 TH b,

DHBRMRI4ER, O CIX12M % 9 B hugtfEH 238
STz, —ITEEREED LANNISIENINREECEL B
NABARESCHEEL, BRISBEBREENRS WERR
BWREIVPELS 2D, Ur USTEMAINREBCEL A R5R
BRE S LRIISTIC X B INEIER O & 6 415 88 A il
EDOMICIE B BRI A 6 T, INEEARAECE T
BARAERSATEL TWD EIXEBL LRI 5T,
3.22 0% ¥ 7Ry
3.7~32.1kg/mm? DJEJIA T < 500 B & ¢ OB
15[ £ haR U7z,

R ORE N ONBERIIZI0SF . Tu =y rov kiiiE
FETH - 7ehd, BESGEHREHTCHRL2BED 27 —

Z py 1ot
M 250 9-0 —
Q
S
=
_ 200t * -
_‘g o Annealed
S e Cold rolled
w150 F 4 Rupture
3 o _
o
- o
S 1001 °
E
8
o O-
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o
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Fig. 15 The effect of applied tensile stress on the maximum
penetration depth of intergranular attack of 30%
cupronickel by exposure to oxygen bearing steam
at 300°C for 500 hours.
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Fig. 16 The effect of applied tensile stress on the maximum
penetration depth of intergranular attack of 30%
cupronickel by exposure to degassed steam at 350°C
for 500 hours.
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M 3ET D) ORBFERTH D, HsliM 1L 3 |
1@, Tk CE 3 EOTXTIRBS WTHINGIIE L5
WIEAMREL TH h, £OBaofMGIHEERTIFET 2w
Ti% 20.5kg/mm?, BEEOWTIE 18.5kg/mm®* TH -
720

10%% . 7o = X vOBa LA, IENEEHNIEE
O EIETIE R Fig. 15~17 R U BB AR 3 JEH
B L A IR S O BRIV IE E O TRBA 5 BRI L,  Ta-
ble 11 TR U7, 4 HFEH L15EOEED 5 b 9 [|ic
SR RA SN, ZFOBEORASIEZ 11.1~
20.5kg/mm?2 & - T, EKREH00°COHEIITILL
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Fig. 17 The effect of applied tensile stress on the maximum
depth of intergranular attack of 30% cupronickel
by exposure to oxygen bearing steam at 350°C for
500 hours.

B, MBERIBHERELNCEN, TD XS L
SR U10% % - T o=y v THRD SN,

I & A InERIE R SRS ARERE L OBREAD L,
TEEAEDND D DEARARIIBLETUENS
DTN U USRI A 5 &, KFAEaERSERnE
&, FRIEBAIEHOER 2RI SBEET LS TH
B, BRSSO TIES0~90 4 X\~ 5 LA BRI
B B U 2o VR GBI B Th B, 2 LTH0ALL
TOBSIEIEERDEL TWEWERRE W, LrL
WA S MN2BLBE OB OT S IEIEMAREDT
W5 T & RNEER DR RIS IEARN RE R S Ok &

Fig. 18 Cross section of 30% cupronickel by exposure to
degassed steam at 350°C for 500 hours under applied
tensile stress of 18.5 kg/mm?2, showing the intergra-

nular cracking by tensile stress.

Table 11 Relation between the acceleration of intergranular attack of 30% cupronickel and the applied tensile

stress under various conditions.

Nof. Test conditions Depth of intergranular cor- Applied tensile stress (kg/mm2)
o rosion under non applied te-
test ;l;)eerg;;g;ngf Tempi—ature Oxygen nsile stress (u) Non acceleration Acceleration
1 300°C Yes 24 - 12.6
2 43 17.0 —
3 55 - 15.8
Annealed
é 350°C None 18 28.7 —_—
6 98 17.0 -~
7 92 15.8 20.5
84 28.7 —
None 46 - 11.1
8 300°C
9 Yes 59 — 11.1
10 49 - 18.5
1 Cold rolled None 30 32.1 —
12
o 40 22.2 —
13 350°C
14 66 — 18.5
15 Yes 90 11.1 18.5
65 11.1 18.5
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ERRBTURNIL B TV RN EERELHT L,
HEIBEORIDONAERZEY LD ZBEETHNE 1
CEBVEMAOMIIRAIEIEC R EN B2 525 %
DTRNEBAOEND,

FINFERFAGIECHTAMBREOHR B2 A5 &,
s 71 18.5kg/mm? Pl cHM cik21EH14Ez, O
THI0ME R 6 @ IR EA 2 A 5, BRIGHEIZ SWT
EHEREOHBI I ER W DEELLNS, LD
AR B 5728 DR H~<% L H #Tik 9,
OMTIZ3METH b LM H MoFnEn & HFos
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HHBOFRBETHD LA LI,

3.23 ERILAZII
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BEarbic-TERIN, ZOTHICS LEFEOEI DR
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BABEL TWieo ULALWTROLET TR L 72856
3 32kg/mm? FCOMMGIT T CIk, BAEAOIMHE
RIXABSENLD 570,

FA L2 AMEIEE 38kg/mm? ETARELL, T
21 EAEDHERET TRBE2 TS - 28, MAEEDN
HWERITA SN h 5 T,

723 MASFASPTHEBREME %2 3,000H % T
EEL, 32kg/mm? ¥ TORNAIRECREBRL 2. &
BRI DIERE & & 3 i Ar — W RIEE SEEL e 8,000
R TIR60~TO L T TEE Ui, LUV AR
ikl b, 3,000 FEBMICIZE LA LELT
WS o To, ABRBRCE T AIEHOERRRED 51
ﬁfﬁ")?‘&:

FAPFl~F 2 3CHITBIENEATBT ORENZ
Wi 2 2 o R Fig 19 WiR<,
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0=y S VEHRO BN TED L, BELEETHEE
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RTWHAERE R RN OFERNEANTEETH D,
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BRI b8 M2 EETS &, BRI KL
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kg/mm? L EDIE R MTH5ETHIEZL LN
DTCUTDERZI T -7,

FA b4 SRR 0.02, 0.05 %100, 1lmm =33
BLZOBI0% OBBAMLI2ZMAES 0.35mm &L, &
SICHE O % HE & 7 HNT 640°C et LB it
Ufco CTHVH DOREBF OBER TOBIER 31266.1, 61.3%
L8 57.6kg/mm2 Th b, ODHFEHITWTNE 5% Th -
7o BRIEEE L LT 300°C orEgMnEs (06~
8ppm) ## X, 30~45kg/mm? O T bkg/mm?2 & X
HTRI 2L, 3, 0008 = CHRERL /o, 250K &8
BEA— b7V —T 2BRUENEERR 2BE Ui &
TSI B O BE IS IR I B Ul 2 7 o b R I 2
TV IRBRTASARNRE D, ZOOEH LT IEA
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T nHBER R BS L oo, BN 02mmds X 00,
05mm DERTIEA G 46kg/mm? F CHRINS OB
A oNLh otz b ORI W TIHNAEAD
B3l0~151Thh, ABEORSOEREAS AN
Too REMBIEE 0. 1mm DHEAFEEURNTER » T IS 140kg
/mm? Pl EC OO b ORI R AT A InEUR o

degassed (1,000 hours)

Oxygen bearing (3,000 hous)

Fig. 19 Cross section of Monel metal by exposure to oxygen
bearing and degassed steam at 350°C under applied
tensile stress of 32 kg/mm2 (x400)
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KELTHCLIE L > THRERMET S LIZRETH 2
T EAVHIA L 72,

FAMND (HEFKD pH e 7 re=7RKICX Y 10
P L 300°C OEREFEEKS L OEAHTHER U,
B s 2 rdicfivnkdons b, #HERER0.05
mm D% DTHb, AL ik 35, 40 % X 0 45kg/
mm2Tdh b, DM — b 7L — 7 2R UK
P A 1,200 B 2 CRRU oo R—SFTORR 2
i TR RO

45kg/mm? SIS IE D 5 bESP TR B L 2—E o
BRI b 250~50015 R O FE P CHRE 2 Bl T B #l e &
Utze SN2 & OIS RAT I o Wit 2 7 = ARk
% Fig. 20 2R, IS0 L BE O — L S
ORFERZHETTE D, IS CRE 2 HEB3 5%
MU 80 # TR DI & ORNAHNERHNICIFIEL 7o

FEpAORBIC 5T 1, 200 BB BAPIC Sl R 2R U
Tod DXL o7, RBRBEOREF O AR 72 +
No.4 O LRABREGTEBLTWABETHH, 4
B D R o — 0V DRI & & N IE D 5 P,

AR ORIR TOBERB R L b oy SV Al
ERER % Table 12 iwR$, BARBC X 5 #IRNEED

Stressed section

Fig. 20 Cross section of Monel by exposure to oxygen
bearing steam of pH 10 at 300°C for 1,200 hours
under applied tensile stess of 45 kg/mm?2, showing
the intergranular cracking by tensile stress. (X400)

EFERASAES LOBRIWHIENA ENTWEE S
B, EEPTCEANGT 40kg/mm?2 BLEC, EiEK
ek ARG 35kg/mm? Pl CIEIIE A B o Ik

Table 12 Results of the autoclave tests on the Monel metal under following test conditions; temperature: 300°C,
pH:10, dissolved oxygen: 6~8 ppm, test duration: 1,200 hours, grain size of specimen: (.05 mm.

Nfo. ; Alpplied Mechanical properties Maximum depth 01£
o ensile stress : - A intergranular attac
N Tensile strength Elongation Reduction
fest (kg/mm?) (kg/mm?) %) of width (%) Cu
Before test 59.4 18 65 -
0 60.0 8 38 25
g 35 63.4 10 25 25
:“-j’ 40 62.2 10 35 25
1 @ 45%1 62.2 10 40 75
5 0 62.8 15 33 20
§ 35 4.1 3 23 75
40 63.3 13 45 75
45 60.4 10 26 75
Before test 57.0 30 71 -
0 55.0 18 37 25
g 35 48.1 8 14 25
§ 40 42.2 5 13 50
g * 45 46.3 5 15 3
b 0 56.9 25 57 25
§ 35 56.0 25 46 50
40 54.6 18 26 50
45 56.0 15 42 50

*1 Specimen tested under this condition was ruptured within 500 hours. Then the test was carried out again under
same condition until 700 hours without rupture. The data shown in this table is those of latter case.
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Fig. 21 Frequency of stress corrosion cracking of 10 %
cupronickel and 30 % cupronickel exposed to high
temperature steam of pH 7 at 30°C and 350°C for
500 hours.
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Fig. 22 Cross section of Cu-70% Ni binary alloy by exposure
to oxygen bearing steam at 350°C for 500 hours
under applied tensile stress of 20 kg/mm2, showing
the intergranular cracking by tensile stress,
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Table 13 Effect of ammonia to the depth of corrosion for

Monel metal exposed to air bearing high
temperature steam at 300°C.
pH:7 pH:10
3,000 hours 1,200 hours
Depth Layer 10~15 5
of
: Inter-
corrosion(u) granular 10~15 20~25
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Effects of Homogenizing of Ingot on Aging
Characteristic and Stress Corrosion Cracking
of Al-Zn-Mg and Al-Zn-Mg-Cu Alloys Containing
Chromium

by Yoshio Baba and Akira Takashima

Effects of ingot homogenizing on aging characteristic, stress corrosion cracking and
exfoliation corrosion of Al-6%Zn-1.8%Mg and Al-6%Zn-1.8%Mg-1.5%Cu alloys containing
less than 0.7%Cr was studied. The results obtained are as follows:

(1) Homogenizing of ingots above 400°C resulted in remarkable increase of the resistance
to stress corrosion cracking and in decrease in the age hardening at high temperatures of
the alloys with Cr, mainly because Cr-rich insoluble compounds of 0.03~0.21t in size were
formed during homogenizing. Low temperature age hardening and exfoliation corrosion
were not markedly influenced by homogenizing.

(2) Slow heating to 450°C and prolonged homogenizing of ingots facilitated the
precipitation of the Cr-rich compounds. Heating above 500°C promoted resolution and
coagulation of the Cr-rich compounds.

(3) It was concluded that homogenizing of ingots at 400°C to 500°C was necessary to
obtain sufficient resistance to stress corrosion cracking and exfoliation corrosion and
considerable age hardenability in the ternary or the quaternary alloy with 0.2%Cr without

introducing giant Cr-rich compounds in practical casting.
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Table 1 Chemical compositions(wt%)of Al-6% Zn-1.8%
Mg and Al-6% Zn-1.8% Mg-1.5% Cu base alloys*

No. 1 6.05 1.81 — -
No. 2 6.07 1.78 - 0.12
No. 3 6.09 1.76 - 0.22
No. 4 6.04 1.76 — 0.43
No. 5 6.15 1.78 — 0.70
No. 6 6.18 1.76 1.49 —
No. 7 6.00 1.81 1.48 0.12
No. 8 6.03 1.82 1.50 0.22
No. 9 5.98 1.82 1.48 0.42
No.10 6.00 1.78 1.47 0.73
*Fe<0.0019  Si<C0.004%
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Fig. 1 Effects of chromium contents and homogenizing
treatment on the yield strength of Al-6%Zn-1.8%
Mg alloy, water quenched from 450°C and
immediately aged at 150°C.
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Fig. 2 Effects of chromium contents and homogenizing
treatment on the vield strength of Al-6%Zn-1.8%
Mg-1.5% Cu alloy, water quenched from 450°C and
immediately aged at 150°C.
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Fig. 3 Effects of homogenizing treatment and heating
speed on the yield strength of Al-6%Zn-1.8%Mg-
04% Cr and Al-6%Zn-1.8% Mg-1.5%Cu-0.4% Cr
alloys, water quenched from 450°C and immediately
aged at 150°C.
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Fig. 4 Effects of chromium contents and homogenizing
temperature on the maximum yield strength of Al-
6%Zn-1.8% Mg alloy, water quenched from 450°C
and immediately aged at 150°C.
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Fig. 5 Effects of chromium contents and homogenizing
tem perature on the maximum yield strength of Al-
6%7Zn-1.8% Mg-1.5% Cu alloy. water quenched from
450°C and immediately aged at 150°C
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Fig. 6 Effects of chromium contents and homogenizing
temperature on the maximum yield strength ofAl-6
% 7Zn-1.8% Mg-1.5% Cu alloy, water quenched from
450°C and 7 days naturally aged and aged at 150°C
for 20 hrs.
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Fig. 7 Effects of chromium contents and homogenizing
temperature on the yield strength of Al-6% Zn-1.8%
Mg alloy, water quenched from 450°C and aged at
room temperature for 30 days (T4) or aged at 150°C
for 20 hrs after the natural aging (T6).
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Fig. 8 Effects of chromium contents and homogenizing
temperature on the yield strength of Al-6% Zn-1.8%
Mg-1.5% Cu alloy, water quenched from 450°C and
aged at room temperture for 80 days (T4) or aged
at 150°C for 20hrs after the natural aging (T6).
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Fig. 9 Effects of homogenizing time and heating speed on
the resistance to stress corrosion of Al-6% Zn-1.8%
Mg-0.2% Cr alloy, water quenched from 45(3°C and

aged at room temperature for 30 day (T4).
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Fig. 10 Effects of chromium contents and homogenizing
treatment on the resistance to stress corrosion of
Al-6% 7Zn-1.8% Mg and Al-6% Zn-1.8% Mg-1.5%
Cu alloys, water quenched from 450°C and aged at
room temperature for 30 days (T4).
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Fig. 11 Effects of homogenizing temperature on the
resistance to stress corrosion of Al-6% Zn-1.8% Mg~
0.1% Cr and Al-6% Zn-18%Mg-15% Cu-0.1%Cr
alloys, water quenched from 450°C and aged at
room temperature for 30days (T4) or aged at 150°C
for 20 hrs after the natural aging (T6).
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Fig. 12 Effects of homogenizing temperatureon the
resistance to stress corrosion of Al-6%Zn-1.8%
Mg-0.2% Cr alloy, water quenched from 450°C and
aged at room temperature for 30 days (T4) or
aged at 150°C for 20 hrs the natural aging (T6).
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Table 2 Effects of chromium contents and homogenizing temperature on the exfoliation corrosion
of Al-6%7Zn-1.8% Mg and Al-6% Zn-1.8% Mg-1.5% Cu alloys.
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450°C X 24hrs. 450°C X 96hrs.

No. 5 Al-6% Zn-1.8% Mg-0.7% Cr alloy.

No. 8 Al-6%7Zn-1.8% Mg-1.5% Cu-0.2 Cr alloy.

Fig. 13 Microstructures of alloy No. 4, No. 5, No. 8 and No. 9 ingot homogenized at varjous time for 450°C in salt
bath (x400).

_ 7 —



Vol. 15 No. 4 & o A% &1 Al-Zn-Mg & FAL-Zn-Mg-Cus & DR & JEIE BN T 3 X3 T S B8 fBa  (294)

S

(a) As cast

(d) 450°C

(b) 350°C

(c) 400°C

(e) 500°C

(F) 550°C

Fig. 14 Microstructures of alloy No. 8 ingot homogenized at various temperature for 24 hrs in

air furnace (x400).
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Fig. 16 Effect of the homogenizing of ingot on the thin
foil electron microstructures of Al-6% Zn-1.8% Mg~
0.2% Cr alloy, water quenched from 450°C and
immediately aged at 150°C for 20hrs (X 20000).
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Fig. 16 Effect of the homoyenizing of ingot on the thin
foil electron microstructures of Al-6% Zn-1.8% Mg-
0.7% Cr allay,
immediately aged at 150°C for 20hrs (x20000).
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Pre-aged

Fig. 17 Effect of pre-aging at 30-C for 7 days on the thin
foil electron microstructure of Al-6% Zn-1.8% Mg-
0.4 Cr alloy, water quenched and aged at 150°C for
20 hrs.
Ingot was homogenized at 450°C for 24 hrs in air
furnace (x20000).
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Fig. 18 Effect of the homogenizing of ingot on the microstructures (x100) and X-ray diffraction patterns of
Al-6% Zn-1.8%Mg-0.4%Cr alloy sheet water quenched from 450°C.
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Fig. 19 Effects of chromium contents and homogenizing
treatment on the resistance to stress corrosion
cracking of Al-6% Zn-1.8% Mg and Al-6% Zn-1.8%
Mg-1.5%
quenched from 450°C and aged atroom temperature
for 30 days (T4).
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Fig. 20 Relative resistance to stress corrosion cracking in
short-transverse direction of Al-4.7% Zn-1.2% Mg
and Al-4.7% Zn-12% Mg-0.17% Cr

were homogenized at 465°C for 8 hrs.
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Fig. 21 Examples of typical failure showing the test

specimens in Fig. 20 (x100x}%)

Motttz LD EEYIYPRER L UTEHTD 2D, JE
TG RBENG IR RBD EBLOINT VWD LTS
O, BN ERROBMNNZERS T HHHA~ERL
MRS S RHNSIEC R 2 T D EEA
bND,
COEIIENERANCK TS 7 0 2 RINOR Rk
BORHREALAC L - TELTHEDOTE D, —HC
HE S H OIS TEAHNER BT 7 v 2 BNAZRN T
BWWEERT AR D L &2 RERICL D ERL



Vol 15 No. 4 # m & %&irAl-Zn-Mgis & 0'Al-Zn-Mg-Cutr & ORRIEHE & SRR KNI JF T #Ea e LAV Bl  (298)

7=blFThH,

HREE AT DWTIE, #& 4l E. Mattsson!® 51k
Al-5%Zn-1.1%Mg REGEDOWT, HEEATE IIE
THIS R s b IR OB R U S, R T
T 4 RECRC HHUMEaIci: o (Fe, M) Si #HOH
FEAVK & LT 5 L RTWABD, AERI AR
W EMEOHG2AWTE b, #, r1EOLRHM
re 30 01BU TR I sedblnwe ensd, &L
AE—DORBEEYTHH I v 2 R/{EWRRAL L5 7
ERZLTWADEEZALND, T O6HTIXs v 255N
BOBBITILHE bW, CTERREDMEIT L > T8
BT A mEE () BLE—BOEER (1) HEE
ELUTH—ENBEUVEBNOERZEMTALDTES 5 LE
AbNB,

5. & i

Al-6%Zn-1.8%Mg s 6 M Al-6%Znl.8%Mg-1.5
BCU BRI DONT, 2 v xGENEEEGEILEE S
bR INTH OMEE, WSIEaENWET Es L3 TR
WRFNIFER, >DEOC ERP LM I NI,
OHED 7 v 2 2B &GO EERDHEE L RISDER
#hikiy, 400°C Dl EOSOBEABMEIC X hELL
BEInsR, EEBEEE L 4HEESRELE IHEIN
I

@) EEOB BB OMEDT & ST AHAVE O
BT, SMOBELEMEE XY FTH LA E$0.03~
0.2um D7 v A RRBEECAYOFEETSH §5C ENT
x5,

@YDy v A RTRBEEEAMOEE BT, &

2450°C #iTW - < b #L T BB ENE 2 1T
5 e X DTAREE 8B, 500°C Ll LD E L EMLER
v A RGEYMOBEE & BERRMUZ BET %,
OEPELEUEACE LB ELIEST, &
EERCER e RETARRDLE W v A R, T
Bbhb0.2% BE2E0 205 WEMLAEST, +O%
i 5 1 B A L % 458 5 72 D I 13400~500°C o5 5R D 35
(LB ACRT R T D LRI N D,

& £ X W

1) K. E. Mann:Aluminium, 29 (1953), 497.

2) BHakhE, SRR AAGRESE 28 (1964), 102

3) W. Gruhl, H. Cordier and D. Brungs: Metall, 26 (1972),
207.

4) FPNFISE g, 11 (1953), 25.

5) Y. Baba:Trans. J. I. M, 7 (1966), 224.

6) G. Bassi and J. J. Theler: Metallkunde, 60(1969), 179.

7) G. Scharfand J. Eulitz: Aluminjum, 49 (1973), 549.

8) E. J. Westerman, and M. C. Fetzer:]. Inst. Metals, 97
(1969)206.

9) Y. Baba:Trans. J. I. M, 11 (1970), 404.

10) L. F. Mondolfo: Metallurgical Rev, 16 (1971), 95.

1) @A, REEL, SWHnE . BeR, 23 (1973), 126

12) B RS ESAE, 31 (1967), 910.

13) EHMNIR, HHBEE, BASEE, VIR  BEE, 23 (1978),
210.

14) B, BHAE  BEEES, HOHEBIHASL Q9785F114)
FETEAEEE, 3L

15) E. Mattsson, L.O. Gullman, L. Knutsson, R. Sundberg
and B. Thundal: Brit. Corrosion. J, 6 (1971), 73.



P265
Reprinted from SUMITOMO LIGHT METAL TECHNICAL REPORTS  vol15 No4 October 1974

il
He

i 75" A
B OR % -

TN =y LD

FRBEE&RBE LXK E M



N

T = ARG DB 2T
B R ® —*F
Vacuum Degassing of Molten Aluminum

by Eiichi Hirosawa

Theoretical studies were carried out on vacuum degassing, especially removing solute
hydrogen from molten aluminum,

Degassing rate depends on conditions of the flow of molten metal, which forms a
cylindrical stream in a vacuum chamber and breaks into fine droplets by inert gas bubble
injection or atomizes by blowing of an inert gas stream.

In each case, degassing rate based on diffusion theory was computed using size and
speed of molten metal. In case of a cylindrical stream flowing from the orifice of larger
diameter, there exists turbulent flow, so the values of eddy diffusivity are required to
calculate the degassing rate.

It is shown that the eddy diffusivity is proportional to the product of 7/8-th power of
Reynolds number and the atomic diffusion coefficient of hydrogen in molten aluminum.

The computed values on degassing rate are in fair agreement with the experimental
ones, but not completely.

Diffusion theory shows that the method attaining to higher degassing rate is either fine
droplets method by gas injection or cylindrical stream method with turbulent flow from a
orifice of Smm diameter.

Taking into consideration of processing capacity for molten metal, cylindrical turbulent
flow from a orifice of 1 inch diameter accompanied by inert gas injection, which compensate
the lowering of degassing rate due to decrease of specific surface, is considered to be
suitable under industrial scale.
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Fig. 1 Variation of mean concentration with degassing variable F==Dt/ro? or Et/ro2
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B, AU T 4 ARDPSEBERICOWT S, &
U7 4 RAEOR X WELRERIE DWW, ISR

inert gas

metal reservoir

orifice

vacuum pump 'l

lu‘ viewing port

i

vacuum_chamber

mould

Fig, 2 Cross-section of pilot degasser.
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Table 1 Comparison

of theoretical calculations with experimental results, (Flight distance=500mm)

Conditions Theoretical Calculations Experimental results
Type of Diameter of Reynolds Turbulent ratio Fourier No. for Degassing Before After Degassing
metal flow | orifice (mm) No.(x10%) for diffusion E/D degassing F rate G (%) || (m{/100g) |(mi/100g) | rate G(%)

0.56 0.37 3

Stream 1.6 1.22 4.4 | 0.174 7 3.0 3.5 £
- - 052 0.30 o3
’ | 3.0 2.28 5.8 | 0.054 50 8-o2 on |
0.63 0.3 444
P } 5.0 3.8 54.2 \ 0.217 80 e 3: s
0.32 0.5 18.9
v 10.0 7.6 98.0 \ 0.10 59 0% | o L
" 0.45 0,13 71.2
’ ) 15.0 11.4 139.0 | 0.018 o | 0m | oh n-2
P ] 19.0 14.4 165.0 0.0475 43 9.3 9-20 .4
0.2 SE] 0.8
v 2.0 9.0 | 217.0 0.0347 38 9.2 9.1 PR

70
30 do==1.0mm 0.47 0.23 51.0
Spray Ar tnjection | (assumed) I 1.0 0.1 76 0.53 0.33 38.0
’ 3.0
; do=0.2mm 0.49 0.95 49.0
4 Al plowing (assumed) 1.0 0.03 50 0.56 0.30 47.0
LR X ISHBIZE . T DT EIXELHRIC 38\ B ELIRALAE BRIOMEES 2 1TV, 2 EOFRNE 5 iz,
BEROBEHRE LTI Lo nEZ M & &, BBHE 1) RF 2ABIBEREHOBE SRR OHS &

OB 2N oW HREEE2HWD L LERTE
BLERERT B,

U U2Ais & b B mE 35 &, R AY
T 4 AFEDOKE L E B, FEIREOWIMEL e RmE
SRR AR & RN TEY R LAUE - 3 DB,
HERE T OBAEASBT L S BT, COHM
LUTEAODNDDEBHGORRERBCH D, T4DD
MR 5D OWEMBRALOWFIC LD & v 4 7 v ZEDEN
CAEWNFER DIRNCREENREL, BCIXBEB OIS 4
THEND, FORE, HLREEEAEOMN, HORE
FHEEOBINC & b BEr 2 RN ER Ul & O $ TTRET
BHMN, FNOSHOBEEMERL TWiE,

HZWMDBEC DT H AVCADHFITEF ¥ 4 X &
UTHEMBOEEE LT do=0.2mm % W75t BEkE
Bl &8 - TWAD, R kT O IIRTR MG
WD E SR RRBIZED N, HZPGADBSIEIR
CHRTRETENA S L, HOMTEMTBAEESL T\
LEZLNDBTEND, BWHT ZARRREE NS, E
BEEEEE D i b\ COBEAmE L TIRERICH
WS AN S B E L E S EAL LN D, FIROME
HROTHEERNT AEROHE2Z T NE LT &
MERSADOTIHE WS EELOND, TbLERIIX
WEIIR T S A BEMHE I N, Z DD RITHH
RERUTHRT AROET 2RI LIz DEELLND,

5. &

TV E =Y MIEBOFER A A O THARN T g

il

PRI CERBMCE AR T, AL TH LN
VRSB & ERIET Do

(2) BEAEREHOBE, &Y 7 0 AR - THiN
HELTIREBIC 2 528, C ORFOREY 2 RO FIC BB L
WHEEEIIV 4 2 VAR ERTHERE L TRbT L &
MTED, LAY 74 AEDKREWERIHT AEDA
CHEBE & OENRKELEHDOT, FLREHEROEER
WROEHND B,

(3) FAERMDOBELDWT S EERNTOKE X ERF
T OREIXFITRE OBERD Do

X B

1) FAZMHSEHATRAE « MO RERMS X CRER T A O
e (HE4458)

2 0. J. Gjpsteen, A. Aarflot, T. Terum: TMS Selection
Paper No. A71-39, Met. Soc. AIME

8) S. J. Hellier, G. H. J. Bennett: J. Vac. Sci. Techn,, 7(1970)
S1564.

4) C.E. Ransley, H. Neufeld: J. Inst, Met., 74 (1948) 599

5) R.G. Olsson, E. T. Turkdogan: J. Iron & Steel Inst.,
Jan (1973) 1

6) HIlIPaEg, HRIREE : DABRESR A, 5-18 (1939)136

8) MRS, WHE—ER: AAMMZAHRE, 20-92 (1954) 306

8) B. J. Brinkworth, P. C. Smith: Chem. Eng. Sci., 28(1973)
1847.

9) — MY EECE p.76 BLHR (BFI434E)

10) C. E. Ransley, D. E. J. Talbot: Z. Metallkde., 46 (1955)
328.
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The Indirect Extrusion of Aluminum Alloy

by Hirobumi Yokota, Hiromasa Hayashi

The indirect extrusion method was discovered about 100 years ago and it is known
that it has a number of advantages over the direct extrusion. But it has not been
established yet commercially because of the difficulty of the die-handling, the limitation of
the hollow stem inner diameter, and the imperfections of the extruded material surface.
However, in the last few years not a few extruders have installed the indirect extrusion
press to research the capability of the operation for commercial use and we hear some of
them have been successful in their industrial operation.

Onthe basis of the data from our research using the 300M.T. indirect press, we installed
a 3000 M.T. indirect extrusion press from Japan Steel Works, Ltd. in July, 1973. Since
September we have maintained full-operation in extruding Rod, Bar, and Shapes of hard
alloy, making a great use of its advantages.

In this paper we describe its advantages and disadvantages, based on the results of our
research; the low extruding force, the high extruding speed, the long billet, the uniformity
of the metal flow, the uniformity of the structure and the close tolerances along the

longtudinal direction, the limitation of the C.C.D. because of the

inner diameter of the

hollow stem, and the prevention of the imperfections on the extruded material surface. In
addition, we show the clad bar extrusion as one of the applications of this method.

1. & LU & I[C

BB R & Uiy o 100 SRR il s ik &
T b, EEMHE s _TEXORENS ST LAB
BiehHBHL TWb, LALEAS, IR D B
B, b AWEk e —2F ARNEOHIRE X b HEROR
KMNBERNRD LD RELENDFEOREARD D, MER
e UTOMMEREL BN TWe,

ULasL o O, HRBIKBO 7 VE A—H—T
HAEOMBMHEAYADIFE S h, THENTRERME L
TORIBIDNN L DI E SN TWBHD2,

Wl AT $ 19714 X b 300 ¢ MR cOE L DE
% Bephi LT, 197348 7 Hiz 3000 ¢ MBI B % FARHE
WHRWE DGAL, FMEIH X DEERME L TREL Y
VBB A D, FOEDT RIS TR L IR 2 B 2
FTWh,

LOoBSCHBERHOBBEE2H LT LT, H
O & &0 B O RS X oA 217
B\, SEROBBIHHOFEEDO B & Uiz,

TS

2. BERHORREN

21 & B

B iR L 4, arFFREELF A2 %
AUTRF2ETEVY y bRMUNBTORE LT, HEH
Tk, EMie g4 28 Uicdn—~25 2 2BEL, 2
VFFREVy b EHEBE SSRGS, MERE
OEE % Fig. 1 R d, T4bb, MEflcikery
by T FRC AR D W T S B BT,
B TR X RG> TWAEEITEES L Ot
27 —DERRLLTHLENTED,

2.2 BHH 0L

MR, EEilichk~xTaryreery A
DB & BFEEHRKR AL WG, F—ii e TR
BB E S 330~00 B BB K < £ B, Fig. 2 i) &
A bu—sEMoLEER L Table 1 i@ % OB
HRRT,

BB H DI G R IE D\ THRESEM I TR 2 ©
BB LN ole, E—L X g7 n—0H—H
T b b ERROE— 315 { AEERMELEEMLO
FNEELBIAHCE, Bz vy hAVFIRELR
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Direct exirusion B %, HBSEANE < it b 2 O R IR 4 O e 25
- Rz &, BER vy P EEB A WL Y 7 F BT D
W27V 3 A ARMBERTCRNIAS R TN L ENEE
A SN o i s BB Th D, B 2R

- T BB » T, Chb DRI DN TIA 1N % £
1 T SRR BT D C L ABE TS B,
§ / \ \ 2.3 JRHEEE Ol

& © ® & ® o RBEHAH G, BRI Eo~ T RS 5 75 b B B

HINBAFAEENEL &b, —Hl% Table2 R
M, TORRE LT, BEENRINC EBLOERNT
BNEEME O Z Ne X THHR—ETHH T 2D,
M\ 1 RO E Y » MRE EARDINC ENELEND, i
L ——L1 [, DEGEDNT b AR B ERL T b, EHEMI

Tl N, HEBAEWIHEESE 5T WS,

Indirect extrusion

|/ ’
1 / | |
| (é é Table 2 Comparison of maximum extrusion speed
@ @ ©)] ® . - .
between direct and indirect extrusion.
M Stem ® Billet TR & R HS O B i H BEE oD Ll
@ Disc ® Die
@ Container & Hollow stem . .
@ Platen @ Closing plate Direct Indirect
Alloy 2017 2017
. . . indirect extrusi
Fig. 1 Pr1‘nc1p1e of direct and indirect extrusion. Billet Diameter (inch 9 8 9
EHA s X OV EHEIRH O F R
60 Billet Length (mm) 490 1300
— T . :
Extruded Size (mm ¢) 47 50
o~ o Direct
'E 50 e Indirect Extrusion Ratio 20 22
~ B
:af 40 N\ : ) Billet Temperature °C) 420 330
® el )
e o g Container Temperature (°C) 400 350
@ i Maximum Extrusion Speed
£ 30 (tn/min) 3.5 10
20 : — ’ — — .
0 300 600 900 1200 1500 2.4 BAFL vy bEX
Ram stroke (mm) EHEME TRy 7 F e Ly FEOBEREORIC,

Fig. 2 Pressure curves for the extrusion by direct and Ely FEIFEERL: 3~4NEFLELOBRRATHLD, C
indirect method. RUCH U TR G o — 2 7 L RAE & CHITT
BN 3 ORI O 2 1 o — 5 ik T B kR 5 A E LTI, BEA O

o T BUEESHS 30 X OIS, % 7 A BERSHE & T ol
* o 25 BTSN DS, IBK, F8—2F LREAE

Direct Indirect IRWRETHCREFHAOREARNFAETH L IE
Alloy 2017 2017 BI2BERLD, ZN52RENCHE LR, R
Billet Diameter (inch @) 8 9 LOREMIZL6~TEE L 2%, BECKY LORELD
R E— R T ADEBITTEIE Lo &8 R
Billet Length (mm) 490 1300 kB =27 AOREREFEL T L BDRD
- 2.5 AFZNTRA—
Extruded Size (mm¢) 47 50 Fig. 38 ) € Ly | Ui X &b 7 8 —OE SN
Extrusion Ratio 20 22 & HBEMEoLEERT, BEHRAETIE, Evy bR
Billet Temperature °C) 460 460 YFFHRBEILTHUB Sh DRI RE CBTRNEA
Container Temperature (°C) 400 400 TWBHOEX U, MEMHTE, & 4aEoREREICE
- . BB BDH TR OWITIEELIE . T2Dh b
Extrusion Speed (m/min) 3 3 B ]
RGP b5 Bl bl T LU &b 2 2 v
Butt Length (mm) 50 50 DEBNRE L ThHD T &RDID,

— 92 —
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Fig. 3 Metal flow pattern

extrusion.

TEHHTE & [AEARH D £ 20V 7 0 — D il
(a)

Direct extrusion

in

direct and

Fig. 4

for 2.5 hr.

ched sec

indirect

tions of the top (a), middle (b), and tail (c) of the indirect

extruded bar showing grain growth after solution heat-treatment at 500°C

2.6 HHM OB

2.6.1 Frvoax (BaEEXL)
EHEMHTAMEES 2 MU H U REE, MlMERe
BNWTT VYT e 2DORERE LD, b Taang
WZERAILNT WD, i U TRIEMH cik, #H
B blc-TI/ VT axpd { cig—nEz L H
TLERTRETH DD, Figd w7V oy a 2DFEHER
DR d, MHMERERCEEBEE O vy yax
DFELL L, PRESICBHERCIIERL V1.5
mMmBEOE S CTHREL TWb, Bz i & B
BNz 2 ESBHOSAT BN TE W Lk,
BIMANBESOMHCIEBED L WREBFETSHS C
EEBERLTWS,

Extrusion condition in Fig, 4

Alloy 2017
Billet Diameter (inch ¢) 9
Billet Length (mm) 1300
Extruded Size (mm ¢) 60
Extrusion Ratio 15
Billet Temperature (°C) 380
Container Temperature °C) 350
Extruded Speed (m/miz 10
Butt Length (mm) 30

©)

500°Cx 2.5 hr BFAELLEBEOMINME (@h®d)E () O~ o =Mk

3
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2.6.2 HHMEE KbE

EEMH N, WHMERCEAET S RENERITEA
THDRICHIE, CVvy b EIOBLZI0%EEORIM
LBZIMLED & LTIBTTWS, —HBMEIFHTIZZ0
AENTE—0h, HHMBRRERFEETIEY v M E
SAREHEHHOZF NN TE N EREL LN B,
Fig. 5(a) Im# L7 b £ &30mm, Fig. 5(b) 1T 46mmo
BEDMUBY PRI Uiz s e BEZR T, il
FHFCOoWTIE Figd tEAUTH D, WHEH, #EFHE

B A D L 5 R IREREL TR LT, Ml
MIRWER b EHSHRO L ONRELINTHS, TDT &
Mo, HHLED &L TImMmBEE TROTH Y, HEEM
Moz i b~ TRIM s 8 b LR & 7 B,

Fig. 5 Etched sections of the butt of which length is 30 mm
(a) and 45 mm (b)
5 b oMl b = 7 o IR

2.7 MO TE
i ik, EEifHckxTx 270 ~0E—1ig
T &, M HRERN—EZ C &, &4 2DWHEHSH

5, fiHERT bic > TEFHADOTHENT Y 208D 0,
Fig. 61 IR BFH A B - 1B LORI B L &
HeRT, BHOTHEAZCEL CEEEME O S NE
Bt~ TERIch b, HEERHO & DR & D
DEDTHBL ENERT 12,

2.8 RNER

IR I DHERE b 2s 5 RS A m — 2 7 2P % 8T
5%, MROBANERILO AR -THBINS
(Fig.1 B18), 10"¢ %2500 t #iHopl% & 5 &, EHiE
MoK EERIT S & 22000 1wt U CRgHmH ¢ix150
P LB, LORBEMOI>FBLELLT, 745~T v’
HREF & 0 — 2 F s —d &SR R RRFA L
MG 2E <L T550R b5, ATEE Texas Aluminum
Co., Inc. TERALINGETHEH L L >TWED, BREK
ST E BNV — U v Sl 2 ERUEE L4
2T ->TWb,

2.8 ELvy PREAOKIAH

Bt clii 2o 7o —OREN S, lREzYry v b
FHEIAHHMETC K NAAPLTWIENRE AOND
(Fig. 3818, COBFALavFrBRIVFTIVAR
LTMERD Y = VRETRENRSB290, Fig. 7 &—
BlaRdo v« VELL LOIMHMEIIE A 7V BRNA
ENBDRIL, ¥ VELULHREBRSIIA LI,
LDy L VOMBERITDOWTH, IR E LS55,
a5 FOR, EEL, v o bOERRRIR SRR
DELFC X - TERNCIGET 50BN Do HITEX
OBE X ->TEVy OIS A WG A 7V T
FEED I V- = U TBEL 2 5T B,

Extrusion condition in Fig. 6

Alloy j 6063 Billet Temperature o | 450
Billet Diameter (inch ¢) ’ 9 Container Temperature &%) 400
Billet Length (mm) \ 1300 Extrusion Speed (m/min) 75
Extrusion Ratio l 292 Butt Length (mm) 50
2.1 ﬁ
i
. L ’ | .
L |
-(; 190 o \J ;S —r O
0 ! 0
|| |
= (a)
= e & B — —— g &= <
= T ‘“fﬁvﬁ ‘
= {— T 1 ‘ ta H |
S |
1'50 50 éO 90 120 150 180 210 240 270 300 330

Extruded length (m)

Fig. 6 Wall thickness of extruded shape by indirect method.
sl X A MO EFFROREZEL
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(a) Surface without shell remains

(b) Surface with shell remains

Fig. 7 Influence of clearance between die and container wall.
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WEETERETEV y bD I T o FERZFDT A D
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KBHEHYDETEOLDTEHEY L FETH %,

T T T g T T T T T T T

7072 70727
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15
Extruded length (m)

Fig. 8 Clad ratio curve in direct and indirect extrusion,
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1) R. Anderson:Light Metal Age, April, (1970), 28.
2) W. Ziegler, K. Siegert:Z., Metallkunde, 64 (1973), 224.
3) K. F. Ziehm:Light Metal Age, December, (1970), 6.
4) A. Biswas, F.J. Zilges: Aluminium, 49 (1973), 296.
5) A. Biswas, F. J. Zilges: Aluminium, 49 (1973), 352.
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™  Vialatte 5™7% 160(*He, p)sF % X (K200(?

He, n)**Ne(T1z2=1.8sec) P H18F Risic kv, ZL <
Vialatte™ & Deyris 570 (% <35 MeV @ a JjF T8

O(e, 2n)*sNe P 15F, 100(a, pn)i*F, 100 (a, d)
1SF ISR 3¢ SF O BT O v —y R
b, FNEFNTNVI =Y LHOBERER LI, Le-
onhardt™ 1% ¢Li(n, a@)t, %0, n)'8F KKk X b 7
WEI=U AHEOERR ERE R U, BIHFS™, Es-
pandl 58 Ik f Sulzberger®it 14dMeV 3rhif:TFic
15150, PN KRR I b 7V =g AaB LT ]
=9 L EEHOOBEZERL, ¥/ Takada 5% k7
VI NBRBROBAT VI =T ARERLUI, o
1 514MeV kT X B ERSE OB Hr DRREE A3
HE X -THLU BN, Tz ORFEHREDI Vande-
casteele 5898 T J - THIFE S N7z,

3.2.1 M mEOTY T
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®11 BEORSMLAWETCE T % XU BRIG & &R

&—4y b feied 78 Wit Bk HE R R ] BERE = 3V A N
(%) (mb) (MeV)
11B 81 (n, p) 3.2 11 B 13.75s B711.5 79)
(n,e) 25 8 1i 0.87s B8-13 79
160 99.8 (n,p) 35 16 N 7.35s B8710.3, 76~7 79
(3He,p) — 18 F 110 m 75)
B+
(3He,n) - 18Ne—>18F 1.55—110m 75)
(t,n) 112 8 F 112m B8%0.65, 70.51 78)
18R 100 (n,p) 135 19 0 29.4s B72.9, 10.20 )
(n,a) 140 16 N 7.85s B-10.3, 16~7 79
(n,2n) 61 18 F 1.87h B*0.65, EC* (8% 79
27AlL 100 (n,p) 79 27 Mg 9.45m B871.75, v0.84, 1.02 79)
(n,a) 116 24 Na 15h £-1.39, v1.37, 2.75 79)
(n,2n) 82 26m Al 6.7s B*8.2 7
(8He,2a) — 22 Na 2.58y B*0.54, 11.28, 75)
EC*(11%)
*EC : Hh i e
N e s . ) AN*_ *
B EDATER, IR ERT, T30 W—fGN—KN 56)
BEAVFOBEBME L &2 BCHEE RRE L, BEdie Cow, FIRBENTE; REFEE &g (nem 2
i B T (A e A W BHRE DI L B
AL LA 2 2R 3, Z O GpEDFH: L TR & sec), o RSO EIFER (cm?-target atom

PRBNCED A L & L > THREHOBNTEROERE S
T ER 21T S 4 DTH D,

TEER R o fHBE A RIE LB 2 B ST
DEHTHAD : 8

D+D—3He+n(2.45 MeV) 46)
D+D—-T+p(3.02 MeV) (4"
T+D—4He+n(14.1 MeV) 48
3He+D—4He+p(14.7 MeV) 49)
SLi+n(Thermal)—4He+T 60
"Li+n(First)>4He+T+n’' 61

FHETDH A NVF EIXFIGD mass defect X b Einstein
D2 HANTRD N5, HUYD Td KGN TIERD
BN t= W A% (S

E =(amueTr+:p) —amueHe+ 1) C2=17.6MeV 62
i, amu WRETFERRENS L FCIEE, THD,
WE, 7= sl W BRNE S 14 MeV BT
R s % EREETIRAE & - TRIRIS 2 ET5H C &
Cigho ERRDELVTBEBLIO 7 yREERTH L 5,
FEEBFEIIRD 3D Th5H:

100 +3n- 1N +2piH00(, PN 63
VF(n, @)oN ol
SR (n, 20)1F 68

RN, 7V = T AFOBBEORIMEDITC b D
MEOELHEMERIES LOCBE#E TS, ZOnEORS
BEIEZRUESDTH D,

AR TS R TR ERNE 7 N Z IVE T 202 & A e &
WFBET Do HETHERT O N* OUINEE L, MR
M2t LT, —BCRRO L 5 AR 5 AR
ZEIW3DELTEDINBE,

TP WEHNEES DN OBERSUHMEICOWT fO
FREEFERCIRS Uiz & S HOERRE N @R ERT2 &9
i, o BRRL L ->TEFEIND; N=foN, Wil o
RETFERIG 2R THERR2EDTC LT 58, Niks
=& VERTOME, VL AN IXEEEY (sec™l), T
55

X6 EEA L TR EES ¢

N*:é?yﬂnﬁﬂg 5
B TSR DB TR BRI U Aot 5 i
AN*_

—Eo=AN 59

N¥= N g 69

cCE, NHXZ OBy 2 ERTFOR, <b b,

CNIY, BEHETEOEHMTabE Ni=1/2N*

D& xDWE Tieldk, BETEHN EROBHETHEND :

_ 0,693 o
A Tio (sec™)

2, RS ORE EET N* I X - TRS R
BHEHE A BRO L5545 N5,
Ai=AN*=foN(1—e*)

0.693
:Aoo(]-—e_ 7!/2t>

(60)

1)

BN BNT, SfoN XEREB OIS & - THET
BEUHEET 5D BRRIAUNAE Ae 27 A BCENRTE,
72EMPE O ~ 1 OHIBE TZ 5 BRI 2 2T 5o

%7z, BB ¢ B 3 B RB RO HEHER T §
LR Av BRRIC L > THEDINS,

Av=Aie ™ =Ape ' (1—e™) 62

3 —
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FNIZTABLIOTNE = LGS OBRESITHkE

(3814)

WolES, BHGOWEOBEIRSZ DI 7 7 22X

THBS NG, EEERRILLEBTEORTEDT L,

HENWIXRD LS5 CEEHH 5D,
A M
Ay= AU%(1~e“°ffﬁ)9 63

i, A, EHADREMEENT X ATLHED g, Mix
HREEISNABEORITAHILETLLLE OB LEDL
FRTR, 0 WLEEHEER &9 5 RN tHEOF EEITHER O
AR, THB, L2~y NETFOENIE Avo-
gadro $6.02x1023 i X » TEE I NS,

R E ORI I RS R iR f 2k x <, BERAM
TCRDEFEL 0 2k &L, MEMEEAE o K& Z L
THT DM EGREOLHHE Tz 2N THD T L AWNE
TH Do

FoS B % BRI 9 A foicid, IR U Ao EHEORE A 5 #a
MARB AR 2Rz b, MBI L hEHE LU LT
EBRWD, UL, —MBcfbsm e U TREMESH oM
@CM%M%%&%@M?%K&tOTM,aM&H xa

IRDEHERRNC T U TR O ECHERE %2 i — 4k cHlE L,

TG 2ODFEAE 2 KT it X > THEROH
MRS DOEERZFHMTHENTES :

BERORD 5250 BHADNS 0
U _

%@ﬁﬂm@&ﬁxﬁ
5 DERUREE

3.22 PN I LB EUTIE
BEHE a4

T T, BENCH ppm Wb R ER O E W
14MeV et Fiz 1 5 100 (n, p) °N RISk X A5k
D I ppb Wb B M K 5 s
BRABRSNTWB EEALONAHERNT 3He X 5 190

ZULEEhOBED

(*He, D)ISF, °Q(3He, n)!sNe P -15F jsic X 575

D, BLUE2REGEED YT A2RHT5 160,

W 8F FRC X B HE® %2 & b 1T 7,

(1) HEAEEFRS LS ™

EMEFs VI YA, FHUE AL TNVE =
VA2 PR YU A GEPORBEPNE T RSB DT
X OBEFH LSk - TERESIN,

1.1) @&

IR 5™, BT HIdMeV #APETIARE (B~
1010 p-sec™), BT U FWF v 2V Y AR L
ax—4a (5"x5" FEMavr bV U AR, &%
B—NE2mmPNRImm DX Y Lo, BEIHRSR
LUTHhETRE Y —ELTH C—RPEFE=SV 7
AT L, =59 FT TV OREE 500~2000coun-
ts/mg of oxygen & DHERE %2 if A 7= B EYHI M X B Mkt
A FEERIT?2 2 v/, C—R PlEFE=2Y 07 -
vAF AOBRBC LY, b AT DR LD
BRI X B8Rl ChIEEBe X B b

K17 BB T o i i O ER T2
Oy QBEBIFr—2 @MYFTA-L-Fu b
@RBZES AR @7 - T35 F QBEEFE—A -
Trw 2 OEPRIFERE OH-Les~y ®3av
{fF b o AKRHER & X5HAR) ORBie—4% @
ML OETHRSE (P9 AF v v rFL—4
@Ar—2%- Y14 OEEFHEE OGO~300WHRT
-5 @EESTEE (6~10MeV, AE=4MeV) @Y
=¥ 7T @YV=¥ -7 TBIOEET OF
SR ORZEEEER @%~w@m77 7 @)

2y b KLy @REZ—F - Kav
R 10K~10M@Q
@
R
E(y C L 1% ®
6—_1__3 I M
© i 1
@

E18 C-RHpfisfFE=4Y 2o« ¥ 25 A OBERT2 78
O IE @ftETHilE (P9 2F 9 s - v FL—4)
@R @C-RifEFE=4 OHEZEEBER
®x—2 V4 DAr—7 OFER
@R OC-RES B

e =2dEfAnsbe, AETFHAOR—ELLD LS
BINEEMEETHRBCL > TEEBALNZ DTS
b, MATHEMEDEEOEB BN 57 T
Kbb, EIS2Ds\~Tay 7y COMTFEEY D
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e pE dV /dt W ATIBEER Eo, 552 RET5 & s RN
CL-THEALND,

av _Ew V
gt “CR CR 63

HBNEROWCEMTH D, ZNOARDEZRNS S ¢
Euw=Kfuw, KIiXHOERR

S S AV
CR=——=—53

Wi TRV IE RS R T O RN i TAE 2 E DT
5, LOVRAF AL - THHOBHREEC—EDa v

FUYOMTEREYV CEHESBP2PAL—IR®BLELLD,

FEEFRENRED L HIEEML T —EROBERBELT
—EDFTHENRBLINDG &5,

(1.2)*°N Hitse O BIE LM

1N @ v X 6 MeV L OB 2 OB L~ 2
E B, B9 (X 1N D y AT PVERUID
DTh b, BAUNDORKROICED & AR S N5 B
B v BEZOREAENRIMeVUTTHBDT, 74
A7V T A—2  LRVERBYECRRI L L T, 3
FROBEDAICIEHET S 18N A2 RIRMICHET 3
BT EERLTWD,

T 6.13MeV

1N Y EA~T |} 7.13MeV

4

A LS F e R
]

8.89MeV

N

Y IR L X

o
S

0 D.L.
—

B18 #4220 i4—4%1~00 (DL) BB ED
B (e3>

BE 7V =9 AT 14MeV BT RS X b, #11
RUIZE S, (0, p), (n, @), (n, 2n) KE2&EL
T *"Mg, 2%Na, 20m Al 249%, 3/, At LT
DxvFEE (0, p), (0, @ HEE LD 2Be & 8Li %
ERL, 7yHE (0, p), (, @, (, 2n) FiHick

26m Mg 24N

IL

10
=
v D.L. (MeV)
AN
+ *s ., AD55MeV
t 102 ) LR ‘0004._.'.“- ...-;‘
=
AN .
- i B 6.0MeV
A A
P *C 6.5MeV

) D Ti2=7.35sec

0 30 60 90 120

TEE B (sec)

®20 FEELIcTv =y 2O 5.5, 6.0%X0" 6.5MeV
F AR LA LAV BB T

h180, 16N, 8F RHEMRT B, 7 v FEHh LD SN 11160
(n, p) N FIGic LB ZN L& H—OBETH bR
FERZPHET D, BHEL™E, TR >WTIZE
OEEENMBETH VR 1 TxBL LT, 20mA]
E2TMg 235 DOSHRIC X AHEZ WY EF 4 A2V T &
=& VW ERBRL LWL > THREL I, R20% 7 v
Y LAROER 2RSS TS SN 2 il
REL, 5.5, 6.0 BXKX6.5MeV DKz 2 VF— . X
VTR SNHEERETH D, Kbl A 1XN(T 1z
=7.35sec) UMNDOBHEDOBAZRLTWDS, BNIZL3
H# B, C B LUZhicH% 3% D 75 6.5MeV 0F
4 ATV TR - NSNS, BRI
0 ~30Fh1i Bl & 58 { 30~B0RPM O FME 2 HEL T, WE
DFEZ N b ETLEHEBEL, HTH0HNEN
1E 2 BRE L I,

1.3DEEDO I

50U DESNTETER I N-#HFE0.006~6% %2
ERl 2 R FRE L, BRE IXEE L 7233
HABONBMERRD b, COREERNS 15N O
HEEA 10%counts/30sec X b $/hN3 2B X5 iy
ol CEB O R FRER T b, CO&RECHER
BET T NVI=T LAOBEMMEFD D LS pile
up 1<K, AOBRIES L9 N BEBEO E A
Ty (A

BEOBACSFE, BELUIL7vi=v s8BHY 3g
(12mme X 10mml) % REEFNHE : ABLF b U v a5
W (5%) w2nl>, KL, 8 (1+2) w24
Mo, KBEL, =%/ — VT, i/ uonkiVAT
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F12 TN ABIOTIVE =Y AESROBERT
& OB Heat b bk TaarE ) =ik RS A R
0O AlOs& UT iy AlzOs R Al2Os bory
(%) (%) B3k (%) B3 (%) A%
YHET VT =7 A 0.0015 0.0032 31 0.008 3
His: +(.00042 +0.0009 0.003
0.005
Bty =9 A 0.0039 3
+0.0007
EHRET LI =T A 0.0010 0.0022 46
+0.00036 +0.0008
BT OV 3 o Lk 1.63-+0.03 4 0.01 1 0.168 3
1.83+0.03 0.200
1.86+0.02 0.142
1.78+0.05
Al-5% Mg&é :
A 2 SBERT 0.0088:0.0008
W77 2 % 0.0022:£0.0004
B %A 0.0060=:0.0010
BAlA R

FAGIMCES 2R RALILH 6 PHA F N 730K

per, Wk, Ul bR L TER SR,

BESERIIRRC L > TEEI N

B (%) = 100K(n1v—1;¢%2 —-BG)

o, ni, naid 0~308p, 30~60REIOBM, BG
By 20590 FEHE, KiEE (mg of oxygen/
count), Wizg&lizmb & b & (g), TRERZAEMT
LTS NIy sidflen ok shiETs
Loy BOBREHTAHMETEBE (R MY v THART
1310189, 7y R T0.890), Th B,

BEMREERBR (OO &y obu—X (JIS
AME) 2MREULACLDZREAL, vy bTRE (
12mme X 10mml) L7z D& HNTRD b,

(1.4 BESHERLONEYE

FI2, W™k BT via v sl T =Y
LAEEGPOBBERERTH D, Bhrvi = v a8l
DWTHEBEHME DRI X AFRN, Ta s x4 —vik
BLOREES ZARREC L5 2N EHBEU TR B,
BEHEBHIE™ ZheTns g/ —VEEIEBREEDS b
v-AleOs & a~-Al:0s; DEBTCELETIHELEELLONDEE
RO P ED A, TRNEEW 2RSS A
DOBFEDOA BT USRI D D EEEL T
Bo

FNIZYASERBUTIRLAEDOEETLEN LA
IR & B U EERGE S U 3 5 U O = A v ¥k, *SN
DZENEHBU TIBNEEN, Lichi-T, BRI
BIERTEETH D MG, ZROAEHIHRR L BHHEM
SHEEDBIER % pile up SERWEHT, @EFVE =Y
AT INB AW FE2ZDEEHAWHLENTEB &
Wi,

BREE D 53K B AW,

I OBENEBI OB X

6

DERBEHEREILTRO LS EHE SN TS 1
mERE (%) HWRE (%)
0.1 +5
0.01 +10
0.002 +20
0.001 +40
0.0005 +60

(2) 3He & X3BUSHLAHTED

Vialatte 5™k, EME7 VI =7 A POBRKERESE
BERTBIDITNE WS BIRGHMERIEORE, BRI
BLOBELOBRER B U, Chicd & T W THERN
F *He 2% (3He, p), (®(He, n) NGz &% 18F
(T12=110min) HHEEZET 20N HE2BEEL,
DOHEEEHFE 2 HE U TEBMEBEOBELER Ui,
2.1) Hu kgt

FIE99.999% mEMir v T = v & (BEIEHEL Rusex/
Ry.22x=2000) &#BBRIEIC & - T Ban-EHE 7
Wiz=wh (Ropser/Rerr=35500) 2% ZFh 15x15%
2mm I I N THRELI N, BaHuAd SHe FiE
3D~ 4 HFERAROHE TS NTE=Z SN
B2 = 2 v FORESECEAL T vE =T 4
OMEROTEEFRCE LI THERIGORBZRUL S
DTh D, Vialatte 6™i1L C DFHA 5 8 ~12MeV DY
TOHEEERE LI, COTFNF— - VRVT, Ty
KR LFF MY ok 18F 2ERT S, 12MeV i8N T
lpg ®7 v FEEF U U2 IXBHE0.02ug% 5 2 528, #ft
HEPBO NS EHEOSEFRENMEATLD L 2HERLT
FORBREHTIHE U,

(2.2) gD = v 7 v 7 LR T HE

Vialatte 5™ ZEHEDOT v+ &% Y VB (70%)
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100 e
/O i
= 10
(o} —~
=2 £ 2%Na, T1/2=15h
L E Ko
pld ) R S
b = TTTe—— |
L =
PR = 18F 7y =110min
Tmg T1/2:9.6min\
-
0.1 2
> 10 15 20 105, 5 10 15
A ¥ (MeV) i !ﬂ] (h
S BRI 25 1 IE 4 IR = AoV & 5 0 .
B2 70 % 20 O T RERRHCS L ET = A0 B2 SHeTHUIL 407 bt = & ARKOREIET

DTS

LB (25%) B X UhEE (5 %) THBUBRZMW,
B0 CI IR L T s » /2o FII™DE, 99.999% 7 V3 =9
AT v F U SEIRISAY FiR s B & xR OMEN
BRI 5120 L BRUT WS,

22" S R T DI CHIE L TE O N7
WEE T AMMLERLANa &27Mg OEEHETH B,
LS OEEOERE Yy A<y bV (2"Mg 120.84MeV,
BLo2Na 12 1.37 MeVIEBBE Y~ 27 2545) KX -
THREI N, 3 5EBBORMTIX 27Al (*He,
20)22Na I X > THERTS 22Na OB E LR
DT IF o2 iiETSH, LirL, ZDFFY Ta
FEE %2 ONEBRICEM U0 b/KMSE-ARLY v F
EVELS>THMETED &S,

(2.3) MiE

B g X THB s B MIicd &9 y B3
X3in 2UF v Y O A(TD EEAR<T ho 2 — 412
& o TEH s Iz,

£13 ALUBERARKIET =y F U 7 ORE™

o =y F /LT HBEOT BB
AR BEURES 5 Fo %
(pm) Gk (ppm)
9.5 0.84:0.07
B \ 11 0.50+:0.05
H7 oy 3 =9 A 14 0.40+0.04
09.999% 17 0.2040.02
20 0.2440.02
51 0.23::0.02
W7 v 1 0.2
T A 3 <0.05

O LIy 5 SR R AV,

(2.4) BBFREEHE L HITHEE

T4 Vialatte 51T & - THEE S NcEIE 7 v 2
Y ADBEEEREZR LD TH D,

24Na HATRERIE DEEH N B D 2 5531 SF BHIRA &
LTEHNTWD, 2uA DIBED3He DFH T 3043 MR
U T0.050g0/gAl OBHEERA % 87z &\~ 570, ik
BRIl THEB SN AEHE Y v = v AthOBRBEEARIT
COBMHRRIZTEA L 5N D,

F14 7329 APROBERTS

) Ty FU U TRERIH [T
HE ox Ry . =5y
(MeV) (min) (ng/g)
ﬁj%&%?;ﬂ/ r 11.8 20 =iy TV 0.23+£0.02
T A o
" Na %kfia®1z
99.999% | 11.8 20 ghyoscpe - 0.1950.02
11.5 35 H:SiFg % Kk 0.23+0.02
11.1 20 AfuEFaoHEe U 0.2040.02
10.7 20 NaZ/Kfagr 0.23£0.02
SboOs Tl
10.0 20 0.20£0.02
8.2 15 | b=k U 0.21:£0.02
8.2 15 0.23:40.02
Hr s 12.0 20 ) <0.04
Furiz=o  11.6 15  bEoHs U <0.04
N 11.4 60 <C0.05
(3) FUF9UAITXBBEMEDHTED

Leonhardt™ &, HROSPAEHEEPEEHZ 2~3
HABEOENERL & 5 UTHERCERS B
DEZ %, °Li (n, @) t, %0, n)'8F FSic X 518F
(T12=112min) HEEERAE T D BEMLOTHEIZ X - T
K1z,

_—
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TN ABLIETIVE U AASROBESTEE

3.1 Mg

HREBEHIF YV AFu—vE 7 o) Foa (BB
1:1) hWo ok bNBRE - THBEREIN . TD
EB3UT2 N3~ MOSRBHL 4 ~6DEMN

5 HIREEREIA GRSy v S an, RSN,
Leonhardt™X ¢ % Rossendorfer WZ&EHEFF AR T
3 x1012~1013 n-cm™2-sec”t DEIPMEFHFIC L 5T 3
~10FE IR Licd b, £BHERR LEmICERL 218
F 23 i 3 THIRE U fn, MERITRER O
EUTEpETHROE = 2 & U CTRBEH S/
iz &k - THEIESIN/IE BUEREN SR b iz,

(3.2) My - HiE

WA Iy V=Y AERDROEMEZKEZ A
THEEBCHERIN, 7067 Y v 2 BRZERENA
7eDb 7 o HEIEH 75 2B LT 3gH0/min THH205
MAKEREE SN, HEWCHBB—HLr 2=y A
AW ((20.5g+3.3g) /D 2nA THFIL, £ U7k PbCIF
W e AR L b L UbIY, Z0SF fiiEss 0.51MeV
EENWTYFL—varAvrz (29t by o sk
f) X D AE A,

&, = ooy, Bk LW CIX, RE% Y o KER
1 LTEEE 4 DHEGORBITIERL, KBALYE UTHEEL
fedb, AR T7 oKE T vl v oA LTHBSE,
BOSHEEL, 100C THEEL, UTF7 v = v aAfHERAD
KR BIED BT T 18F M gEISE S huze

BEHD PbCIF il 2 A& S LU CHEI N7 vk
Yo s AL, ~Smmol 7 v ¥ cNIE60% Tk -7
EWnH,

(3.3) ¢Li(n, e)t, 10 (t, n) *3F FHOEHE Lk
T

Leonhardt™x, BMAUERE OB L THLETHSF
WHEZH U DEHETH L ENTES DI, °Li(n,
at, %0, n) *°F FIEO&MMEEE 2 EHTH T
EETEDE Uiz, TRDB

i FEER

FEBLOHBEBIA M) 7o A BRAEETES X
57z, Fl~E 1.5mg ORI F U L2 BRITHEST 2EEYV
YRR RO X 5 RE Q (trit. sec™) *FITAH Y F
DAL LTHEETS

Q=1NL; -V -¢p-oLi 66)
o, INLRBENEREARO ) 7 21T O, ¢ ik
PTEB L oL 1TRIE %Li(n, a)t oS LiER, <
H5Bo

HRINDHISF MSREA N U 59 & BB, 5RO X
HEKED :

A=Q-7-W 67
TR, TAFPO LG UTHEBTD MY F 7 2 DR
TLLTEHERENIF I A2 VFRNTIEGL LS
Wit RGN EOIBR), Thb,

8

1974
®15 HlmaECe
FYF D LT RINF il EA % T Al i v

(MeV) (a/R) (mb)
2.74 0 650
2.70 0.0235 500
2.55 0.104 265%
2.40 0.195 170%
2.25 0.260 144
2.10 0.336 124
1.95 0.407 98
1.80 0.477 85
1.65 0.537 78
1.50 0.598 60
1.35 0.648 34
1.20 0.699 20
1.05 0.745 12.8
0.90 0.779 9.5
0.75 0.814 8.0
0.60 0.850 7.1
0.45 0.885 6.2
0.30 0.925 5.5
0.15 0.960 —
0.0 1.000 -

*AVm & 7213 PR

NP YF Y 2ORERI L X0 L OFEIGIET 5T
BEETE (NGt LRO XS EHENS
n=R-1Ny-F 68
TCi, Ny FBEMEEPROBER TR LK 7 1100
t, WPEFFEIEOE N Y F T LT A NFEONTEHIN
e AHERTETE, Th B,

F7z, BUORHBEHERS S ¢
A=1Ny-V-og-¢dp-W

LW, og HRBSEERE, Tho,
=66, 673 L6925, BEHMEETER og BRD LS
CHEEDIND

og=1NLi ‘oLi -R-T {70)
Wg, FEHETHREDIR, £MYFILATIVFOMN
Wiz, &MYV FUv 2 HIBIEBHccBUTESRE AT &N
TEB, FNWA, H—WaHBEE K a/R TLhHDOMn
30 X HCETER®), $ToWE T 5EEHIk
HEHELu

69

__1 R N 1 a wa -
7=1{"s@de=['s (£)a (%) =112mb )
i BER

E23® i 8\WT, Y F I AR A RBNTHY)FT 4

NREL, #BHE Me B &b, 2L T C ©0 #%
ERETHEDERET Do VF U LHEPRELZY &
TADBEITL S IELRBRAOTHA~RIEEALD L, b
Y 5T A BEOBEIRROEEZETH ¢

Q:‘;:lNLi ‘oLi “¢p-F-D {12

rewe, Dy ovaiioRs, FizzomE, Thb.
R rh, EIREETLBRL CHERCPAI N,
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vy
T
i 1
% Li Me \ g///
i_ A
X
F23 REROMHECIGRTS
HpYm s 5 - T,
v'ﬁ:RMe.lNo.[i (73)

TR, RMelZ®Bhcs17% b ) v 2 DRE, TH b,
Fiz, W F-Ruve DERBAC W THEML s THAE

T HI8F HEEEIE KRR E U
1A‘F'RMe:ﬁ'Q’I/V

LT, TARHAEBEAROSE itEE, Th b,
FNQ A, g EEE OB LS - TH
AbhD

{14

D 5

og = NLj *oLi * 5

2T, @BRKE(Y =0)THETS ) F U LEDN
TEHHET 2B DERS D, VF U AEOMEOES x
MHHEBEINBEL ) F U2, £ OPE & RE RN L
TH ¢ KU > T3 S LOMBIER x/cose 2,
RO A, REOHS 1T 5P 7 () RRR &
->THZBND
=/2
E(x)z—g—-—jo ] (—c—écgg-o-)dga
WA, BEIDRELETOTRTOEI 2 DT
O F(D) KRR L >THAGND :

E(D>:“7?—5§:) j:/z ’ ( coSsY )

LI 2R IoDEER x/Rri=n 2 H\nw5&, D
(y=0) BB s% A HEHEIXOL3CEA BN
Al

D/R, . /2 1
=1NL;« RLi -oLi Li LT S (o
ag(D)=1NLi + Ri; -oLi jo SO i (cossa) dnde

™

(76)

xdo amn

8
Leonhardt™ 12308 2 Sl D U TFKIE™ DR %215
foo BB 2% n=2/Rri OB ELT ¢ ©oWT
DOEDTTHY, ZUTHEIIIML n=D/Ru: OBFEL
TARDOWTOED TH B, T 5DEITEMELETER
MY F U ABOE I DR >WTD/RLi =0.6 T THINLT
WABNROT~1L.0C—EBELHLENDL, BNREL LD LI
EENTED L ERRLT WA,
&8 Me OPFIR (y>0) B HHHELROWTIE,
B v\ TRAINFIBIEEREE y/cose TH B, TRDB

9

F16 ZHOBE U TOWDHET
%

n x D ¥

(mb) (mb) (mb)
0.0 325 0 35.0
0.05 145.7 10.4 24.6
0.1 90.5 16.1 18.9
0.2 56.2 23.0 12.0
0.3 39.3 27.7 7.3
0.4 25.6 30.9 4.11
0.5 17.1 33.0 2.01
0.6 8.4 34.3 0.75
0.7 2.7 34.8 0.24
0.8 0.88 35.0 0.07
0.9 0.29 35.0 0.02
1.0 0 35.0 0.00

KO B TR TRIZ 9/ Rve 8125, LT, VF
D AFOEIMN D=RLi T, @EPWA2B3LHEIYIC
B U - atfbimE 2o L 55 Ak

1 /2
Gg(y> - 1NLi .RLi oL jv/RMeSO %fd (E:—(?S—QD) (!ndsg

79

EICFHE A SR COEDE 2R LI DTH D, &R
OWHIBT 2 2 EUHMEB L, B3y & & bW
CHTHCEBIPMBC U TRBRELL LD L E
Rhhb, ‘
Leonhardt™ ki b O BE% % EBRAICHE 38 L TRLT
BOX AR LI, FITE, 4940703 =T a4 H
EERT—HOED7 o) FUL—RY ZF 0 — Vs
BOMYF VAL - THEML U 2R L 594D =
o VIESHRBERTHENASD MY F 7 AL E - THE
CUIERE2RUIEDTH D, KPE2FMMIZTr v =
AR I o7 VB DOWTEYR, B EB XK

1T 7Y aBIP=y rVIHOERRBERL SAEL 2
BF e & 2t imfe g O RO MRS
S & B iz 4 fE og [}
(Ipm) (mb (mb/Ipm)
Al 1 633 0.154 2.4X1074
2 218 0.078 8.3% 104
3 102 0.036 3.5x107¢.
4 57.8 0.015 2 6x1074
Sl 3.0X107%
Ni 1* 2.24X108 0.119 5.3%107
2 2.19%104 0.0136 6.2X10-7
o 2.11%x 104 0.0136 6.4X10°7
3 3.87 %102 2.7X107¢ 6.9%X10°7
3 3.52x10% 2.7X107¢ 7.6%x10°7
4 <56 0 —
4 <64 0 —
el 6.5%x10°7

®EL 3kbhiz,
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HREDHEE 2 MIE U RHEMERE ) 6 E U2 F g%,
38 X OV 3HIMNEERONT U 7e s » TR & 7o &bl
M og 2L TW5D, 5F BESRENRRHE T RO SEHED
BIRed- TP THCL, BLOZDHEMAIZ
WONEBEEZPBUTELLHRINTWA L ERDI b,
B.4) 7=y s EEEOBER
BERELRTHLE S TERERINA7 VI =9 A
(B51) HMRPER (Ix5em, £FHEHELOcm?) sh,
CEUVHH UTHRE LD L, 72 oA SR AELS
DX ICRENTI, FHVIZT A, = v XO8HE
LT, BEERZOLDDMKNBEREZ2S5 AT
Wh,

#F18 AR LEREEINICT VI =T A, =y 7,
&, SpIOASBREOBRER™
&R B MEMEF H53  JEyte
(ug0O/cm?) & ¥ (A)
Al FEREU 726350 4.9+0.9 2.5 106
o FFEEU 7248 % NaOH 3.240.5 1.5 115
THRL, WCHNOsT
e
Ni [EFEL 729EH20 1.3+0.1 2 45
L T2 §E30 1.4+0.1 1.5 66
THOHEH100 9.840.25 3 266
Fe  JEJEUL 7296 18u 7.5+1.1 2 264
Cu  JEIEL 7:§H19u 2.9:40.3 2 211
Pt HEEU L 1.440.1 2 40

*1 n=3~6 OHH & EuEfHEZE
*Q HRERE A°1203 54.3, NiO 69.4, Fez03 70, CugO 145.1,
Pt30s 56.84/pg0/cm2

COBEMEMTEOER TR, 18F —» b ek
UT# 0.1pg0/cm? BIENEE T8O LHI TFRER
D1/ AN, chdEEgh 2~ 3 BlE%ORE
DEBEHZHEB L THD ENI,

3.2.3 BREMEAIEOBECHLIETTIT IS

BB L g, 14MeV itk Tie X 5B O L
DR OBE 2 RETHRTO 5 bHBRBEROERICK X
BT LEE 2 LI RBIDICEELEHFO—DIL,
ANV BEOBRE T 72w,

&3, Vandecasteele 58983 14MeV 3rpi:F iz X
BBBEOBB TR I B RERERM O /= ¢+ PEEF
BLO Yy MOWEDREL T, @ ahEFin
l% 2 00RESIHETHRETSH L & B IOFHERE
PIEMMMHEL M R ICL s T E BB LA, ZUT
6MeV WisiTAE v MBEAEE, § USN v #A34.5
~6.5MeV O I50BEWZR Y v FTEHEND 25,
MIEZTHDITHELCTH 570 L DRTWBY, &/, 100
(n, PN bkt b BEERBEHOBEZERTHAD
O TERETH & LT, BRI EE gk X O'BF s
E=AY U FED2ODRETHRE=4Y Y - VAT A
PEEB U, CNLEDYRFALDONT, 3kl L orEnt
FRODSERER AR T, BRAPEEF U by, SAR TG,

BAEFIRIN, Ny OBk X O3k & B0 B
REEZRL, ZUTERMNIBE? 7 748X 3T~
¥ FVERORMEH L, ERTUEEL TR I v
BREOFEBCEEB 2RV TBIZ 1% ThH LHMEL
TWBAB, bl L7 Vandecasteele 5808 Dy
f9& DoMWL, ZOPIEMNE0 (n, p) 1°N G
EINBEZHIC, {bLLRoEzcwdsciiclLT
L TRIEBER»DNRBITE EDT, FNWA, Filtkzh
FNOEHIOD 2B S iz,

3.2.4 HHEBEEOTFH

TN OHEREDHEOREL, b L bhhlETER2LY
AT HRBEETEOMHSREETYHED > AR
NHEXEIDTHBLEEFERZELE W,
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